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ABSTRACT 

Clostridioides difficile (C. difficile) is the most common cause of nosocomial antibiotic-associated 

diarrhea in developed countries and is classified as an urgent threat by the Centers of Disease 

Control and Prevention (CDC). Most strains of C. difficile release toxins A (TcdA) and B (TcdB) 

that mediate disease. Annually, there are approximately 450,000 new cases and 29,000 deaths in 

the USA alone resulting in an economic burden of $5.4 billion dollar. The emergence of 

hypervirulent strains, notably NAP1/B1/027, in the 2000s and the relative inefficiency of current 

treatments against these strains highlight the need for a vaccine. Therefore, we proposed a vaccine 

consisting of attenuated Salmonella enterica serovar Typhimurium (S. Tm) strains YS1646 that 

express the immunogenic portions of TcdB (i.e. the glucosyltransferase domain (GTD) and the 

receptor binding domain (RBD)). Since GTD is highly conserved across many C. difficile strains, 

we hypothesized that this vaccine would protect mice from lethal challenge with NAP1/B1/027 

strains and possibly contribute to protection against all strains. We aimed to modify a murine 

model for NAP1/B1/027 challenge and to evaluate the protective efficacy against NAP1/B1/027 

challenge of a GTD-expressing YS1646 vaccine compared to a more traditional vaccine targeting 

the RBD of C. difficile TcdB (rbdB). The optimal dose for infection with a NAP1/B1/027 clinical 

isolate was demonstrated to range between 4.07x104 and 9.83x104 colony forming units (CFU)/ 

mouse. The GTD was confirmed to be immunogenic in C57BL/6 mice when three intramuscular 

(i.m.) doses of rGTD (10µg alum-adjuvanted) were administered on days 0, 21 and 35 (serum anti-

TcdB IgG titers >1.3x104 ng/mL). Female C57BL/6 mice that were vaccinated with the traditional 

rbdB multimodal vaccine (a single i.m. dose of alum-adjuvanted recombinant rbdB (rrbdB) on D0 

and three p.o. doses of YS1646-vectored rbdB on D0, D2, D4) yielded an efficacy of 80% against 

lethal challenge with a NAP1/B1/027 strain. The ‘solo’ GTD multimodal (three i.m. doses of alum-

adjuvanted rGTD on D0, D21, D35; and three p.o. doses of YS1646-vectored GTD on D35, D37, 

D39) and the combined GTD + rbdB multimodal (three i.m. doses of rGTD on D0, D21, D35; a 

single i.m. dose of rrbdB on D35; and three p.o. doses of each antigen in a YS1646 vector on D35, 

D37, D39) vaccines yielded an efficacy of 100%. Interestingly, TcdB-specific IgG titers were 

higher in the combined GTD + rbdB vaccine group compared to the ‘solo’ GTD vaccine group 

(3.15 x 104 ng/mL and 7.3 x 103 ng/mL, respectively). While the combined GTD + rbdB 

multimodal vaccine seemed to be the most promising construct, an evaluation of the mucosal 

response is required. 
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RÉSUMÉ 

Clostridioides difficile (C. difficile) est la cause la plus fréquente de diarrhée nosocomiale associée 

aux antibiotiques dans les pays développés et est classé comme une menace urgente par les Centres 

pour le contrôle et la prévention des maladies (CDC). La plupart des souches de C. difficile libèrent 

des toxines A (TcdA) et B (TcdB) qui médient la maladie. Chaque année, il y a environ 450 000 

nouveaux cas et 29 000 décès aux États-Unis seulement, ce qui représente un fardeau économique 

de 5,4 milliards de dollars. L'émergence de souches hypervirulentes, notamment NAP1/B1/027, 

dans les années 2000 et la relative inefficacité des traitements actuels contre ces souches mettent 

en évidence la nécessité d'un vaccin. Par conséquent, nous avons proposé un vaccin composé de 

souches atténuées de Salmonella enterica sérovar Typhimurium (S. Tm) YS1646 qui expriment 

les parties immunogènes de TcdB (le domaine de la glucosyltransférase (GTD) et le domaine de 

liaison au récepteur (RBD)). Étant donné que GTD est hautement conservé dans de nombreuses 

souches de C. difficile, nous avons émis l'hypothèse que ce vaccin protégerait les souris d'une 

provocation mortelle avec une souche NAP1/B1/027 et contribuerait peut-être à la protection 

contre toutes les souches. Nous avons cherché à modifier un modèle murin pour la provocation 

avec NAP1/B1/027 et à évaluer l'efficacité protectrice contre la provocation avec NAP1/B1/027 

d'un vaccin YS1646 exprimant GTD par rapport à un vaccin plus traditionnel ciblant le RBD de 

C. difficile TcdB (rbdB). Nous avons démontré que la dose optimale pour l'infection par un isolat 

clinique NAP1/B1/027 était comprise entre 4,07x104 et 9,83x104 unités formant colonies 

(UFC)/souris. La GTD s'est avérée immunogène chez les souris C57BL/6 lorsque trois doses 

intramusculaires (i.m.) de rGTD (10 µg avec adjuvant d'aluminium) ont été administrées aux jours 

0, 21 et 35 (titres sériques d'IgG anti-TcdB > 1,3 x 104 ng/mL). La vaccination multimodale des 

souris C57BL/6 avec rbdB (une seule dose i.m. de 3µg rbdB recombinant [rrbdB] avec adjuvant 

d’aluminium et trois doses oral [p.o.] de rbdB exprimé par le vecteur YS1646) a donné une 

efficacité de 80% contre la provocation mortelle avec la souche NAP1/B1/027 utilisée. Les vaccins 

multimodals de GTD «solo» (trois doses i.m. de rGTD avec adjuvant alun à J0, J21, J35; et trois 

doses p.o. de GTD exprimé par un vecteur YS1646 à J35, J37, J39) et GTD + rbdB combiné (trois 

doses i.m. de rGTD à J0, J21, J35; une seule dose i.m. de rrbdB à J35; et trois doses p.o. de chaque 

antigène exprimé par le vecteur YS1646 à J35, J37, J39) ont donné une efficacité de 100%. Il est 

intéressant de noter que les titres d'IgG spécifiques au TcdB étaient plus élevés dans le groupe de 

vaccin GTD + rbdB combiné par rapport au groupe de vaccin GTD «solo»  (3,15 x 104 ng/mL et 
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7,3 x 103 ng/mL, respectivement). Alors que le vaccin multimodal GTD + rbdB combiné semblait 

être la construction la plus prometteuse, une évaluation de la réponse muqueuse est nécessaire. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 History of Clostridioides difficile 

 Clostridioides difficile (C. difficile) is a strictly anaerobic, spore-forming, Gram-positive 

gastrointestinal pathogen that may or may not produce toxins A (TcdA), B (TcdB) and binary toxin 

(CDT) (also known as C. difficile transferase) depending on the strain (1). Some strains produce 

only one toxin (TcdA or TcdB) and some strains do not to produce any toxin (2, 3). Strains that 

produce CDT are often associated with hypervirulence (4). In this thesis, the illness caused by this 

pathogen will be referred to as C. difficile infection (CDI) (1).   

 The first description of C. difficile was published in 1935 by Hall and O’Toole who 

analyzed stool of newborn healthy infants for microbial changes (5). The bacterium was described 

as a spore-forming, rod-shaped strict anaerobe, and was named Bacillus difficilis due to the 

difficulty of isolating this bacterium (5). Further studies on this bacterium revealed that some 

strains were capable of producing a thermo-labile toxin (inactivated in 5 minutes at 60˚C) that 

could be neutralized by an antiserum given to guinea pigs up to 4 hours after the toxin was given 

subcutaneously (6). In 1938, Bacillus difficilis was reclassified as Clostridium difficile and in 2016, 

Clostridium difficile was renamed Clostridioides difficile (7, 8).  

1.2 Epidemiology of Clostridioides difficile  

 C. difficile is the leading cause of nosocomial diarrhea in North America and Europe 

representing 10%-20% of cases and was recently classified as an urgent public threat by the 

Centers of Disease Control and Prevention (CDC) (9). The incidence of CDI in North America 

and Europe has increased two- to four-fold over the past decade with approximately 453 000 

annual cases and 29,000 deaths within 30 days of diagnosis resulting in an economic burden of 

approximately $5.4 billion in the United States (U.S.) alone (10-12). In Europe, the annual 

economic burden is estimated to be approximately EU €3000 million (~€5000- €15,000/case) (13). 

In 2012, Canada reported 37 690 episodes of CDI of which 10 900 (27%) were recurrences, 

representing an estimated annual cost to society of $281 million (14). 

 Although, CDI has historically been considered a hospital-acquired disease, recent data 

demonstrate an alarming increase in cases of community-associated (CA)-CDI (15). In the U.S., 

approximately one third of cases are CA-CDI and symptom onset is highly correlated with 
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antibiotic use (16). Several studies have discovered C. difficile spores in the environment (soil, 

water, and food) and in animals (pets and farm), thus contributing to C. difficile transmission (17-

41). For example, a study in 17 supermarkets of Saudi Arabia showed a prevalence of 0.75% in 

retail baskets and trolleys (17). Another study demonstrated a prevalence of 87.5% in river waters 

of South Wales (18).Therefore, C. difficile is a ubiquitous bacterium found in the environment that 

can persist on inanimate surfaces for months by forming resistant spores (42-44).  

1.3 Emergence of hypervirulent strains (NAP1/B1/027) 

 Between 1991 and 2003, Pépin et al. observed an unprecedented increase in the incidence 

and disease severity of CDI in the Centre hospitalier universitaire de Sherbrooke in Canada (45, 

46). In 2004, a study by Loo et al. showed that 84.1% of these cases were caused by a variant of 

C. difficile that was highly resistant to fluoroquinolones, possessed a mutation in the negative 

regulator of toxin synthesis, tcdC, and expressed an additional toxin, an adenosine diphosphate 

(ADP)-ribosyltransferase called CDT (47). This variant was characterized using pulsed-field gel 

electrophoresis (type 1), restriction endonuclease analysis (type B1), polymerase chain reaction 

(ribotype 027) – hence NAP1/B1/027 (47). Presently, between 22%-36% of all CDI cases in North 

America are caused by NAP1/B1/027 strains (48). NAP1/B1/027 remains the predominant 

circulating hypervirulent strain and continues to be associated with high mortality rates (49). 

Further studies demonstrated its ability to hypersporulate, overexpress toxins A and B, and resist 

several antibiotics (e.g. rifampicin, clindamycin, imipenem and chloramphenicol) (50-53). 

Recently, Lanis and colleagues reported high DNA sequence variation between historical strains 

and NAP1/B1/027 strains primarily in the C-terminus of TcdB or the receptor binding domain 

(RBD) (54, 55) such that antibodies mounted against the RBD of TcdB from historical strains are 

unable to neutralize TcdB from NAP/B1/027 (54).  

 This project focuses on the conserved and immunogenic N-terminal region of TcdB, the 

glucosyltransferase domain (GTD) (56, 57). 

1.4 Infectious cycle and clinical presentation of Clostridioides difficile infection 

 CDI most often begins with ingestion of spores via the fecal-oral route (58). An imbalance 

of the intestinal microbiota (i.e. dysbiosis) due to broad-spectrum antibiotics treatment (e.g. 

clindamycin, cephalosporins and penicillins) results in decrease in colonization resistance, and 
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subsequently promotes establishment of C. difficile (59, 60). In the intestinal lumen under 

appropriate conditions, C. difficile spores germinate and start to release one or more toxins (e.g. 

TcdA, TcdB, CDT) which mediate C. difficile disease (1). Non-toxigenic C. difficile strains do not 

cause CDI (1, 61). 

 The clinical presentation of CDI varies from asymptomatic carriage (4-15% of healthy 

population) to mild-to-severe diarrhea (62-64). If left untreated, symptomatic patients may 

progress to develop pseudomembranous colitis (PMC), toxic megacolon, intestinal perforation, 

sepsis, and multi-organ failure (64). The mortality rate directly attributable to CDI ranges from 

6.9% in patients aged 18-64 years to 19.7% for patients aged 85 years or older (49).  

1.5 Risk factors of Clostridioides difficile infection 

 The main risk factors for developing symptomatic CDI include the use of pharmacological 

agents (i.e. antibiotics and gastric acid suppressors), compromised immunity, and advanced age 

(≥65 years) (65). Clindamycin, cephalosporins and fluoroquinolones, are associated with the 

greatest risk of CDI and recurrent CDI (rCDI) in healthcare settings or the community (66-71). It 

has been hypothesized that the innapropriate use of fluoroquinolones promulgated NAP1/B1/027 

strains (72). Other CDI risk factors include the use of proton pump inhibitors (PPIs) and H2 

receptor antagonists (H2RAs) (73, 74). The continued use of PPIs but not H2RAs, is also 

associated with the risk of rCDI (73, 74). 

 Some immunocompromised individuals that are unable to mount an effective immune 

response against C. difficile are also at increased risk of CDI (75). A limited number of studies 

have investigated the incidence of CDI in the hematology-oncology population (6%-31% vs 1% 

in the general patient population) (76-78), patients with solid organ tumors (17.3%) (79), solid 

organ transplant recipients (up to 23% in patients with a lung transplant) and children with human 

immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) (17%-24%) (80-

82). Some immunocompromised patients are also at higher risk of rCDI (83). 

 The association between increased age and the risk of CDI is well-known and is explained 

by frequent healthcare exposure, compromised immunity, and increased use of antibiotics (84). 

Mortality rates in the elderly population increases from 5% in 61-70 year-olds to >10% in patients 

aged 80 or over (85). In 2018, approximately 86% of all deaths caused by CDI occurred in 
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Americans aged >65 years placing this illness as the 19th leading cause of death in the U.S. for 

people in this age group (86).  

1.6 Diagnosis and treatment 

 A number of approaches are used in the diagnosis of CDI including enzyme immunoassays 

(EIAs), cellular cytotoxicity assays, anaerobic culture and/or DNA-based tests (11, 65). 

Additionally, imaging techniques such as abdominal x-rays, ultrasound and computed tomography 

or a colonoscopy are also used to evaluate CDI symptoms and determine disease severity (65). 

Currently, cytotoxicity assays and stool culture are less frequently used due to the longer response 

time (≥48 hours) and the need for anaerobic conditions that are not commonly available (11).  

 CDI is defined by the Infectious Diseases Society of America (IDSA) and Society for 

Healthcare Epidemiology of America (SHEA) as having 1) ≥ three unformed stools in 24 hours, 

2) a positive stool toxin test, and 3) a positive result in the glutamate dehydrogenase (GDH) test 

and/or nucleic acid amplification test (NAAT) (87). The GDH test is an EIA used to identify the 

presence of GDH, a cell wall protein produced by C. difficile (88). It has 85-95% sensitivity and 

89-99% specificity and a response time of 15-45 minutes, but it cannot differentiate toxigenic 

strains from non-toxigenic strains which is why this test is followed by an EIA identifying the 

presence of TcdA, or TcdA and TcdB (48-96% sensitivity, 75-99% specificity) (65). Among the 

NAAT, there are two common methods: polymerase chain reaction (PCR) for the identification of 

tcdB (sensitivity 84-96%, specificity 96-99%) and loop-mediated isothermal amplification for the 

identification of tcdA (sensitivity 92-96%, specificity 98%); each with a theoretical response time 

of 45-180 minutes (65). A NAAT test followed by an EIA test (i.e. multi-step algorithm) is 

currently the most accurate and rapid way to establish a CDI diagnosis (89).  

 Ironically, antibiotics remain the mainstay for CDI treatment. Broad-spectrum antibiotics 

such as metronidazole and vancomycin are used to treat mild, or severe and recurrent CDI, 

respectively (90). In 2011, the Food and Drug Administration (FDA) approved a narrow-spectrum 

antibiotic, fidaxomicin, that demonstrates higher efficiency than vancomycin in reducing the risk 

of recurrence (91). Even with optimal treatment however, recurrence rates remain stubbornly 

between 15% and 35%, reflecting their inefficiency of treating this antibiotic-induced disease with 

more antibiotics (92). To address this issue and given the protective role of a healthy gut microflora 

in controlling CDI, several groups have investigated the potential benefits of fecal microbiota 
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transplant (FMT) which focusses on restoring the gut microbiota to increase resistance (93). 

Although FMT has demonstrated great promise, this rather cumbersome approach remains an 

experimental therapy due to inconsistent efficiency and unknown long-term side-effects (93). 

Another strategy to minimize recurrence includes passive immunization. Bezlotoxumab, a 

monoclonal anti-TcdB antibody, was FDA-approved in 2016 for the prevention of recurrence (94, 

95). Although bezlotoxumab can reduce the risk of recurrence by ~10%, the high cost limits its 

use (94-96). These observations strongly support the development for preventative strategies such 

as vaccines.  

1.7 Animal models 

 The first well-documented case of PMC was reported in 1893 by J.M. Finney and William 

Osler (97). They mentioned diphteritic membranes in an autopsy of a 22-year old woman who had 

died with post-operative diarrhea (97). PMC was described as a post-operative complication that 

can only be diagnosed after death (97). At first, Staphylococcus aureus was thought to be the 

causative agent of PMC (98). It took 40 years to recognize C. difficile as the most important 

etiological agent of antibiotic-associated PMC (99-102). This was possible due to the identification 

of a good animal model, the hamster. In 1978, Bartlett et al. demonstrated that stool samples from 

PMC patients caused enterocolitis in hamsters and isolated C. difficile in the feces of these animals 

(98, 101, 102). Since then, the hamster model has been widely used to study CDI, C. difficile 

virulence and toxins, and to test potential treatments (103). The hamster model is still the most 

widely used animal model of CDI despite important limitations: the wide spectrum of CDI 

symptoms in humans cannot be replicated in hamsters, and the lack of hamster-specific reagents 

and genetically modified animals (103). Novel animal models were therefore vital to expand our 

understanding of CDI. 

 In 2008, Chen et al. described the first murine model of CDI (104). Because mice are not 

intrinsically susceptible to C. difficile infection, Chen’s team administered an antibiotic cocktail 

(kanamycin, gentamicin, colistin, metronidazole and vancomycin) in drinking water for 3 days, in 

addition to an intraperitoneal (i.p.) dose of clindamycin 1 day prior to challenge with different 

doses of C. difficile (104). The rationale was to induce dysbiosis of the murine gut microbiome 

thus rendering the mice susceptible to CDI (104). Infected mice developed diarrhea and lost 

weight. Additionally, typical human-like features in histopathological analyses of colonic tissues 
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were observed (104). An advantage of this model is that disease severity was dose- and strain-

dependent, thus the range of CDI symptoms seen in humans could be better replicated in mice 

(104).  

 Winter et al. from our laboratory has developed a mouse model similar to that described 

by Chen et al. to test classical RBD-targeting vaccine candidates against a laboratory/historical 

strain of C. difficile (VPI 10463) (105). The current project involved the modification of Winter’s 

model for the study of NAP1/B1/027 strains. 

1.8 Pathogenesis of Clostridioides difficile  

1.8.1 Sporulation and germination 

 C. difficile is a spore-forming bacterium (1). The production of oxygen-, heat-, and 

ultraviolet radiation (UV)-resistant spores that survive disinfection with common ethanol-based 

products allows for persistence and effective transmission of the pathogen via the fecal-oral route 

(106-108). Much of what is known about sporulation in C. difficile relies on what is known about 

Bacillus subtilis (B. subtilis) sporulation since several pathways between these two Firmicutes are 

conserved (109). The process of sporulation in C. difficile consists of four morphogenetic stages: 

(1) formation of a septum that separates the forespore (smaller compartment) from the mother cell 

(larger compartment) in a process of asymmetric cell division (Fig. 1); (2) engulfment of the 

forespore by the mother cell; (3) formation of the coat, cortex and inner membrane of the forespore; 

(4) cell lysis of the mother cell resulting in the release of the desiccated, stress-resistant 

chromosome-storing mature spore (109, 110).  

 The structure of C. difficile spores is similar to that of other endospore-forming pathogens 

like B. subtilis. The center of the spore is a pyridine-2, 6-dicarboxylic acid (DPA)-rich core that 

contains the genomic DNA, messenger RNA (mRNA), ribosomes and proteins. DPA, chelated 

with calcium (CaDPA) renders the spores heat-resistant (110). An inner membrane surrounds the 

core, followed by the peptidoglycan cortex and the protein-rich coat (110). Certain C. difficile 

strains (e.g. strain 630) produce a cysteine-rich exosporium morphogenetic protein (CdeC)-rich 

exosporium layer surrounding the coat (Fig. 1) (109-112). cdeC-/- mutant spores are more sensitive 

to ethanol and heat treatment suggesting that the exosporium further enhances resistance of spores 

to common disinfectants and heat (112). Furthermore, the spore coat and exosporium may have an 
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impact on adherence and germination (112-116).  For example, spore coat protein cotE-/- mutants 

showed significant reduction in colonization and virulence in hamsters (114).  

 

Figure 1. Clostridioides difficile Sporulation. The sporulation cycle has four morphogenetic 
phases: (1) the formation of a septum at on pole of the bacterium forming a forespore in a process 
called asymmetric cell division; (2) the forespore is engulfed by the mother cell; (3) the coat, cortex 
and inner membranes of the forespore are created; (4) the mother cell lyses and releases a mature 
spore (109, 110). Created with BioRender. 

 The exact environmental signals that trigger sporulation in C. difficile are unknown but 

may be related to nutrient deprivation or stressors identified via quorum sensing as in B. subtilis 

(109). Additional factors involved are CodY and catabolite control protein A (CcpA). These are 

transcriptional regulators that repress C. difficile sporulation factors (117, 118).  CodY is a 

guanosine triphosphate (GTP)-sensing DNA-binding protein and CcpA is a LacI family DNA-

binding protein that senses the availability of carbohydrates (117, 118). Both CodY and CcpA 

regulate stage 0 sporulation protein A (Spo0A), an essential factor for C. difficile sporulation (117-

120). C. difficile strains that lack the spo0A gene fail to produce spores (121). Sensor histidine 

kinases (SHKs) phosphorylate and activate Spo0A which, in turn, regulates the entire network of 

genes implicated in the process of sporulation (122). In C. difficile strain 630, five SHKs have been 

identified: CD1352, CD1492, CD1579, CD1949 and CD2492 (122). The process by which Spo0A 

is phosphorylated is not well-described but evidence shows at least one SHK, CD1579, auto-

phosphorylates and directly transfers a phosphate to Spo0A (122).  
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 The formation of aero-tolerant dormant spores allows the dissemination and persistence of 

the pathogen, but disease is initiated by the metabolically-active vegetative form (123). Upon 

ingestion, a serine protease from the cold-shock protein (Csp) family, CspC, found on the surface 

of C. difficile spores binds to primary bile acids (PBAs) which include cholate, taurocholate, 

glycocholate and deoxycholic acid (DCA), and co-germinants which include amino acids (L-

glycine or L-histidine) or divalent cations (Ca2+ or Mg2+) (124-128). Kochan et al. demonstrated 

in ex vivo assays that removal of Ca2+ from mouse ileal contents resulted in abolishment of 

germination (128). Binding of a PBA to CspC results in the release of CaDPA from the spore core, 

thus re-hydrating the core and resuming metabolism (126). It is unclear whether CaDPA is released 

by direct activation of DPA channels or by the degradation of the cortex (109). It has been shown 

that Csps and spore cortex lytic enzymes (SCLEs), more specifically CspC, CspA, CspB and SleC 

are involved in the degradation of the spore cortex and are essential for C. difficile germination 

(126, 129-131). Binding of a germinant and co-germinant to CspC activates CspB resulting in the 

proteolytic cleavage of pro-SleC into active SleC which then hydrolyzes the spore cortex (109, 

110, 132). Despite recent advances in our understanding of C. difficile sporulation and 

germination, much is still unclear. The triggers for C. difficile sporulation, the roles of co-

germinants and CspA in C. difficile germination, the method by which CspA and CspB are 

transported into the spore and the mechanism by which CspC activates CspB are all current 

knowledge gaps (109, 110, 132). 

 In addition to the Csps and SleC, two additional molecules contribute to C. difficile 

germination: GerG (CD0311) protein and GerS lipoprotein (133, 134). The lack of gerG and gerS 

greatly impair germination as evidenced by the reduced responsiveness to germinants, decreased 

incorporation of Csps into spores, and failure to degrade the cortex (133, 134).  

1.8.2 Toxins A, B and CDT 

 After germination, most strains of C. difficile start releasing TcdA (308 kDa) and TcdB 

(270 kDa) encoded in the pathogenicity locus (PaLoc) that includes genes for TcdR, TcdC and 

TcdE (1). tcdR and tcdC encode genes that regulate toxin expression (activator and repressor, 

respectively) (135, 136). Hypervirulence has been associated with the deletion of tcdC in certain 

strains such as the NAP1/B1/027 strain (47, 137). tcdE encodes a gene involved in facilitating 

toxin secretion (138). When nutrients are limited, C. difficile enters the stationary phase and starts 
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expressing TcdA and TcdB in the presence of short-chain fatty acids (SCFAs), e.g. butyrate (139, 

140). Toxin synthesis is inhibited by glucose, amino acids (e.g., proline or cysteine), butanol and 

biotin (117, 141-143). TcdA and TcdB have four homologous domains: a biologically active N-

terminal GTD, a cysteine protease domain (CPD), a delivery domain and a C-terminal RBD, and 

are overall 48% identical in their amino acid sequence (144, 145).  

 The RBDs of TcdA and TcdB contain repetitive sequences called combined repetitive 

peptides (CROPs) located between residues 1,833 – 2,710 and 1,834 – 2,366, respectively (144, 

145). These toxins can be neutralized by antibodies raised against the RBD highlighting their role 

in pathogenicity in CDI (146-148). TcdA binds to GalNAc-(1,3)-β-Gal-(1,4)-β, and Lewis I, X, 

and Y glycan sequences on human intestinal epithelial cells (149, 150). Glycoprotein gp96 was 

also identified as a minor receptor for TcdA as evidenced by a partial block of TcdA toxicity by 

use of small interfering RNA (siRNA) directed to gp96 or anti-gp96 antibody (151). Receptors of 

TcdB include chondroitin sulfate proteoglycan 4 (CSPG4) and Wnt receptor Frizzled (FZD) 

identified by CRISPR/Cas9 genome wide screenings (152). CSPG4 plays a role in cell adhesion, 

proliferation and migration, and regulates the response to growth factors (153). Wnt signaling 

through FZD is important for stem cell and progenitor cell regulation, embryonic development, 

and cancer (154). The non-canonical Wnt signaling pathways require Rho and Rac proteins which 

are targets of TcdB (144, 154). However, it is unknown whether or not TcdB has an effect on these 

pathways (144). Knockout FZD7-/- mice have reduced disease severity after TcdB injection (155).  

 Cellular uptake of TcdA and TcdB occurs by endocytosis that is PACSIN2- and clathrin-

dependent, respectively (156, 157). TcdA and TcdB then release the GTD into the cytosol of target 

cells (158). To release bioactive GTD, TcdA and TcdB undergo proteolytic cleavage behind a 

highly conserved leucine residue (Leu542 and Leu543, respectively) carried out by the CPD in the 

presence of inositol hexakisphosphate (InsP6) (144, 158).  

 The GTDs of TcdA and TcdB (residues 1 – 542 and 1 – 543, respectively) target Rho/Ras 

proteins (RhoA/B/C, Rac1 and Cdc42) and inactivate them by quasi-irreversible glucosylation (at 

threonine 35 and 37) using uridine diphosphate (UDP)-glucose as a co-substrate (144). Additional 

targets of TcdA but not TcdB include Rap2 and R-Ras2 (144).  These proteins are important for 

the regulation of migration, phagocytosis, intracellular trafficking, transcription, cell cycle 

progression and apoptosis (159). Glucosylation of Rho proteins prevents association of Rho 
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proteins with their respective effector proteins and blocks subsequent signal transmission resulting 

in pathogenic effects (160). 

 Certain strains of C. difficile (~20%), e.g. the NAP1/B1/027 strains, express an additional 

toxin: CDT (144, 161). CDT is a two-component actin ADP-ribosylating toxin (161). CDTa is the 

enzymatic component and CDTb is the binding component (161). The N-terminal of CDTa 

interacts with CDTb and the C-terminal contains the ADP-ribosyltransferase activity (161). CDTb 

has four domains: (I) the activation domain, (II) membrane insertion and pore formation domain, 

(III) oligomerization domain and (IV) receptor binding domain (161). CDT binds to lipolysis-

stimulated lipoprotein receptor (LSR) expressed in liver, intestinal, lung and kidney cells via CDTb 

domain IV (162). Then, Domain I is proteolytically cleaved to activate oligomerization resulting 

in the formation of heptamers on the surface of target cells by domain III (144, 163). CDTa binds 

to CDTb and the CDT/LSR complex is endocytosed to a low pH compartment (144). Here, CDT 

inserts into the vesicle membrane (domain III of CDTb) and translocates to the cytoplasm with the 

help of intracellular folding proteins such as heat shock protein (HSP) 90, peptidyl-prolyl cis-

/trans-isomerase cyclophilin A and FK-506-binding protein 51 (144). 

 In the cytosol, CDT ADP-ribosylates monomeric G-actin which binds to the polymerizing 

ends of actin filaments (4). ADP-ribosylated actin cannot polymerize with unmodified actin and 

therefore acts as a capping protein (4). The other end of actin filaments can still depolymerize (4). 

Eventually, all actin is depolymerized resulting in drastic changes in cell morphology and function 

(e.g. migration, endocytosis, and secretion) (4). The actin cytoskeleton also acts to limit the growth 

of microtubules without which cells produce long membrane protrusions through continuous 

microtubule formation (4). Moreover, the growth of microtubule depends on septins which are 

regulated by Cdc42, a target of TcdA and TcdB (144, 164). These microtubule protrusions have 

been shown to facilitate the transport of vesicles containing extracellular matrix (ECM) proteins 

(e.g. fibronectin) and enhance adherence of C. difficile to target cells, thus facilitating colonization 

(144). The importance of CDT in CDI pathogenicity is unknown but its expression is associated 

with higher mortality in patients (4, 165). 

1.8.3 Non-toxin virulence factors 
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 Several non-toxin virulence factors also play a role in C. difficile pathogenesis. These 

factors include surface layer or S-layer proteins (SLPs), cell wall proteins (CWPs), 

polysaccharides (PSI, PSII, and PSIII), and flagellar proteins (137). 

 SLPs have been detected in all C. difficile strains (166). C. difficile surface layer consists 

primarily of  high molecular weight (HMW) and low molecular weight (LMW) protein subunits 

obtained by the cleavage of SlpA by Cwp84 and that play a role in adherence (166, 167). HMW 

and LMW have been shown to adhere to HEp-2 cells in vitro, and murine and human 

gastrointestinal tissues (167). More importantly, anti-SlpA antibodies or pre-treatment of cells with 

SlpA block adherence (167, 168). A well-characterized CWP is the CwpV (169). The C-terminal 

of CwpV is highly variable among C. difficile strains and there are at least 5 antigenically distinct 

types (169). However, its function, which is to promote bacterial aggregation, is conserved across 

all sub-types (169). Thus, CwpV is thought to play a role in biofilm formation (169). The biofilm 

shelters vegetative C. difficile cells from environmental stresses such as antibiotics, antibodies and 

oxygen, and provides a shielded environment for sporulation (137, 169). 

 Next, polysaccharides found on the cell surface are also important virulence factors (160). 

There are three in C. difficile: PSI, PSII and PSIII. All ribotypes have been identified to express 

polysaccharides with NAP1/B1/027 expressing PSII most abundantly (160). Furthermore, PSI-, 

PSII- and PSIII-specific immunoglobulin G (IgG) antibodies have been detected in the sera and 

PSII-specific IgA antibodies in the feces of CDI patients (170, 171). Several groups are currently 

exploring the potential use of PSII conjugates as vaccine candidates in various animal models (pig, 

mouse, and hamster) (172, 173).  

 The expression of flagella and the role it plays in C. difficile pathogenesis is controversial. 

Some studies have shown that flagellar expression (genes fliC and fliD) by certain strains of C. 

difficile is associated with decreased toxin expression and adherence. For example, the fliC mutant 

of a non-epidemic strain 630 (630∆erm) increased transcription of 4 genes: tcdA, tcdB, tcdE and 

tcdR. Consequently, this mutant also produced more TcdA and TcdB (137, 160, 174). This can be 

explained by the presence of high levels of intracellular cyclic dimeric guanosine monophosphate 

(c-di-GMP) which repressed the expression of flagellar components by binding to riboswitch 

upstream of the flgB operon, and expression of tcdA and tcdB (175). Baban et al. demonstrated 

that the fliC and fliD mutants of 630∆erm adhered to Caco-2 cells more strongly than the wild-
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type (WT) (176). In contrast, fliC and fliD mutants of NAP1/B1/027 strain R20291 adhered less 

than the WT (176). This inconsistency continues in in vivo studies as well. Some studies have 

demonstrated that fliC and fliD mutants of 630∆erm are more virulent than the WT strain in 

hamsters while others have shown no difference between the mutants and the WT strain (174, 

177). The flagella is also implicated in the formation of a biofilm (178). High levels of c-di-GMP 

promote the expression of type IV pili which, in turn, promotes biofilm formation (178, 179).   

 To summarize, the ability of C. difficile to sporulate and synthesize toxins (TcdA, TcdB 

and CDT) greatly contribute to C. difficile transmission, persistence and pathogenesis (1).  

This project focused on the GTD and RBD of TcdB.  

1.9 Immune response to Clostridioides difficile 

1.9.1 Innate Immune Response 

 The innate immune response against acute CDI constitutes of the physical barrier, the 

microbiota and the immune cells (neutrophils, eosinophils, macrophages, mast cells, innate 

lymphoid cells (ILCs), and dendritic cells (DCs)) (180). The physical barrier not only consists of 

the cells that make the epithelial barrier but also the mucus layer (produced by goblet cells) that 

minimizes contact with luminal microorganisms (180). Furthermore, Paneth cells (i.e. highly 

specialized epithelial cells) and certain commensal bacteria produce antimicrobial peptides 

(AMPs) (defensins and cathelicidin LL-37) that further prevent infection by commensal 

microorganisms and some enteric pathogens, and enhance the effects of certain antibiotics against 

C. difficile (181). For example, reuterin, an antimicrobial compound produced by Lactobacillus 

reuteri, a member of the microbiota, promotes the production of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS), enhances susceptibility of C. difficile to vancomycin and 

metronidazole, and inhibits toxin production by C. difficile (182). In addition to pro-inflammatory 

cytokines and chemokines, intestinal epithelial cells (IECs) also release ROS and RNS that limit 

dissemination of gut commensals, inhibit toxin self-cleavage and cell entry by S-nitrosylation 

(nitric oxide (NO)), and alter C. difficile metabolism which affects cell viability (182, 183). 

Interestingly, S-nitrosylation of toxins is enhanced in the presence of InsP6 (183). Certain members 

of the gut microflora convert PBAs (necessary for C. difficile germination) to secondary bile acids, 

thus inhibiting germination of C. difficile spores (184). Most importantly, gut commensals help 

maintain intestinal homeostasis which has implications for CDI. IECs and tissue-resident immune 
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cells (e.g. macrophages and DCs) constantly sample the intestinal contents for pathogen-associated 

molecular patterns (PAMPs) such as lipopolysaccharide (LPS) and flagellin via pattern recognition 

receptors (PRRs) (e.g. toll-like receptors (TLRs)) (185). This continuous sampling helps maintain 

a population of inducible regulatory T cells (iTregs) and limit the accumulation of pro-

inflammatory T helper 17 cells (Th17) (186). The balance in iTreg: Th17 ratio helps to maintain 

gastrointestinal homeostasis (186). Macrophages, DCs and IECs release interleukin (IL)-10 and 

transforming growth factor β (TGF-β) which inhibit inflammation and induce differentiation of 

iTregs (186, 187). The ‘normal’ gastrointestinal microbiota also induces the production of IgA 

from plasma cells for protection against certain pathogens, further inhibiting inflammation (188). 

With antibiotic treatment (the major risk for CDI) the microbiota can be remarkably altered (i.e. 

dysbiosis) which in turn causes an imbalance in the iTreg: Th17 ratio due to lack of PAMPs in the 

gastrointestinal environment (189). Th17 cell differentiation is induced whereas the number of 

iTregs is reduced, and a pro-inflammatory environment is created (189). 

 Inflammation is exacerbated in CDI (180). Upon ingestion, C. difficile spores germinate 

and release TcdA and TcdB (144, 180). These toxins then bind their respective cell surface 

receptors on human colonocytes and cause the dissociation of tight junctions (144). Increased 

vascular permeability and reorganization of the actin cytoskeleton structure leads to cell death, 

loss of epithelial barrier integrity and greater exposure to the gastrointestinal microflora (180). The 

NF-κB and activator protein 1 (AP-1) pathways are activated resulting in the release of pro-

inflammatory mediators such as IL-1β, IL-2, IL-6, IL-8, IL-15, IL-16, IL-17A, macrophage 

inflammatory protein 2 (MIP-2) and tumor necrosis factor α (TNF-α) (180, 189). The levels of 

these mediators are significantly increased in CDI patients and they play a role in the recruitment, 

activation, differentiation of immune cells. More specifically, IL-1β and IL-6 promote Th17 

differentiation (190, 191). IL-15 promotes T cell and natural killer (NK) cell activation and 

proliferation (190). IL-16 recruits and activates CD4+ cells (T cells, monocytes, eosinophils, and 

DCs) (190). IL-8 is a potent neutrophil chemoattractant (192). Studying the pattern of cytokines 

expressed in sera of CDI patients has helped to understand disease severity. For example, 

Abhyankar et al. showed that higher levels of IL-8, IL-6 and TNF-α are associated with increased 

risk for mortality (191). Additionally, a study by Yu et al. identified that higher levels of interferon 

(INF)-γ and IL-5 are associated with mild-to-moderate CDI whereas elevated IL-2 and IL-15 levels 

are associated with severe CDI (190). 
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 As mentioned, cytokines and chemokines help recruit, activate and differentiate immune 

cells (180). Neutrophils are the first cells to arrive at the site of infection upon the release of IL-8 

(192, 193) . A strong neutrophilic infiltration in the wall of the colon is a hallmark of CDI. The 

role of neutrophils in CDI is poorly understood but these cells have been known to phagocytose 

pathogens, and release immune mediators (i.e. cytokines and chemokines) and AMPs (194). 

Patients with severe CDI have larger numbers of neutrophils in the blood and are at higher risk of 

mortality (195). However, neutrophils are crucial for protection against CDI as evidenced by the 

increased risk of mortality and recurrence in leukemia patients with neutropenia and in allogenic 

hematopoietic stem cell transplant patients, respectively (196, 197). Neutrophil ablation 

experiments in animal models have yielded inconsistent results however. Use of anti-Ly6G+ 

antibodies in mice increased the risk of mortality but use of anti-CD18 in rabbits or anti-MIP-2 in 

rats resulted in reduced TcdA-induced cytotoxicity (198-200). Ly6G+ (in mice) and CD18 are cell 

surface markers of neutrophils and MIP-2 is a neutrophil chemoattractant in rats (198-200). Hence, 

the full role of neutrophils in CDI is not yet completely understood but the presence of these cells 

is likely crucial for a protective immune response against C. difficile. 

 The little evidence acquired on the role of eosinophils in CDI suggests that early infiltration 

of these cells is protective against CDI (201, 202). Microbiota-derived IL-25 promotes eosinophil 

infiltration at the site of infection that can help to repair and maintain epithelial barrier integrity 

(202). Depletion of eosinophils with anti-SiglecF antibodies in mice results in increased risk of 

mortality in this model (202).  Additionally, the CDT toxin produced by certain hypervirulent 

strains (e.g. NAP1/B1/027) has been shown to increase virulence of C. difficile by inhibiting the 

eosinophilic response (201). Binding of CDT to TLR2 on eosinophils suppresses their protective 

activity and mice that receive TLR2-/- eosinophils are better protected than WT mice (201). More 

recently, a study showed that eosinopenia (i.e. low count of eosinophils) and infection with a CDT-

producing C. difficile strain increases the risk of mortality in CDI patients (203). Therefore, 

eosinophils are likely to play an important role in protection against CDI. 

 Current studies demonstrate that macrophages may not be protective in CDI because of 

their ability to exacerbate inflammation and retain spores but further studies are required to further 

understand their role (204, 205). Macrophages phagocytose C. difficile vegetative cells and spores, 

and release pro-inflammatory cytokines, including IL-1β and IL-6 in a MyD88- and TLR2-
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dependent fashion (204). As mentioned previously, a robust inflammatory response against C. 

difficile is detrimental for the patient (180). Macrophage migration inhibition factor (MIF) is 

expressed by several cell types and tissues, including macrophages and monocytes, and plays a 

crucial role in driving inflammation (206). Jose et al. observed higher levels of circulating MIF in 

CDI patients compared to patients with diarrhea who were negative for C. difficile (207). Jose et 

al. also demonstrated that CDI in mice increases the level of MIF in the plasma and tissues (207). 

Using a neutralizing anti-MIF antibody decreased the inflammatory response, symptom severity 

and mortality in mice (207). More recently, it was discovered that CDI patients express high levels 

of macrophage inflammatory protein 1 α (MIP-1α) upon exposure to TcdA (208). MIP-1α is 

expressed primarily by macrophages in pro-inflammatory sites and is a chemokine that recruits 

macrophages, lymphocytes and eosinophils (209). Blocking TcdA-induced MIP-1α using a 

neutralizing antibody minimized tissue damage, reduced IL-1β mRNA expression, and prevented 

recurrent CDI (rCDI) and death in mice (208). Additionally, an in vitro study demonstrated that 

spores remain intact in the macrophages upon phagocytosis creating a reservoir for C. difficile, 

and are even cytotoxic to macrophages (205). Therefore, macrophages likely play a pathogenic 

role in CDI. 

 Mast cells are granulocytes that contain several inflammatory mediators, including 

histamine, nitric oxide (NO), and cytokines (210). In response to CDI, mast cells degranulate, 

release histamine and promote recruitment of pro-inflammatory cells (e.g. neutrophils) (189, 211, 

212). The exact trigger for mast cell degranulation in the context of CDI is unknown (212). For 

effective immune cell infiltration, histamine increases epithelial permeability resulting in fluid 

accumulation in the intestinal lumen and diarrhea (212).  Mast cells also release TNF-α and IL-8, 

pro-inflammatory cytokines that contribute to the infiltration of circulating immune cells (213, 

214). Mast cell-deficient mice have significantly less fluid secretion and neutrophil infiltration, 

and thus, less inflammation in response to TcdA (212). Therefore, mast cells likely play a 

pathogenic role in CDI.  

 ILCs are another type of immune cell involved in the response to CDI (180). ILCs mimic 

effector functions of T cells but are activated by PAMPs, stress signals and mediators at the site 

of infection rather than specific antigens like T cells (215). Therefore, ILCs are highly reactive and 

one among the first effector cells to respond to external stressors (215). These cells are divided in 
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three categories: T-bet-expressing ILC1s, Gata-3/ROR-α-expressing ILC2s and RORγt/Ahr-

expressing ILC3s which reflect the cytokine profiles of Th1, Th2 and Th17 cells, respectively 

(215). In the context of CDI, each of these categories of ILCs may play a role (180).  

 ILC1 cells respond to IL-12, IL-15 and IL-18 by producing IFN-γ and TNF-α, two 

cytokines involved in promoting inflammation by activating macrophages and inducing ROS 

production (215, 216). IFN-γ enhances TcdA-induced enteritis in mice (217) and, as mentioned 

previously, elevated levels of TNF-α in the serum of CDI patients are associated with a higher risk 

of mortality (191). Selective loss of ILC1s in Rag1-/- Tbx21-/- mice (i.e. mice that lack B and T 

cells, and T-bet, a transcription factor for the differentiation of ILC1 cells) increased disease 

severity and mortality (218). This increase was similar to that of Ragγc-/- mice (i.e. mice that lack 

B and T cells, and ILCs) (218). Therefore, despite their role in promoting inflammatory responses, 

ILC1 cells appear to be the main contributors in protection against acute CDI.  

 ILC2 cells respond to IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) released by 

the damaged epithelium, and produce IL-4, IL-5, and IL-13 that promote mucus production and 

aid in tissue repair (215, 216). ILC2 cells play a protective role in CDI as evidenced by the increase 

in survival of Ragγc-/- mice after transfer of ST2+ ILC2 cells (i.e. IL-33-sensitive ILC2 cells) 

compared to Ragγc-/- mice (30% vs 0%, respectively) (219). Furthermore, restoration of ILC2 

cells in a Ragγc-/- mice favored accumulation of eosinophils which is protective against CDI and 

reduced neutrophil counts (219). This is equally relevant in humans as anti-IL-33 

immunohistochemistry staining of colonic biopsies from CDI patients compared to those from 

healthy individuals demonstrated increased expression of IL-33 (219).  Therefore, ILC2 cells also 

likely contribute to protection against CDI. 

 ILC3 cells express granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-17 

and, predominantly, IL-22 after activation by IL-1β and IL-23. IL-22 maintains intestinal 

homeostasis by inducing production of AMPs and GM-CSF is crucial for the survival, 

differentiation and function of intestinal macrophages and DCs (216, 220). Il22-/- mice are more 

susceptible to CDI compared to WT mice as evidenced by increased disease severity and mortality 

rates (218).  This study also showed that Rag1-/-il17a-/- mice do not have higher mortality rates 

post-challenge despite the lack of IL-17A (in addition to B and T cells) compared to WT mice 

(218). Together, this study suggests a minor role for ILC3 cells in protection against CDI compared 
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to ILC1 cells. However, this statement is debateable since several studies have shown conflicting 

results. Nakagawa et al. showed that knocking out (KO) IL-17A and IL-17F in mice increased 

resistance to CDI with a NAP1/B1/027 strain as evidenced by decreased mortality rates compared 

to WT mice (221). The levels of inflammatory mediators (IL-1β, GM-CSF, CXCL2 and IL-6) and 

neutrophil infiltration were also significantly decreased (221). Therefore, further studies are 

required to elucidate the role of ILC3 cells and, more specifically, the cytokines released by these 

cells (IL-22 and IL-17) in the host defense against CDI.  

 Dendritic cells (DCs) are known to be one of the major bridges between innate and adaptive 

immunity (222). These are APCs that uptake, process and present antigens to naïve T cells via 

major histocompatibility complex class II (MHC-II) molecules (222). In vitro, TcdB-intoxicated 

IECs release alarmins that activate DCs (223). Activated DCs phagocytose intoxicated IECs and 

release cytokines, including TNF-α which promotes apoptosis of intoxicated IECs and further aids 

in DC maturation (i.e. positive feedback loop) (223). TcdB-intoxicated IECs also promote 

infiltration of circulating DCs in vivo further enhancing inflammation (223). DCs also release IL-

1β, indicating that these cells may also play a role in the formation of an inflammasome (224). In 

a recent study, Sun et al. used transgenic mice in which DCs could be conditionally depleted by 

administering diphtheria toxin (225). When DCs were depleted, these transgenic mice were unable 

to clear C. difficile from the intestine and bacterial dissemination into other organs was observed, 

potentially due to a compromised epithelial barrier (225). Macrophage infiltration was also 

reduced and overall, CDI severity was increased (225). Therefore, elucidating the precise role that 

DCs play in CDI requires further studies. 

1.9.2 Adaptive Immune Response 

 A protective adaptive immune response, both antibody and cell-mediated, is important for 

protection against CDI recurrence (180).  

 After activation, B cells differentiate into memory B cells (MBCs) and plasma cells (226). 

The former play a role in a recall infection or recurrence (226). The latter produce three main Ig 

isotypes involved in the host defense against CDI: IgM, IgG and IgA (180, 226). Approximately 

50-70% of healthy individuals have detectable serum IgG and IgA antibodies against C. difficile 

toxins (189, 227-229). IgM is the first to be produced in a humoral immune response and has lower 

affinity for the C. difficile antigens than other isotypes (230). Early appearance (day 3 post-onset 
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of diarrhea) of TcdA-specific serum IgM antibodies is associated with a decreased risk of 

recurrence in CDI patients (231). This study supports the importance of IgM in the host defense 

against C. difficile. 

 IgG is the most abundant immunoglobulin found in the body, representing 75% of total 

serum antibodies, and plays a role in the systemic immune response to CDI by enhancing 

opsonisation and activating the complement system (230, 232). Serum IgG titers against both 

toxins are higher in CDI patients with mild disease compared to severe CDI (233). Furthermore, 

several studies have shown a strong correlation between asymptomatic CDI and the lack of 

recurrences with high toxin-specific serum IgG titers compared to patients with relapsing CDI 

(231, 234-236). Additional evidence is provided by the work that led to the approval of 

bezlotoxumab, a TcdB-specific IgG1 monoclonal antibody, by the FDA for preventing rCDI (95, 

237, 238). Hence, these studies validate the importance of IgG antibodies in the immune response 

against C. difficile. 

 IgA is a multimeric antibody that is secreted into the gut lumen and, thus, plays a role in 

mucosal immunity. IgA is, therefore, expected to play a role against C. difficile which is an enteric 

pathogen (188). Increased survival is seen in challenged hamsters after treatment with vancomycin 

and orally administered secretory IgA (pooled from human plasma) compared to vancomycin 

alone (239). In CDI patients, reduced fecal IgA titers and colonic IgA-producing cells is correlated 

with recurrence (234, 240). Several studies have shown that higher IgA titers correlated with 

milder CDI symptoms or asymptomatic carriage suggesting that mucosal immunity against C. 

difficile is important in the protection against severe CDI and disease recurrence (233, 241, 242). 

 Although innate and humoral responses undoubtedly play a role in recovery from CDI, 

adequate and well-balance T cell responses are likely to play a pivotal role in the prevention of 

recurrences. The lack of both B cells and T cells in mice (Rag1-/-) does not affect the resolution 

of the acute phase of CDI but is still associated with high mortality rates suggesting that the cellular 

adaptive immune response is important in full recovery and prevention of re-infection (218). B 

cells, as mentioned above, can differentiate into Ig-producing plasma cells or memory B cells that 

are activated in a recall infection (226). IgD-negative TcdA-specific MBCs were detected in CDI 

patients and the presence of antibodies in the serum and fecal samples suggests that plasma cells 

were also likely present (243).  
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 Some of the T cell types involved in the host defense against CDI are T follicular helper 

cells (Tfh), T helper 1 (Th1) cells, Th17 cells, and iTregs. Naïve CD4+ T cells in the T cell zones 

of secondary lymphoid organs that encounter C. difficile-specific antigens, become activated 

(cytokines IL-6 and IL-21) and migrate to the B cell zone to activate follicular B cells are called 

Tfh cells (244). Tfh cells aid in the creation of germinal centers (GCs) where activated B cells go 

through rounds of isotype switching, somatic hypermutation, and rapid cellular division and in 

determining B cell fate (MBCs or plasma cells) (244). The presence of C. difficile-specific 

antibodies in CDI patients means that Tfh were involved since the lack of Tfh cells results in a 

defect in GC formation and antibody production (228, 229, 231, 233-236, 241-245). Naïve CD4+ 

T cells also differentiate into Th1, Th17 or iTreg cells in response to their cognate antigen, 

appropriate co-stimulation and cytokines (IFN-γ and IL-12; TGF-β, IL-6, IL-21 and IL-23; TGF-

β and IL-2, respectively) (246, 247). These CD4 T cell subsets have different cytokine profiles and 

therefore, have different functions. The ability of a CD4 T cell to change subsets during the course 

of an infection (i.e. plasticity) complicates our ability to precisely describe the T cell response to 

CDI (248-250). Using flow cytometry to investigate the different T cell subsets found in the blood 

of CDI patients, Yacyshyn et al. observed a larger percentage of CD3+ CD4+ cells co-expressing 

Foxp3 and IL-17; IFN-γ and IL-17, IL-17 alone and Foxp3 alone which represent Th17/Treg, 

Th1/Th17, Th17, and Treg cells respectively, in patients with rCDI compared to patients who 

experience a single episode or controls (251). Therefore, CD4+ T cells are definitely involved in 

the adaptive immune response against CDI but whether they are protective or deleterious is still 

unknown.  

 To summarize, the immune response to C. difficile is complex. Key players that may or 

may not be protective against this pathogen include the gastrointestinal microbiota, cytokines and 

chemokines, innate immune cells (neutrophils, eosinophils, macrophages, mast cells, ILCs, DCs), 

immunoglobulins (IgM, IgG, IgA), B and T cells (MBCs, plasma cells, and Tfh, Th1, Th17, iTreg 

cells).  

1.10 Clostridioides difficile infection vaccine development  

 Currently, no vaccine exists against C. difficile. Vaccines that target antibody induction 

against one or both of the toxins (TcdA and TcdB) are obviously attractive since CDI is a toxin-

mediated disease. Three pharmaceutical companies (Pfizer, Sanofi Pasteur and Valneva Austria) 
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have developed adjuvanted, intramuscular vaccines using this approach that have undergone 

clinical trials. Alternative approaches include vaccine that prevent colonization (targeting SLPs or 

polysaccharides) and that induce mucosal responses. 

1.10.1 Clinical trials  

 Three vaccines against C. difficile have entered clinical trials. Pfizer developed a 

genetically detoxified recombinant TcdA and TcdB toxoid vaccine (PF-06425090) given 

intramuscularly in three doses to adults aged 50 and over (252-254). This vaccine candidate 

completed its phase III clinical trial in December of 2021 (253). The results showed that the 

vaccine was safe and well-tolerated in humans. Although it reduced CDI severity overall and was 

100% efficacious in preventing medically attended CDI, its efficacy to prevent  primary CDI was 

only 30% and, therefore, it did not meet its primary endpoint (253). The company is now 

evaluating the next steps for this vaccine (253).  

 Sanofi Pasteur’s vaccine consisted of formalin-inactivated TcdA and TcdB toxoids 

(Cdiffense) and was also given intramuscularly in three doses (255, 256). Sanofi Pasteur 

terminated its phase III clinical trial in December of 2017 as the interim analysis showed no 

protective efficacy  and further clinical development of Cdiffense was stopped (255, 257).  

 Valneva developed a recombinant fusion protein consisting of the RBDs of both toxins 

(VLA84) given intramuscularly in three doses to adults aged 50 and over (258). VLA84 has 

completed phase II clinical trials in which the vaccine was shown to be immunogenic (i.e. 

generated IgG responses and neutralizing titers), and identified the dose and formulation with the 

highest seroconversion rates against both TcdA and TcdB which was the primary endpoint (259). 

Further development, however, has been on hold for >5 years was halted for unknown reasons 

(259). 

1.10.2 Alternative approaches 

 Novel methods for vaccine development are emerging that focus on preventing C. difficile 

colonisation and inducing a mucosal response. Recently, Bradshaw’s and Karyal’s groups have 

both developed a vaccine against CD0873, a C. difficile colonisation factor (260, 261). CD0873 is 

a surface-exposed lipoprotein involved in adhesion of C. difficile to target cells (260, 261). 

Bradshaw et al. showed that mice immunized with recombinant CD0873 prevented long-term 
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colonization of C. difficile which correlated with increased secretory IgA (sIgA) responses (260). 

Karyal et al. immunized hamsters orally with CD0873 and these animals produced higher titers of 

sIgA and IgG; survived longer post-challenge with a NAP1/B1/027 strain (R20291ermB) of C. 

difficile and demonstrated reduced pathology in histological analyses of the cecum compared to 

naïve hamsters (261). The antibodies that were generated greatly inhibited adherence of C. difficile 

to Caco-2 cells (261).  

 A different approach to preventing colonization of toxigenic C. difficile was taken by Wang 

et al. who sought to generate a vaccine targeting both the toxins (GTD and CPD of TcdB, and 

RBD of TcdA) and adhesion factors using a non-toxigenic strain of C. difficile (NTCD) 

(CCUG37785) as a vector (NTCD_mTcd138) (262). This way, colonization by a toxigenic strain 

is inhibited by spatial and nutritional competition (263). Oral immunization with spores of 

NTCD_mTcd138 offered 100% protection to mice against challenge with a NAP1/B1/027 strain 

(UK6) (262). This vaccine was further modified to include the RBD of TcdB (strain 

NTCD_mTcd169) (264). Oral immunization of mice with NTCD_mTcd169 spores induced 

mucosal and systemic antibody responses; and protected 100% of mice from challenge with a 

NAP1/B1/027 strain (R20291) (264).   

 This project focused on generating a mucosal vaccine comprised of the GTD and RBD of 

TcdB using and attenuated bacterial vector (Salmonella enterica serovar Typhimurium strain 

YS1646) against NAP1/B1/027 and potentially all strains of C. difficile. 

1.11 Summary of Clostridioides difficile 

 C. difficile is a leading cause of nosocomial diarrhea in the Western world representing 10-

20% of cases (9). The CDC has classified this bacterium as an urgent public threat (9). CDI is 

transmitted primarily by the fecal-oral route and, usually, initiated after the germination of ingested 

spores when toxins are released (TcdA, TcdB and CDT) (1, 106). Current therapies are only 

partially effective as reflected by the high recurrence rate (15%-35%) highlighting the need for 

preventative measures such as a vaccine (92). Three vaccine candidates have undergone clinical 

trials but none has been approved for use against CDI in any jurisdiction (253, 255, 259). All three 

targeted TcdA and TcdB since CDI is a toxin-mediated disease and were given parenterally in 

multiple doses with adjuvants (253, 255, 259). Furthermore, the current understanding of the 

elicited host immune response remains incomplete. However, it is understood that the adaptive 
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immune response, particularly the humoral response, plays a central role in preventing CDI and 

rCDI (180, 226). More specifically, a mucosal response, particularly through the production of 

IgA antibodies, has been shown to provide considerable protection against CDI and rCDI (233, 

234, 240, 241). Therefore, a vaccine eliciting a strong mucosal response would likely be effective 

against C. difficile.   

1.12 Salmonella enterica serovar Typhimurium strain YS1646 

 Salmonella enterica (S. enterica) are rod-shaped, food-borne, Gram-negative 

gastrointestinal bacteria that cause salmonellosis with symptoms ranging from mild gastroenteritis 

to systemic disease (265, 266). The CDC estimate 1.35 million cases of salmonellosis annually in 

the U.S. alone predominantly affecting young children, the elderly and the immunocompromised 

with 26,500 hospitalizations and 420 deaths (267). Outbreaks are usually caused by S. enterica 

serovars Typhimurium (S. Tm) and Enteritidis (268). Salmonellosis is the 2nd leading cause of 

food-borne illnesses after norovirus (267). Despite its ability to cause disease, several research 

groups have succeeded in attenuating S. Tm to use as a vaccine vector (269). 

 Several studies using S. Tm as a vector for delivery of heterologous antigens (i.e. 

immunogens of other pathogens) have been reported in animals. For example, oral immunization 

of mice with S. Tm expressing the Bacillus anthracis (B. anthracis) protective antigen (PA) 

provides full protection against lethal challenge with B. anthracis spores (270). Oral immunization 

of mice with S. Tm expressing a recombinant enterotoxigenic Escherichia coli (E. coli) K99 

fimbriae demonstrated promising results (267, 271, 272). These research groups exploited S. Tm’s 

type 3 secretion system (T3SS) to secrete the heterologous antigen. S. Tm’s T3SS are encoded on 

Salmonella pathogenicity islands (SPI)-I and SPI-II (268). 

 S. Tm as a vaccine vector has many theoretical advantages. It is easy to manipulate and 

manufacture, and has high carrying capacity (105). The flagellin of S. Tm (sFliC) acts as an 

adjuvant by activating the TLR5 signaling pathway (273). Wang, S et al. reported that the inclusion 

of sFliC in their chimeric toxin vaccine (along with RBDs of TcdA and TcdB, GTD and CPD of 

TcdB) protected mice from lethal challenge with a hypervirulent strain of C. difficile (273). TLR5 

activation by Salmonella-derived flagellin in mice results in delayed C. difficile growth and toxin 

production (273, 274). S. Tm also produces LPS which activates TLR4 further enhancing the 

immune response (105). Importantly, as CDI is limited to the gut, S. Tm infection causes local 
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inflammation and influx of neutrophils in the gut (275). S. Tm targets cells of the gut mucosa and 

has the potential to elicit strong cellular and humoral immune responses in the colonic mucosa 

(267, 276, 277).  

 S. Tm strain YS1646 has chromosomally deleted purI and msbB genes, components of the 

purine biosynthesis pathway and the LPS synthesis pathway, respectively (105, 269, 278). YS1646 

was initially developed in the early 1990s as a treatment for metastatic melanoma and other solid 

tumors. Clinical trials demonstrated that intravenous administration of up to 3.0x108 colony 

forming units (CFU)/m2 of YS1646 was tolerated in humans. Unfortunately, the clinical trials were 

halted for futility (i.e. no benefits) (269). Recent studies in the Ward/Ndao labs have demonstrated 

the efficacy of YS1646 for the delivery of several different heterologous antigens. Hassan et al. 

reported almost complete protection against Schistosoma mansoni after vaccination with YS1646 

expressing cathepsin B (278). Additionally, Chen, G et al. used YS1646 to generate a vaccine 

against Schistosoma japonicum which showed 75% protection in mice (279).  

 In parallel, Winter et al. from the War/Ndao labs developed a vaccine containing the RBDs 

of TcdA and TcdB (rbdA and rbdB, respectively) (105). Briefly, the rbdA was cloned into the 

pQE_30 plasmid under the control of a constitutive promoter pagC and secretory signal SspH1 

(pagC_SspH1_rbdA). The same was done for rbdB but using a SPI-II-specific promoter and 

secretory signal (sspH2_SspH2_rbdB). WT YS1646 strain was transformed by electroporation 

with the plasmids to generate strains expressing rbdA, rbdB and no antigen (i.e. empty plasmid). 

Recombinant antigens (rrbdA and rrbdB) were generated in E. coli. Expression of the antigens was 

confirmed by Western blotting. C57Bl/6J female mice (six-to-eight weeks) were vaccinated using 

different routes and schedules. The multimodal schedule (recombinant antigen on day 0 

intramuscularly (i.m.), and YS1646 antigen-expressing strain orally (p.o.) on days 0, 2 and 4) was 

confirmed to give the best serologic response in a short time. Five weeks post-vaccination, 

C57Bl/6J mice were challenged with 2x105 to 2x107 CFU/mouse of freshly grown C. difficile 

(historical strain VPI 10463) and they observed 100% survival in all mice except for the phosphate-

buffered saline (PBS) control and the p.o. only groups. Serum (3-4 weeks post-vaccination) and 

intestine (5 weeks post-infection) analyzed by enzyme-linked immunosorbent assay (ELISA) 

demonstrated both antigen-specific systemic IgG and intestinal IgA responses compared to the 

PBS control (105).  
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1.13 Hypothesis and aims 

 Similarly to these candidate RBD vaccines, the YS1646 strain was also transformed with 

a plasmid containing GTD (pagC_SspH1_GTD) and recombinant GTD (rGTD) was produced in 

E. coli by a previous student in the Ward/Ndao lab. To test immunogenicity of these GTD-targeting 

reagents, mice were vaccinated using the multimodal schedule described above and preliminary 

results showed the induction of a detectable anti-TcdB IgG response (data not published). The 

protective efficacy of the vaccine was not tested. We hypothesized that delivery of GTD and RBD 

of TcdB using an S. Tm strain YS1646 vector would protect against lethal challenge with 

NAP1/B1/027 strain of C. difficile. We aimed to modify a murine model for NAP1/B1/027 

challenge and to evaluate the protective efficacy against NAP1/B1/027 challenge of a GTD-

expressing YS1646 vaccine compared to a more traditional vaccine targeting the RBD of the more 

common TcdB C. difficile toxin. 

CHAPTER 2: METHODS, RESULTS and DISCUSSION 

2.1 METHODS 

2.1.1 Bacterial strains and culture conditions 

 S. enterica serovar Typhimurium strain YS1646 (∆msbB2 ∆purI ∆Suwwan xyl-; ATCC 

202165; ATCC, Manassas, VA) was obtained from Cedarlane Labs (Burlington, ON). 

Transformed YS1646 bacteria (electroporation; 2 µL of plasmid at 3.0 kV, 200 ꭥ, and 25 µF; 

GenePulser XCell, BioRad, Hercules, CA, USA) were cultured and plated on Luria broth (LB) 

containing 50 ug/mL ampicillin (Wisent, St.-Bruno, QC, Canada). Escherichia coli BLR (de3) 

(Novagen, Millipore Sigma, Burlington, MA) was used for production of rGTD and rrbdB. 

pET28b plasmids encoding GTD DNA (pET28b-GTD) sequence or rbdB (pET28b-rbdB) DNA 

sequence were introduced in E. coli strains by heat shock (2 µg of plasmid with 50 µL of cells in 

50˚C water bath for 30 seconds). Transformed E. coli were grown on petri dishes with Luria broth 

(LB) containing 50 µg/mL kanamycin (Wisent). C. difficile strain VPI 10463 and clinical 

NAP1/B1/027 strains were obtained from Cedarlane Labs and from Dr. Vivian Loo at the Montreal 

General Hospital (Montreal, QC), respectively. C. difficile were cultured in pre-reduced meat broth 

(Sigma-Aldrich, St.-Louis, MO) containing 0.1% (wt/vol) L-cysteine (Sigma-Aldrich) in an 

anaerobic jar at 37˚C for 24h or 72h for VPI 10463 and NAP1/B1/027 strains, respectively. For 
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colony counts, serially-diluted C. difficile cultures were plated onto pre-reduced brain heart 

infusion (BHIS) (BD Biosciences, Mississauga, ON, Canada) plates containing 0.1% (wt/vol) L-

cysteine (Sigma-Aldrich) and incubated in an anaerobic jar at 37˚C for 24h. 

2.1.2 Recombinant protein expression, purification and quantification 

 Competent E.coli BLR(de3) (Sigma-Aldrich) cells were transformed with the pET28b 

plasmid containing the GTD or rbdB gene sequences. A mixture of 2 µL of pET28b-GTD or -rbdB 

and 50µL of freshly thawed commercial BLR(de3) were incubated on ice for 30 minutes, heat 

shocked in a 50˚C water bath for 30 seconds then left on ice for 5 minutes. Cells were cultured at 

37˚C in a shaking incubator for 1h at 200 rpm after addition of 200 µL of LB broth (Wisent). The 

culture (100 µL) was plated on LB-kanamycin (Wisent) selection plates and grown at 37˚C for 

24h. Transformed cells were stored in aliquots in LB-glycerol (15%) at -80˚C. 

 For purification of recombinant protein, transformed cells were cultured in 30 mL of LB-

kanamycin (30 µg/mL) (Wisent) at 37˚C for 24h in a shaking incubator at 200-250 rpm. LB-

kanamycin (600 mL; 30 µg/mL) was inoculated with 24mL of the overnight culture and incubated 

in a shaking incubator at 37˚C until OD600 of between 0.5-0.6 was achieved. The culture was 

induced with 0.5mM Isopropyl-β-D-thiogalactopyranoside (IPTG) (Invitrogen, Carlsbad, CA) at 

37˚C for 24h in a shaking incubator at 200-250 rpm. The culture was centrifuged at 4˚C for 30 

minutes at 3000xg. The supernatant was discarded and the cell pellets were re-suspended in 12mL 

denaturing solution (100mM NaH2PO4, 10mM Tris-HCl, 8M Urea, pH = 8.0) and lysed by freeze-

thaw (-80˚C or liquid nitrogen). The cells were centrifuged at 4˚C for 15-30 minutes at 20 000xg 

and the supernatant was collected in a conical tube. The proteins were purified using Ni-

nitrilotriacetic acid (NTA) affinity chromatography (Qiagen, Limburg, Netherlands) via the 

histidine (His)-tag using a series of 3M denaturing washes (urea) with decreasing pH. Proteins 

were visualized using GelCode Blue Stain Reagent (Thermo Fisher Scientific, Eugene, OR) or 

Coomassie Blue staining in SDS-PAGE gels. Eluates were dialyzed in 4L of PBS for 1h twice and 

then overnight. A Western blot using monoclonal antibody anti-GTD (Emergent Biosolutions, 

Gaithersburg, MD) or anti-His (Sigma-Aldrich) was performed to confirm the presence of rGTD 

or rrbdB, respectively. 

 Purified rGTD and rrbdB were quantified using the Pierce Bicinchoninic Acid (BCA) 

Protein Assay Kit following the manufacturer’s instructions (Thermo Fisher Scientific). Briefly, 
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10 µL of bovine serum albumin (BSA; Sigma-Aldrich) standard (0 µg/mL – 2000µg/mL) or the 

purified protein (0.1 and 0.01 fold dilutions, and neat) were added to each well of a flat-bottom 

96-well plate in triplicate. Working reagent (200 µL) was added to each well. The plate was 

incubated at 37˚C for 30 minutes. Optical density at 562 nm (OD562) was measured using the Tecan 

Infinite F200 Fluorescence Microplate Reader (McGill University Health Center Research 

Institute (RI-MUHC), Montreal, QC).  

2.1.3 Mice 

 All animal procedures were approved by the McGill University’s Animal Care Committee 

and were performed in accordance to the guidelines of the Canadian Council on Animal Care. 

Female 6- to 8-week-old C57BL/6 mice, obtained from Jackson Laboratories (Bar Harbor, ME, 

USA), were housed (3-5/cage) at the Animal Resource Division (ARD) in the RI-MUHC in a 

pathogen-free environment and according to routine rodent husbandry procedures. Euthanasia was 

performed by first anesthetizing mice with isoflurane in 100% O2 until unresponsive, and then 

asphyxiation with 100% CO2 followed by cardiac puncture or cervical dislocation.   

2.1.3.1 Vaccination 

 For the booster study to evaluate the immunogenicity of rGTD, mice received three i.m. 

doses of 10 µg of rGTD adjuvanted with 250 µg of aluminum hydroxide gel (alum; Alhydrogel; 

Brenntag BioSector A/S, Frederikssund, Denmark) in 50 µL of PBS on days 0, 21 and 35. A 26-

gauge needle was used to administer the i.m. dose in the gastrocnemius muscle (Fig. 2). 

 

Figure 2. rGTD booster study timeline. A single i.m. dose of 10 µg rGTD was administered on 
days 0, 21 and 35. Blood was collected by saphenous vein bleed on days -5, 20, and 34, and by 
cardiac puncture on day 49. Created with BioRender. 

 To evaluate the efficacy of the rbdB vaccine against NAP1/B1/027 challenge, we used 4 

groups of mice: PBS (control), rbdB i.m., rbdB p.o. and rbdB multimodal group (Fig. 3B). The 

rbdB i.m. group received a single dose i.m. of rrbdB adjuvanted with 250 µg of alum (Brenntag 

BioSector A/S) in 50 µL of PBS on day 0 (Fig. 3A). A 26-gauge needle was used to administer 
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the i.m. dose in the gastrocnemius muscle. The rbdB p.o. group received three p.o. vaccinations 

delivered by gavage containing a total of 1x109 CFU of plasmid-strain YS1646 strain expressing 

rbdB (SspH2_sspH2_rbdB) in 200 µL of PBS on days 0, 2 and 4 (Fig. 3A). Strain 

SspH2_sspH2_rbdB has been evaluated for its immunogenicity and protective efficacy against 

VPI 10463 (105). The rbdB multimodal group received a single i.m. dose of rrbdB on day 0 and 

three p.o. doses of SspH2_sspH2_rbdB on days 0, 2 and 4 (Fig. 3A). 

 

Figure 3. rbdB vaccination A) schedule and B) groups. Group 1 received PBS i.m. (D0) and 
p.o (D0, D2, D4). Group 2 received one dose of 3µg of rrbdB adjuvanted with 250µg of alum 
(D0), and three p.o doses of YS1646 expressing no antigen (pQE_null) (D0, D2, D4) (rbdB i.m.). 
Group 3 received PBS i.m. (D0) and three p.o. doses of pagC_SspH1_rbdB (D0, D2, D4) (rbdB 
p.o.). Group 4 received one dose of rrbdB i.m. (D0) and three p.o. doses of pagC_SspH1_rbdB 
(D0, D2, D4) (rbdB multimodal). Blood was collected by saphenous vein bleed D-5, and 3 to 4 
weeks post-vaccination. Mice were kept alive for NAP1/B1/027 challenge. Created with BioRender. 

 To evaluate the efficacy of the ‘solo’ GTD and combined GTD + rbdB vaccines against 

NAP1/B1/027 challenge, we used 7 groups of mice: PBS (control), GTD i.m., GTD p.o., GTD 

multimodal, GTD + rbdB i.m., GTD + rbdB p.o., and GTD + rbdB multimodal (Fig. 4C). The 

GTD i.m. group received three i.m. doses of 6 µg of rGTD adjuvanted with 250 µg of alum 

(Brenntag BioSector A/S) in 50 µL of PBS on days 0, 21 and 35 (Fig. 4A). A 26-gauge needle was 

used to administer the i.m. dose in the gastrocnemius muscle. The GTD p.o. group received three 
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doses of PBS on days 0, 21 and 35; and three p.o. doses of 1x109 CFU of a plasmid-based YS1646 

strain expressing GTD (pagC_SspH1_GTD) in 200 µL of PBS on days 35, 37 and 39  (Fig. 4A). 

The ‘solo’ GTD multimodal group received three i.m. doses of rGTD on days 0, 21 and 35; and 

three p.o. doses of pagC_SspH1_GTD on days 35, 37 and 39 (Fig. 4A). The GTD + rbdB i.m. 

group received three i.m. doses of rGTD on days 0, 21 and 35; a single dose of rrbdB on day 35 

and three p.o. doses of 1x109 CFU of pQE_Null on days 35, 37 and 39. The GTD + rbdB p.o. 

group received three i.m. doses of PBS on days 0, 21 and 35; and three p.o. doses of each 

pagC_SspH1_GTD and SspH2_sspH2_rbdB (total of 1x109 CFU) on days 35, 37 and 39. The 

combined GTD + rbdB multimodal group received three i.m. doses of rGTD on days 0, 21 and 35; 

one i.m. dose of rrbdB on day 35; three p.o. doses of each pagC_SspH1_GTD and 

SspH2_sspH2_rbdB (total of 1x109 CFU) on days 35, 37 and 39 (Fig. 4B). 
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Figure 4. The GTD and GTD + rbdB vaccination A-B) schedule and C) groups. A) GTD 
vaccine. Group 1 received PBS i.m. (D0, D21, D35) and p.o. (D35, D37, D39). Group 2 received 
6µg of rGTD alum-adjuvanted in 50µL of PBS (D0, D21, D35) and YS1646 strain expressing no 
antigen (pQE_null; D35, D37, D39) (GTD i.m.). Group 3 received PBS i.m. and YS1646 strain 
pagC_SspH1_GTD (D35, D37, D39) (GTD p.o.). Group 4 received rGTD i.m. (D0, D21, D35) 
and pagC_SspH1_GTD (D35, D37, D39) (GTD multimodal). B) GTD + rbdB vaccine. Group 5 
received rGTD i.m. (D0, D21, D35) + 3 µg of rrbdB alum-adjuvanted i.m. (D35), and pQE_null 
(D35, D37, D39) (GTD + rbdB i.m.). Group 6 received PBS i.m. (D0, D21, D35) and 
pagC_SspH1_GTD + SspH2_sspH2_rbdB (D35, D37, D39) (GTD + rbdB p.o.). Group 7 received 
rGTD (D0, D21, D35) + rrbdB (D35), and pagC_SspH1_GTD + SspH2_sspH2_rbdB (D35, D37, 
D39) (GTD + rbdB multimodal). Blood was collected D-5, D20, D34 and 3 to 4 weeks post-
vaccination. Mice were kept alive for NAP1/B1/027 challenge. Created with BioRender. 
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2.1.3.2 Serum collection 

 Baseline and post-vaccination serum samples were collected by saphenous vein bleed or 

submandibular vein bleed in Microtainer serum separator tubes (Sarstedt, Nübrecht, Germany). At 

the end of the study, mice were euthanized and serum samples were collected by cardiac puncture. 

Serum was separated by centrifugation at 8000xg for 10 minutes at room temperature, aliquoted 

and stored at -20˚C until used in assays. 

2.1.3.3 Clostridioides difficile challenge 

 One week prior to antibiotic treatment, acetic acid at a concentration of 2.15 µL/mL 

(vol/vol) was added to the drinking water of mice. An antibiotic cocktail consisting of 

metronidazole (0.215 mg/mL; Sigma-Aldrich), gentamicin (0.035 mg/mL; Wisent), vancomycin 

(0.045 mg/mL; Sigma-Aldrich), kanamycin (0.400 mg/mL; Wisent) and colistin (0.042 mg/mL; 

Sigma-Aldrich) was added to the drinking water at 8 days prior to infection NAP1/B1/027 for 3 

consecutive days after which mice were put back on regular drinking water. Mice received an i.p. 

dose of clindamycin (Sigma-Aldrich) at a concentration of 32 mg/kg of body weight in 200 µL of 

PBS using a 26-gauge needle 72h prior to infection NAP1/B1/027. The dose of the C. difficile 

administered was estimated on the day of the infection (OD600) as freshly cultured C. difficile was 

used. The challenge dose was administered in 200 µL of pre-reduced meat broth. The exact dose 

was calculated using a standard of CFU/mL vs. OD600 24h post-infection. Mice were monitored 

and scored 1 to 3 times daily for approximately 2 weeks on their weight loss, posture, activity, 

coat, diarrhea and eyes/nose (280). The humane endpoint was established as a score of ≥14 or 

weight loss >20% of their initial weight at which point mice were euthanized (Fig. 5).  
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Figure 5. Murine model of Clostridioides difficile strain NAP1/B1/027 challenge. Mice 
received acetic acid in drinking water on day -15, an antibiotic cocktail (metronidazole, 
gentamicin, vancomycin, kanamycin, and colistin) in drinking water from day -8 to -5, a single i.p. 
dose of clindamycin 72h prior to p.o. infection with freshly-grown NAP1/B1/027 vegetative cells. 
Mice were monitored and scored 1 to 3 times daily for 2 weeks after which they were euthanized. 
Created with Biorender. 

2.1.4 ELISA 

 Whole toxin B (List Biologicals, Campbell, CA) was used to coat the wells of a U-bottom 

high-binding 96-well ELISA plates (Greiner Bio-One, Frickenhausen, Germany). A standard 

curve was generated using mouse IgG (Sigma-Aldrich). The wells were coated with 50 µL of toxin 

B (2 µg/mL), or IgG standards overnight at 4˚C in 100mM bicarbonate/carbonate buffer (pH 9.5). 

After washing the wells 3 times with PBS, the plates were blocked with 150 µL/well of blocking 

buffer (2% BSA; Sigma-Aldrich) in PBS-Tween 20 (0.05%; Fisher Scientific)) for at least 1h at 

37˚C. Serum samples were added after being heat-inactivated (56˚C water bath for 30 minutes) 

and diluted (1:50 in blocking buffer). Intestinal samples were added neat. All samples, including 

the standards, were added in duplicate at 50 µL/well. The plates were incubated for 1h at 37˚C, 

washed 4 times with PBS then incubated for 30 minutes at 37˚C after adding 75 µL/well of horse 

radish peroxidase (HRP)-conjugated anti-mouse IgG (1:20 000 in blocking buffer; Sigma-

Aldrich). After washing the plates 6 times with PBS, 100 µL/well of 3, 3’, 5, 5’-

tetramethylbenzidine (TMB) detection substrate (Millipore, Billerica, MA) was added. The 

reaction was stopped after 15 minutes with 50 µL/well of 0.5M H2SO4. The plates were read at 

450 nm using an EL800 microplate spectrophotometer (BioTek Instruments Inc., Winooski, VT). 

The concentrations were estimated by extrapolation from the standard curve. 

2.1.5 Statistical analysis 

 Statistical analysis was performed using GraphPad Prism 8.  
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2.2 RESULTS 

2.2.1 Optimization of the protocol for NAP1/B1/027 culture 

 The lab protocol requires the media, meat broth (Sigma-Aldrich, St.-Louis, MO) 10% w/v 

L-cysteine (Sigma-Aldrich), to be reduced (i.e. oxygen-deprived) for at least 48h prior to 

inoculation in an anaerobic jar (Thermo Fisher Scientific, Eugene, OR) containing an anaerobic 

pack (Thermo Fisher Scientific) and an oxygen indicator (Thermo Fisher Scientific) (Table 1) 

(105, 281-283). The inoculum is cultured at 37˚C at 200 RPM for 24h in a shaking incubator and 

the absorbance is measured using a spectrophotometer at a wavelength of 600 nm. An OD is 

obtained as an approximate measure of the turbidity, i.e. cell density (284). Unfortunately, early 

work with this protocol demonstrated that it was not optimal for the NAP1/B1/027 strain. Culture 

of a historical strain, VPI 10463, using this protocol routinely resulted in an OD of >2.00 compared 

to only 0.630 for NAP1/B1/027 (Table 1, Experiment #001). Experiments # 003-013 where we 

changed the medium to brain heart infusion-supplemented (BHIS) (281-283), and increased the 

reduction time (72h-120h), the concentration of L-cysteine (15%-50%), and the number of 

inoculations were failures. However, our hypothesis that NAP1/B1/027 needed more time to grow 

proved to be correct. When the growth time was increased from 24h post-inoculation to 72h (Table 

1, Exp. #014), we observed an increase in the OD value  from 0.630 to 1.059 and this was 

consistent when repeated (Table 1, Exp. #014-017). The optimized protocol required inoculation 

with 100 µL of the glycerol stock in pre-reduced (48h) meat broth (10% w/v L-cysteine) and 

culture for 72h in a shaking incubator at 37˚C, 200 rpm. 
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Table 1. Protocol optimization for NAP1/B1/027 culture. 

 

Note: changes in the protocol are shown in red. 

2.2.2 Standard curve of NAP1/B1/027 culture 

 We cultured NAP1/B1/027 using the optimized protocol. We performed 2-fold serial 

dilutions of the culture (1/32 of neat to neat culture) and measured the OD of each dilution (Figure 

1A) (104, 284). We then performed 10-fold dilutions of each 2-fold dilution and plated dilutions 

ranging from 10-4 to 100 (Fig. 6A). Using the formula shown in Figure 1A, we calculated the 

CFU/mL (284, 285). We showed the standard curve with the linear equation Y = 5.14 x 105X – 

7.17 x 104 and the R squared (R2) value of 0.908 suggesting a strong correlation (Fig. 6B). This 

standard curve was used to estimate the dose administered to mice on the day of the infection in 

CFU/mL. 
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Figure 6. Standard curve of NAP1/B1/027 colony forming units (CFU)/mL relative to the 
optical density of the culture. A) The method used for serially-diluting the culture and plating 
NAP1/B1/027. B) The standard curve of CFU/mL relative to the OD of the culture. Created with 

BioRender. 

2.2.3 Optimization of NAP1/B1/027 challenge dose in mice 

 Female 6-8 weeks-old C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) 

housed (3-5/cage) in the ARD in pathogen-free conditions were infected by gavage with four 

different doses of NAP1/B1/027: 0 CFU/mouse, 80 CFU/mouse, 1.2 x 102 CFU/mouse and 3.06 

x 103 CFU/mouse. All mice that received 0 CFU of NAP1/B1/027 typically survived with minimal 

to no symptoms (Figure 7B) for the duration of each experiment (representative experiment shown 

in Fig. 7A). Overall, ~60% of mice that received 80 CFU succumbed to infection (Fig. 7A) with 

40% becoming moribund within 48 hours (Fig. 7B). The percent mortality of mice challenged with 

1.2 x 102 CFU/mouse and 3.06 x 103 CFU/mouse was typically ≥80% (Fig. 7A) with almost all of 

the animals experiencing severe symptoms (clinical score of ≥11) by the second day after oral 
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dosing (Fig. 7B). Based on these results, we determined the optimal CFU count for lethal challenge 

with NAP1/B1/027 to be between 1.2 x 102 CFU/mouse and 3.06 x 103 CFU/mouse.  

 

Figure 7. Mice succumbed to NAP1/B1/027 infection in a dose-dependent manner. A) 
Survival and B) clinical scores are shown (n = 5) for four groups of mice challenged orally with 
different CFU doses of NAP1/B1/027 strain: 0 CFU/mouse (red), 80 CFU/mouse (blue), 1.2 x 102 
CFU/mouse (green) and 3.06 x 103 CFU/mouse (yellow). Each column represents one mouse as it 
progresses through the infection. Mice were clinically scored one to three times daily for up to 7 
days post-infection. Mice with a score of ≥14 or a >20% loss of body weight were considered at a 
humane endpoint and were euthanized. 

2.2.4 Immunogenicity of recombinant GTD 

 Female 6-8 weeks-old C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) 

housed (3-5/cage) in the ARD in pathogen-free conditions received 10µg of rGTD in 50 µL of 

PBS on days 0, 21 and 35 in the gastrocnemius muscle. Serum was collected to measure TcdB-

specific IgG titers by ELISA on days -5, 20, 34 and 49. We demonstrated that three i.m. doses of 

rGTD at 10µg significantly increased TcdB-specific IgG titers to up to an average of 1.36 x 

104 ng/mL which was approximately 21-fold higher than PBS control group (average of 6.40 x 102 

ng/mL) (Fig. 8). Mice that received one dose i.m. of rGTD did not elicit an immune response (Fig. 
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8). Two doses i.m. of rGTD increased 2.7-fold TcdB-specific IgG titers (average of 1.73 x 103 

ng/mL) compared to the PBS control but this increase was not significant (Fig. 8). These results 

suggest that the rGTD is immunogenic.  

 

Figure 8. Three doses of rGTD elicited a significant increase in TcdB-specific IgG titers. Mice 
received 10 µg of rGTD intramuscularly in 50 µL of PBS on days 0, 21 and 35. An ELISA was 
performed using serum collected on days -5, 20, 34 and 49. The Mann-Whitney test was used to 
compare all groups to the PBS control group. **P<0.01. 

2.2.5 Efficacy of the rbdB vaccine against NAP1/B1/027 challenge 

 Female 6-8 weeks-old C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) 

housed (3-5/cage) in the ARD in pathogen-free conditions were vaccinated with PBS (control 

group), rbdB i.m. (D0), rbdB p.o. (D0, D2, D4) or both (i.e. multimodally). Winter et al. 

demonstrated that the multimodal schedule was the most efficacious method of vaccination against 

VPI 10463 (105). All groups were challenged orally with freshly grown NAP1/B1/027 at a dose 

of 6.4 x 102 CFU/mouse which is within the range anticipated to result in ~80% mortality (Fig. 7). 

Mice were monitored 1 to 3 times daily for weight loss, clinical score and death. In this experiment, 

50% of mice that received rbdB p.o. (D0, D2, D4) or PBS succumbed to infection by ~72 h post-

infection (Fig. 9A). The surviving mice experienced severe symptoms but recovered by ~48 h 

post-challenge (Fig. 9B). All mice (100%) that received rbdB i.m. (D0) survived the challenge and 

none experienced severe illness. Mice that were vaccinated multimodally with rbdB (i.m./p.o.) had 

an 80% survival rate (Fig. 9A). The proportion of mice vaccinated multimodally that were severely 

ill was 20% (Fig. 9B). This proportion is lower than mice from the PBS control and rbdB p.o. (D0, 

D2, D4) groups (40%) (Fig. 9B). These results suggest that mice that receive at least an i.m. dose 

of rbdB (rbdB i.m. and rbdB multimodal groups) are protected against NAP1/B1/027 challenge 

with an efficacy of at least 80% (Fig. 9A). 
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 rbdB i.m. (D0) and multimodally elicited TcdB-specific IgG titers at concentrations of 5.78 

x 104 ng/mL and 5.34 x 104 ng/mL, respectively, 3 post-vaccination (i.e. pre-challenge) which was 

significantly higher than the PBS control and rbdB p.o. (2.49 x 103 ng/mL and 1.78 x 103 ng/mL, 

respectively) (Fig. 9C). Only the rbdB p.o. (D0, D2, D4) group had no detectable serum IgG 

response (Fig. 9C). There was no significant difference in TcdB-specific IgG titers between rbdB 

i.m. (D0) and multimodal groups (Fig. 9C). These results suggest a strong correlation between 

high serum TcdB-specific IgG titers pre-challenge and protection against NAP1/B1/027 challenge. 

 

Figure 9. Immunization with receptor binding domain of toxin B (rbdB) protects mice from 
lethal challenge with NAP1/B1/027. A) Survival curve; B) clinical scores and C) TcdB-specific 
IgG titers (ng/mL) in serum are shown (n = 8 to 10) for four vaccination groups: PBS (purple), 
rbdB i.m. (orange), rbdB p.o. (blue) and rbdB multimodally (i.e. rbdB i.m./p.o.) (green) challenged 
with 6.4 x 102 CFU/mouse of NAP1/B1/027. Mice received 3 µg of rrbdB i.m. on day 0; and a 
total of 1x109 CFU of PagC_SspH1_GTD and SspH2_SspH2_rbdB orally (p.o.) on days 0, 2 and 
4. Mice were bled on days -5 and 21 to measure serum IgG titers using an ELISA. Mice were 
clinically scored one to three times daily for up to 5 days post-infection. Mice with a score of ≥14 
or a ≥20% loss of body weight were considered at a humane endpoint and were euthanized. The 
dotted lines indicate mice in the same group but in different cages. The Mann-Whitney test was 
used to compare all groups to the PBS control group. ns = non-significant; **P < 0.01.  
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2.2.6 Efficacy of the GTD and GTD + rbdB vaccines against NAP1/B1/027 challenge 

 Female 6-8 weeks-old C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) 

housed (3-5/cage) in the ARD in pathogen-free conditions were vaccinated with PBS (control 

group), GTD i.m. (D0, D21, D35), GTD p.o. (D35, D37, D39) or GTD multimodally (i.m. D0, 

D21, D35/p.o. D35, D37, D39). The combination groups consisted of GTD (D0, D21, D35) + rbdB 

(D35) i.m.; GTD + rbdB p.o. (D35, D37, D39) or GTD + rbdB multimodally (i.m./p.o.). We 

challenged all groups with NAP/B1/027 at a dose of 2.41 x 103 CFU/mouse 4 weeks post-

vaccination which is within the range anticipated to result in ~80% mortality (Fig. 7A). In this 

experiment, 50% of mice who received PBS succumbed to infection by ~48h post-infection. The 

mortality rates in the ‘solo’ GTD p.o. and combined GTD + rbdB p.o. were 20% and 10%, 

respectively (Fig. 10A). The proportion of severely ill mice in the ‘solo’ GTD p.o. and combined 

GTD + rbdB p.o. groups was lower than the control group (10% vs. 37.5%) (Fig. 10B). All mice 

(100%) that received GTD i.m.; GTD multimodally; GTD + rbdB i.m.; and GTD + rbdB 

multimodally survived the infection (Fig. 10A) with the maximum clinical score given to be 6, 

indicating a very mild disease (Fig. 10B). These results suggest that the combined GTD + rbdB 

vaccine given i.m. or multimodally can improve survival of mice post-infection compared to the 

‘solo’ rbdB multimodal vaccine. However, the ‘solo’ GTD vaccine given i.m. or multimodally 

may be sufficient in protecting mice against lethal challenge with NAP1/B1/027 (Fig. 10A). 

 TcdB-specific IgG titers were significantly increased 3 weeks after vaccination with GTD 

i.m. (1.17 x 104 ng/mL); GTD multimodally (7.3 x 103 ng/mL); GTD + rbdB i.m. (2.13 x 104 

ng/mL); GTD + rbdB p.o. (7.3 x 102 ng/mL); and GTD + rbdB multimodally (3.15 x 104 ng/mL) 

compared to the PBS control group (Fig. 10C). The GTD p.o. group had no detectable serum IgG 

responses (Fig. 10C). Interestingly, the combined GTD + rbdB multimodal vaccine elicited 

significantly higher TcdB-specific IgG titers than the ‘solo’ GTD multimodal vaccine (P < 0.01) 

(Fig. 10C) but both vaccines had 100% efficacy against lethal challenge with NAP1/B1/027 (Fig. 

10A). The combined GTD + rbdB i.m. vaccine elicited slightly higher IgG titers than the ‘solo’ 

GTD i.m. vaccine but this difference failed to reach statistical significance (Fig. 10C). TcdB-

specific IgG titers from the combined GTD + rbdB p.o. group were 7 to 30 times lower than all 

other vaccination groups, except for the ‘solo’ GTD p.o. group. These results suggest that an 

increase in TcdB-specific IgG titers is correlated with high efficacy.  
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Figure 10. Immunization with the glucosyltransferase domain (GTD) of toxin B protects mice 
from lethal challenge with NAP1/B1/027. A) Survival curve; B) clinical scores and C) TcdB-
specific IgG titers (ng/mL) in serum are shown (n = 8 to 10, no repeats) for 7 vaccination groups: 
PBS (black); GTD i.m. (red); GTD p.o. (blue); GTD multimodal (purple); GTD + rbdB i.m. 
(green); GTD + rbdB p.o. (orange); and GTD + rbdB multimodal (pink) challenged with 2.41 x 
103 CFU/mouse of NAP1/B1/027. Mice received 6 µg of GTD i.m. in 50 µL of PBS (D-35, D-14, 
D0); 3 µg of rbdB (D0); and 1x109 CFU of GTD p.o. or rbdB p.o. (D0, D2, D4). The GTD + rbdB 
p.o. group received 5 x 108 CFU of each antigen. Mice were bled on days -40 and 3 weeks post-
vaccination to measure serum IgG titers using an ELISA. Mice were clinically scored 1-3 times 
daily for up to 4 days post-infection. Mice with a score of ≥14 or a ≥20% loss of body weight were 
considered at a humane endpoint and were euthanized. The dotted lines indicate mice from the 
same group but in different cages. The Mann-Whitney test was used to compare all groups to the 
PBS control group. ns = non-significant; *P < 0.05; **P < 0.01.  

 

 



52 

 

2.3 DISCUSSION 

 C. difficile was first observed and characterized by Hall and O’Toole in 1935 and ~40 years 

later, this bacterium was considered an etiological agent for PMC (5, 99). Today, C. difficile is a 

leading cause of nosocomial diarrhea in developed countries (10%-20% of cases) and is classified 

as an urgent public threat by the CDC (9). The emergence of hypervirulent epidemic strains (most 

notably, NAP1/B1/027 strains) and the high recurrence rate (15-35%) despite treatments (e.g. 

antibiotics, FMT, bezlotoxumab), highlights the need for development of preventative strategies 

vaccines (47, 92). After years of effort and many clinical trials including two major Phase 3 studies, 

there is still no vaccine for CDI. These efforts were not in vain however (253, 255, 259). We 

learned that targeting C. difficile toxins is a promising approach but that the intramuscular route 

of administration may not be effective for this particular gastrointestinal pathogen (253, 255, 259). 

The development of a vaccine that induces a mucosal response against both the historical and 

hypervirulent strains of C. difficile could potentially be effective in preventing primary and 

recurrent CDI, even in those most susceptible to poor outcomes (i.e. immunocompromised 

patients, those on antibiotic treatment and the elderly) (65, 286, 287). Recently, the Ward 

laboratory has developed a candidate mucosal vaccine based on an attenuated Salmonella vector 

(YS1646) that targets the RBDs of TcdA and TcdB (rbdA and rbdB, respectively) of a historical 

strain of C. difficile. When given using a multimodal schedule (i.e. a single i.m. injection on D0 

and three p.o. doses of the Salmonella-based vaccine on D0, D2, D4), this novel strategy 

demonstrated 100% efficacy in a lethal challenge murine model (105). However, high strain-

dependent variance in the RBD of TcdB suggested that the more conserved region of TcdB, the 

GTD, might provide broader protection, particularly against NAP1/B1/027 strains that are 

generally resistant to antibodies raised against the historical TcdB RBD (54-57). Our findings 

confirmed the immunogenicity of rGTD delivered i.m., and demonstrated high efficacy and 

immunogenicity of the Salmonella-based GTD + rbdB combination vaccine given multimodally. 

The next step would be to evaluate the mucosal response. 

2.3.1 Optimizing NAP1/B1/027 laboratory culture 

 C. difficile, as its name suggests, is notoriously difficult to culture in laboratory settings 

and is extremely sensitive to oxygen (281-283). Oxygen concentrations >2% have major impact 

on C. difficile vegetative cell viability (288). Therefore, complete anaerobic conditions and 
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meticulous anaerobic techniques are required (281). When the current work was initiated, the 

protocol for C. difficile culture in our lab was satisfactory for a laboratory strain (VPI 10463) but 

needed to be optimized for NAP1/B1/027 culture since these strains proved to be even more 

sensitive to low oxygen concentrations (Table 1, Exp. #1) (105). Generally, C. difficile cultures 

are grown for ≥48h (11, 281-283). After much trial and error, the optimized protocol involved 

increasing the time of culture to 72h and the inoculum size (100 µL) yielding a consistent OD 

>1.000 (Table 1, Exp. #014-017). Why historical strains of C. difficile like VPI 10463 generally 

take only 24h to grow to high titers but NAP1/B1/027 takes 72h is currently unknown. One 

explanation could be strain-dependent differential gene expression (289). Weiss et al. used RNA-

sequencing to study the transcriptional response of strain 630 and a NAP1/B1/027 strain (CD196) 

to an environment with 1.5% oxygen (289). They observed that 80 genes were differentially 

expressed in anaerobic conditions (i.e. basal level). These differentially-expressed genes included 

genes involved in sugar transport, and carbon and amino acid metabolism which, in turn, could 

affect the growth of these strains (289). Regarding the need for an increased inoculum size, Shida 

et al. studied the impact effect of inoculum size and nutrients on bacterial growth and showed that 

an increase in inoculum size could significantly reduce lag time (290). Such an effect in the 

NAP1/B1/027 strain we used could help to explain why increasing the inoculum size to 100 µL 

was necessary for optimal growth kinetics (290).  

 Since C. difficile is known to be extremely sensitive to low concentrations of oxygen, 

several approaches were explored in this work to decrease oxygen in the growth chamber. These 

included increasing the reduction time of the media and the concentration of the reducing agent, 

L-cysteine (Table 1, Exp. #7-8) (281, 291). The requirement for a second inoculation could 

potentially be explained by unappreciated exposure to oxygen at the time of the first inoculation 

(i.e. human error) (Table 1, Exp. #5), but the effect was not consistently seen. Adding the second 

inoculum to the protocol may simply have acted as an ‘insurance policy’ to mitigate against small 

breeches in technique. Although BHIS is widely used for C. difficile culture and several groups 

have suggested its superiority over meat broth, we showed that meat broth routinely promoted 

more growth of the NAP1/B1/027 strain we used than BHIS as evidenced by a higher OD value 

(1.453 vs. 1.213; Table 1, Exp. #2-3) (281, 292). Although these issues significantly delayed 

initiation of the later studies, this work demonstrated quite clearly that there is no ‘one-size-fits-

all’ protocol for reliably growing different C. difficile strains to high density. This work also 



54 

 

demonstrates the experimental challenges that can be encountered when using clinical isolates like 

our NAP1/B1/027 strains in contrast to well-known and well-characterized ‘laboratory strains’ 

like VPI 10463. 

2.3.2 Murine model for NAP1/B1/027 challenge 

 Once the NAP1/B1/027 strain could be reliably grown to high density, the next step was 

to modify the existing mouse model in the Ward laboratory for NAP1/B1/027 challenge. The 

reference model originally developed by Chen et al. had already been adapted slightly by Winter 

et al. from our lab for VPI 10463 challenge (104, 105). In both the Chen and Winter protocols, 

mice are given acetic acid in drinking water one week prior to antibiotic treatment and an i.p. dose 

of clindamycin 24h before infection to disrupt the gut microbiome and render the mice susceptible 

to C. difficile infection (104, 105). Again, some trial-and-error experiments were needed to show 

that, for NAP1/B1/027 challenge, the only modification that proved to be necessary was 

administration of the clindamycin 72h before infection instead of 24h. This modification was 

introduced as a practical matter since these experiments were done in parallel with optimization of 

NAP1/B1/027 culture. Because the reliable culture of NAP1/B1/027 took considerably more time 

than the historical strain, the timing of the challenge infection was delayed by 48h. This delay did 

not affect the susceptibility of the mice since we obtained an 80% mortality rate after 

NAP1/B1/027 challenge with the highest dose (3.06 x 103 CFU/mouse). Furthermore, Buffie et al. 

have previously shown that a single dose of clindamycin (200 µg i.p.) reduces the diversity of the 

gut microbiota of mice for at least 28 days so the timing of this last step in altering the gut 

microbiome is not likely to be critical (293). As a result, establishment of C. difficile in mice would 

most likely be possible for up to 28 days after clindamycin and our results were not particularly 

surprising. 

 Although we were able to establish a murine model for NAP1/B1/027 challenge and 

conduct initial studies, there are still some important limitations of this model. First, the challenge 

dose was estimated using the linear equation y = 5.14x105X-7.17x104, where X and y represent 

the OD and CFU/ml, respectively. Accurate assessment of the dose used in any given experiment 

(CFU/mouse) was therefore only obtained 24h after administration of the challenge infection (i.e. 

once the CFU counts of plated C. difficile could be assessed). Second, the maximum dose we were 

able to use for infection was relatively limited due to our inability to grow NAP1/B1/027 to an OD 
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higher than 1.059. As a result, the range of doses we assessed was limited (0 to 3.06 x 104 

CFU/mouse) which likely had an impact on the maximum mortality observed in the control groups.   

 It is important to note that the extent of this ‘preliminary’ work was dictated by the fact 

that relatively few laboratories have established mouse NAP1/B1/027 challenge models (104). In 

fact, there are no well-characterized ‘laboratory strains’ of NAP1/B1/027 and the level of virulence 

of these different strains in mice is somewhat controversial. For example, Lanis et al. showed that 

TcdB of NAP1/B1/027 is 4-fold more pathogenic than a classical strain in mice (54). Orozco-

Aguilar et al. used the murine ileal loop model to demonstrate that bacteria-free supernatant from 

NAP1/B1/027 induced the strongest pro-inflammatory response and that this correlated with 

increased cellular infiltration and epithelial damage (294). In contrast however, Chen et al. have 

suggested that a NAP1/B1/027 strain – BI17 in their study – may be less pathogenic than VPI 

10463 (104). Although some further optimization will likely be required to fully exploit the 

NAP1/B1/027 challenge model established in the Ward laboratory through this work, we were 

nonetheless able to generate early proof-of-concept immunogenicity and efficacy results. 

2.3.3 Immunogenicity of recombinant GTD 

 As noted in the introduction, almost all candidate vaccines, including those that have 

entered clinical trials, have targeted the RBD regions of the C. difficile toxins (105, 147, 253, 255, 

257, 259, 295, 296). Despite its potential importance in defending against NAP1/B1/027 strains, 

remarkably little effort has been devoted to studying GTD-based vaccines and no GTD reagents 

(e.g. mono- or polyclonal antibodies) are commercially available to our knowledge (56, 262, 264). 

This is somewhat surprising since GTD has been previously shown to be highly immunogenic (57, 

273, 297, 298). In fact, it has been suggested that GTD is the immunodominant portion of TcdB 

(i.e. the portion with the highest number of neutralizing epitopes) (57, 299). 

 To confirm the immunogenicity of rGTD designed in the Ward laboratory, we first 

demonstrated that mice given 3 doses of rGTD i.m. over a 5-week period elicited high TcdB-

specific IgG titers (1.36 x 104 ng/mL) compared to PBS indicating that our rGTD was 

immunogenic. Although the ultimate goal of the work was the development of a vaccine that could 

elicit both systemic and mucosal anti-GTD immunity, classical i.m. prime-and-boost strategy was 

used for these initial experiments to demonstrate the effective priming of systemic immunity with 

subsequent boosting the immune response by subsequent doses (i.e. stronger, faster, higher quality 
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and durable response) (300). In our work, the two subsequent booster doses clearly increased IgG 

titers. It is noteworthy that the toxoid and fusion protein candidate vaccines developed by Pfizer 

and Sanofi Pasteur, and Valneva, respectively, have all used this approach and have all required 3 

i.m. doses to induce a strong IgG response (253, 255, 257, 259).  

 One important limitation of this study is that the TcdB used to coat the ELISA plates in the 

IgG assay came from a historical strain, not a NAP1/B1/027 strain. This decision was driven by 

the unavailability of reference NAP1/B1/027 reagents and is true for all IgG ELISA results 

reported in this work. Two critical catalytic residues of GTD, D286 and D288, are conserved across 

all TcdB variants (301). However, the overall amino acid sequence identity of GTDs from different 

TcdB variants ranges between 79% and 100% (301). As a result, the rest of the NAP1/B1/027 

GTD is unlikely to be identical to the GTD of a historical TcdB. Therefore, serum antibodies of 

the mice vaccinated with rGTD in our work (with the sequence obtained from a NAP1/B1/027 

strain) may not recognize certain epitopes of historical GTD and the concentration of TcdB-

specific IgG titers obtained may be under-estimated. Although we could have used our own rGTD 

to coat the ELISA plates, the clinical relevance of these results might have been questionable since 

rGTD is a small protein (62 kDa) compared to the full-length TcdB (270 kDa) and any effective 

anti-GTD immunity would have to recognize this domain in the whole toxin in vivo (302). 

Although, the optimal approach would be to use a full-length NAP1/B1/027 TcdB, such reagents 

were not available as noted above. Nevertheless, the IgG titers against the historical TcdB induced 

by the repeated injections of rGTD were high and increased with each dose. These data suggest 

that a combined anti-GTD and anti-rbdB, hereafter referred to as RBD, vaccine-induced response 

has the potential to act in either an additive or synergistic fashion against TcdBs from a broad 

range of clinical C. difficile isolates. 

2.3.4 Proof-of-concept: Efficacy and immunogenicity of the RBD, ‘solo’ GTD and 

combined GTD + RBD vaccines against NAP1/B1/027 

 Having established the immunogenicity of our rGTD which was the same protein that 

would theoretically be delivered by our Salmonella-vectored oral vaccine candidate, the next step 

was to evaluate the efficacy of a classical RBD-targeting vaccine alone against a NAP1/B1/027 

strain and the possible additive or synergistic effects of combining the anti-RBD and anti-GTD 

vaccines. These experiments used the standard, repeated i.m. dosing, as a positive control but 
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focused primarily on the prime-pull strategy demonstrated by Winter et al. to be effective with 

anti-RBD targeted vaccines (105). This latter strategy is intended to ‘prime’ the immune system 

with an i.m. dose of recombinant antigen to elicit antigen-specific systemic responses and then 

‘pull’ the response towards the gastrointestinal tract with an oral vaccine to establish long-term 

local immunity (105, 303-306).  

 Somewhat surprisingly, a single dose of the i.m. RBD vaccine induced high levels of anti-

TcdB IgG antibodies and provided 100% protection from lethal challenge with a NAP1/B1/027 

strain suggesting significant cross-protection between the VPI 10463 and NAP1/B1/027 strains. 

Interestingly, multimodality vaccination with the same antigen (i.e. a single dose of the historic 

TcdB RBD on D0 and three p.o. doses of the same antigen using the YS1646 vector on D0, D2, 

D4) provided only 80% protection. This difference did not reach statistical significance however 

and is inconsistent with evidence on cross-protection in the literature. As noted above, Lanis et al. 

demonstrated that at least 11 epitopes in the RBD of TcdB differ between a historical and a 

NAP1/B1/027 strain, and that antiserum against NAP1/B1/027 RBD does not neutralize RBD from 

a typical strain (ribotype 003). Another study by Qiu et al. showed that anti-TcdB monoclonal 

antibodies targeting the RBD from the reference strain VPI 10463 do not neutralize TcdB from 

NAP1/B1/027 strains (307). It is possible that the i.m. dose used in this study and/or the relatively 

low inoculum we were able to use in the challenge model limited this model’s ability to 

discriminate.  

 Much more promising was the fact that both ‘solo’ GTD-based vaccination and the 

combined GTD + RBD vaccination given multimodally had 100% efficacy against NAP1/B1/027. 

Furthermore, although this experiment was only performed once, the ‘solo’ GTD multimodal 

vaccine appeared to enhance the protective efficacy of the RBD multimodal vaccine when both 

were given together (Fig. 10A). Although the ‘solo’ GTD vaccination was as effective as the 

combined GTD + RBD vaccination when delivered using the multimodal vaccination, a difference 

could be seen in the IgG response induced by these vaccination strategies. The GTD + RBD 

multimodal vaccine induced higher TcdB-specific IgG titers than the ‘solo’ GTD multimodal 

vaccine (3.15 x 104 ng/mL vs 7.3 x 103 ng/mL, respectively) suggesting that GTD and RBD may 

work in an additive or synergistic way to enhance the humoral immune response generated. 

However, this would need to be confirmed with further studies that measure neutralizing titers as 
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well as, experiments to assess the mucosal (IgA titers) and cellular responses (Th1, Th17, and 

iTregs) (discussed in section 2.3.5.).  

 Acknowledging the limitations in comparing non-clinical and clinical observations, it may 

still be noteworthy that efficacy of 80% shown by the RBD multimodal vaccine is very high 

compared to the performance of the candidate i.m. vaccines from Pfizer (31%) and Sanofi Pasteur 

(-5.2%) in their failed Phase 3 studies (253, 259). These data raise the obvious question of whether 

or not targeting the TcdB RBD alone with a multimodality approach in humans could significantly 

improve protection across different strains (i.e. there would be no need for a combined GTD + 

RBD vaccine). Although this hypothesis may eventually need to be tested, we believe that both 

‘ends’ of TcdB with a multimodal approach will protect against a wider range of circulating C. 

difficile strains than even multimodal vaccination against RBD alone. There are several reasons 

for this belief. First, most CDI cases are caused by historical strains whereas NAP1/B1/027 strains 

account for 22-36% of all CDI cases so a vaccine that offers high protection against both historical 

and hypervirulent strains is important (46-48, 308). Second, in vitro studies demonstrated that anti-

TcdB monoclonal antibodies targeting the GTD from the reference strain VPI 10463 

(CANmAbB1) was more potent in neutralizing hypervirulent NAP1/B1/027 strains than non-

NAP1 strains, and anti-TcdB monoclonal antibodies targeting the RBD (CANmAbB4) from VPI 

10463 was not able to neutralize TcdB of NAP1/B1/027 strains (307). This suggests that a 

combination of both would generate the most protective response against both non-NAP1 and 

NAP1/B1/027 strains. Third, Winter et al. showed that the RBD multimodal vaccine protects 100% 

of mice from VPI 10463 infection while our own data showed that this efficacy falls to 80% against 

NAP1/B1/027 (105). Our studies also demonstrated that the GTD multimodal vaccine not only 

offers 100% protection from death but also largely prevents the development of CDI-related 

symptoms following NAP1/B1/027 challenge. Together, these results support the suggestion that 

combination GTD + RBD multimodal vaccine may yield important advantages. Finally, GTD is 

conserved across all known C. difficile strains suggesting that combined GTD + RBD vaccination 

may offer some level of protection against potential newly emerging hypervirulent strains (e.g. 

ribotypes 078 and 023) (56, 57, 309, 310). 

 Although the multimodal schedule seems logistically complex, several studies have used a 

similar approach to prevent infections and treat cancers (304, 311, 312). Furthermore, the proposed 
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vaccine would require only three visits to a clinic since three i.m. doses are required and the three 

oral doses can be self-administered (e.g. similar to how the vaccine against Salmonella enterica 

serovar Typhi strain Ty21a (Vivotif) is used) (313). The requirement for three visits to a clinic for 

a vaccine is similar to several vaccines offered today (e.g. the hepatitis B vaccine) and, in the end, 

would be a small ‘price’ to pay for better protection (314). We believe that the first potential use 

of such a candidate GTD + RBD multimodal vaccine would be in individuals who have had 

primary CDI as prophylaxis for recurrence. Many of these individuals would likely still be in close 

contact with health-care settings when the series of vaccines would need to be given since CDI is 

still primarily nosocomial. This would facilitate vaccine compliance.  

2.3.5 Limitations of our study 

 This study has several limitations beyond those already mentioned. First, a perfect animal 

model does not exist for the study of CDI. As mentioned previously, hamsters have been used 

since the discovery of C. difficile but the lack of hamster-specific reagents and genetically modified 

animals limits the use of this model (103). A mouse model was developed in 2008 by Chen et al. 

but the level of virulence of C. difficile and – more specifically of NAP1/B1/027 strains – in mice 

is controversial (104). In addition, mice are natural hosts of wild-type S. Tm and infected mice 

exhibit symptoms similar to typhoid fever caused by Salmonella enterica serovar Typhi in humans 

(315). Winter et al. observed S. Tm YS1646 colonization in the spleen and liver of mice for up to 

1 to 2 weeks post-vaccination suggesting that these animals may have prolonged exposure to the 

C. difficile antigens compared to what may occur in humans (105). In humans, such dissemination 

of S. Tm is not expected since the YS1646 strain contains an msbB gene deletion rendering it 

highly sensitive to physiological carbon dioxide (CO2) (316). Although this fact is likely to 

contribute to the safety of this vector, human studies will be required to determine whether or not 

exposure to C. difficile antigens delivered by the YS1646 vector will be ‘long enough’. 

Furthermore, another limitation of using a murine model is that TcdA is more potent than TcdB in 

mice while the opposite is apparent in humans (2, 317-320). Alternative animal models include 

zebrafish, hares, rabbits, guinea pigs, prairie dogs, quails, foals, monkeys, Syrian hamsters and 

piglets (103). Only the latter two have been extensively used however. Hamsters, as mentioned 

previously, are extremely vulnerable to CDI such that only the most severe manifestations of this 

disease can be replicated in this model (321). Although pigs are a natural host for some C. difficile 



60 

 

strains that also infect humans (e.g. type 078), they are only susceptible to CDI in the first 2 weeks 

of life making multi-dose vaccine efficacy studies difficult (322, 323). The piglet model is also 

very expensive since these piglets need to be delivered by Caesarean section and maintained in 

germ-free conditions (324). Vaccine immunogenicity and efficacy studies are further limited by 

the lack of hamster- and piglet-specific reagents (103). 

 Second, the GTD + RBD multimodal vaccine that we studied targeted only TcdB while 

both TcdA and TcdB contribute to CDI in mice and humans (3, 317, 325, 326). We chose to focus 

our work on anti-TcdB responses because TcdB is generally believed to be more cytotoxic (i.e. 

more potent) than TcdA in humans (318, 319, 327-329). Leuzzi et al. showed that antibodies raised 

against TcdA cannot neutralize TcdB, and vice-versa (i.e. no cross-protection) (297). Although the 

GTD + RBD multimodal vaccine showed 100% efficacy, further development of the proposed 

vaccine may require addition of antigens from TcdA. 

  Third, our study lacks the use of cell-based assays to evaluate the immunogenicity of the 

RBD, GTD and GTD + RBD vaccines. Although animal models do not consistently predict 

immunogenicity in humans, cell-based immune assays in our model might improve the predictive 

accuracy of our work thus decreasing the use of animals and eventually increasing the efficiency 

of target choice (330-332). Therefore, in future experiments, we could analyze not only the 

antibody responses, but also peripheral blood mononuclear cells (PBMCs) cytokine and immune 

cell profiles using ELISA and flow cytometry (332-334). These assays would provide pertinent 

complimentary information since preclinical studies to assess safety, toxicity and efficacy of the 

vaccines are still required before translation to humans (334) 

 Last, our study did not include assessment of the RBD and GTD + RBD vaccine efficacy 

against other strains. Approximately 29% cases of severe CDI are caused by NAP1/B1/027 strains 

(310). However, types 023 and 078 represent 35% and 23% of severe CDI cases, respectively 

(310). Ribotype 023 is not a hypervirulent strain since it is not associated with higher mortality but 

disease severity is comparable to ribotypes 027 and 078 (310). Ribotype 078 (NAP7/8) infects 

primarily younger patients and is more frequently community-acquired (335). Therefore, to further 

assess the potential of the GTD + RBD vaccine as a ‘universal’ C. difficile vaccine, preclinical 

tests should be done to assess efficacy and immunogenicity against other C. difficile strains, most 

notably ribotypes 023 and 078.  
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2.3.6 Future directions 

 Our findings showcase the potential of a live-attenuated, YS1646-vectored mucosal 

vaccine against NAP1/B1/027. However, further studies are clearly needed to complete the non-

clinical development of this vaccine. 

 First, it will be important to evaluate mucosal responses given their importance in the host 

defense against CDI (188, 233, 234, 239-242). For this purpose, measurement of IgA titers in the 

intestines (i.e. secretory IgA, sIgA) using Winter’s procedure will be used instead of measuring 

serum IgA titers (105). The potency of polymeric secretory IgA against viral pathogens can be at 

least an order of magnitude higher than that of monovalent serum IgA or IgG (336). More relevant 

is the importance of sIgA in the intestinal lumen against enteric pathogens and toxins (337, 338).  

 Second, the crude levels of IgG and IgA titers do not give a full picture of their neutralizing 

capacity. In our work, serum IgG titers were higher in the GTD + RBD multimodal group 

compared to the ‘solo’ GTD multimodal group yet both vaccines had 100% efficacy against 

NAP1/B1/027 challenge. A toxin neutralizing assay could potentially be used to discriminate 

between these two formulations (287, 307, 329). This assay would include microscopic 

cytotoxicity analyses to determine whether or not the antibodies generated can prevent signs of 

cell death (i.e. cell rounding) (307).  

 Third, cellular responses to these vaccine candidates could be measured by flow cytometry 

on cells obtained from the spleen, inguinal and mesenteric lymph nodes, lamina propria and 

Peyer’s patches (339-341). It would be of particular interest to analyze individual Tfh (CXCR5 

and PD-1), Th1 (T-bet and IFN-γ), Th17 (ROR-γt and IL-17A) and iTreg (FoxP3) cells 

populations as well as the overall pattern of response (191, 340, 342, 343).  

 Finally, further development of this vaccine would need to proceed to chromosomal 

integration of the most promising antigenic sequences into YS1646 strains. Although this process 

would limit the copy number of the antigen genes, it would create a more stable vector suitable for 

use in humans (344). Antibiotic resistance to the YS1646 strains would be abolished, and the 

likelihood of random mutation and deletion of the antigenic DNA would be decreased (345).  
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CONCLUSION 

 Currently, there is no vaccine to protect against CDI in any population, including those at 

great risk of poor outcomes like the elderly, the debilitated and the immunocompromised (65). 

This project represents the first of many steps required for the development of a C. difficile vaccine 

potentially targeting both historical and NAP1/B1/027 strains. We showed that a combination 

vaccine comprised of both the GTD and RBD from TcdB administered multimodally has 100% 

efficacy, prevents CDI symptoms and induces a protective IgG response against NAP1/B1/027 

challenge. Although the vaccination schedules we tested were somewhat complex (i.e. 2 different 

i.m. formulations and 2 different oral formulations delivered over almost 6 weeks), this work 

demonstrated clear proof-of-concept for the idea targeting both the TcdB receptor-binding and 

glucosyltransferase domains to broaden protection against C. difficile. Future work will seek to 

simplify this schedule by combining the i.m. antigens and generating YS1646 strains capable of 

delivering both the RBD and GTD antigens. Unfortunately, full evaluation of the mucosal response 

generated by the candidate vaccines has yet to be completed but previous work in the Ward 

laboratory with several YS1646-based vaccines has shown that this vector can reliably generate 

antigen-specific IgA responses in the intestinal tissues (105, 278). Nevertheless, this research 

brings us one step closer to developing a potential universal C. difficile vaccine. 

 

 

 

 

 

 

 

 

 

 



63 

 

REFERENCES 
 

1. Monaghan, T. M. 2015. New perspectives in Clostridium difficile disease pathogenesis. 
Infectious disease clinics of North America 29: 1-11. 

2. Drudy, D., S. Fanning, and L. Kyne. 2007. Toxin A-negative, toxin B-positive Clostridium 
difficile. International Journal of Infectious Diseases 11: 5-10. 

3. Kuehne, S. A., S. T. Cartman, and N. P. Minton. 2011. Both, toxin A and toxin B, are 
important in Clostridium difficile infection. Gut Microbes 2: 252-255. 

4. Gerding, D. N., S. Johnson, M. Rupnik, and K. Aktories. 2014. Clostridium difficile binary 
toxin CDT: mechanism, epidemiology, and potential clinical importance. Gut Microbes 5: 
15-27. 

5. Hall, I. C., and E. O'Toole. 1935. INTESTINAL FLORA IN NEW-BORN INFANTS: 
WITH A DESCRIPTION OF A NEW PATHOGENIC ANAEROBE, BACILLUS 
DIFFICILIS. American Journal of Diseases of Children 49: 390-402. 

6. Snyder, M. L. 1937. Further Studies on Bacillus difficilis (Hall and O'Toole). The Journal 

of infectious diseases 60: 223-231. 
7. Skerman, V. B. D., V. F. McGowan, P. H. A. Sneath, C. International Association of 

Microbiological Societies. International Committee on Systematic Bacteriology. Judicial 
Commission. Ad Hoc, M. American Society for, and I. National Center for Biotechnology. 
1989. Approved lists of bacterial names. Amended ed. American Society for Microbiology, 
Washington, D.C. 

8. Lawson, P. A., D. M. Citron, K. L. Tyrrell, and S. M. Finegold. 2016. Reclassification of 
Clostridium difficile as Clostridioides difficile (Hall and O’Toole 1935) Prévot 1938. 
Anaerobe 40: 95-99. 

9. Polage, C. R., J. V. Solnick, and S. H. Cohen. 2012. Nosocomial diarrhea: evaluation and 
treatment of causes other than Clostridium difficile. Clinical infectious diseases : an 

official publication of the Infectious Diseases Society of America 55: 982-989. 
10. Riley, T. V., D. Lyras, and G. R. Douce. 2019. Status of vaccine research and development 

for Clostridium difficile. Vaccine 37: 7300-7306. 
11. Leffler, D. A., and J. T. Lamont. 2015. Clostridium difficile infection. The New England 

journal of medicine 372: 1539-1548. 
12. Desai, K., S. B. Gupta, E. R. Dubberke, V. S. Prabhu, C. Browne, and T. C. Mast. 2016. 

Epidemiological and economic burden of Clostridium difficile in the United States: 
estimates from a modeling approach. BMC infectious diseases 16: 303. 

13. Jones, A. M., E. J. Kuijper, and M. H. Wilcox. 2013. Clostridium difficile: A European 
perspective. Journal of Infection 66: 115-128. 

14. Levy, A. R., S. M. Szabo, G. Lozano-Ortega, E. Lloyd-Smith, V. Leung, R. Lawrence, and 
M. G. Romney. 2015. Incidence and Costs of Clostridium difficile Infections in Canada. 
Open forum infectious diseases 2: ofv076. 

15. Fu, Y., Y. Luo, and A. M. Grinspan. 2021. Epidemiology of community-acquired and 
recurrent Clostridioides difficile infection. Therapeutic advances in gastroenterology 14: 
17562848211016248. 

16. Chitnis, A. S., S. M. Holzbauer, R. M. Belflower, L. G. Winston, W. M. Bamberg, C. 
Lyons, M. M. Farley, G. K. Dumyati, L. E. Wilson, Z. G. Beldavs, J. R. Dunn, L. H. Gould, 
D. R. MacCannell, D. N. Gerding, L. C. McDonald, and F. C. Lessa. 2013. Epidemiology 



64 

 

of community-associated Clostridium difficile infection, 2009 through 2011. JAMA Intern 

Med 173: 1359-1367. 
17. Alqumber, M. A. 2014. Clostridium difficile in retail baskets, trolleys, conveyor belts, and 

plastic bags in Saudi Arabia. Saudi Med J 35: 1274-1277. 
18. al Saif, N., and J. S. Brazier. 1996. The distribution of Clostridium difficile in the 

environment of South Wales. Journal of medical microbiology 45: 133-137. 
19. Moono, P., S. C. Lim, and T. V. Riley. 2017. High prevalence of toxigenic Clostridium 

difficile in public space lawns in Western Australia. Sci Rep 7: 41196. 
20. Keel, K., J. S. Brazier, K. W. Post, S. Weese, and J. G. Songer. 2007. Prevalence of PCR 

ribotypes among Clostridium difficile isolates from pigs, calves, and other species. J Clin 

Microbiol 45: 1963-1964. 
21. Romano, V., V. Pasquale, K. Krovacek, F. Mauri, A. Demarta, and S. Dumontet. 2012. 

Toxigenic Clostridium difficile PCR ribotypes from wastewater treatment plants in 
southern Switzerland. Appl Environ Microbiol 78: 6643-6646. 

22. Knight, D. R., P. Putsathit, B. Elliott, and T. V. Riley. 2016. Contamination of Australian 
newborn calf carcasses at slaughter with Clostridium difficile. Clinical Microbiology and 

Infection 22: 266.e261-266.e267. 
23. Knight, D. R., M. M. Squire, and T. V. Riley. 2014. Laboratory detection of Clostridium 

difficile in piglets in Australia. J Clin Microbiol 52: 3856-3862. 
24. Goorhuis, A., D. Bakker, J. Corver, S. B. Debast, C. Harmanus, D. W. Notermans, A. A. 

Bergwerff, F. W. Dekker, and E. J. Kuijper. 2008. Emergence of Clostridium difficile 
infection due to a new hypervirulent strain, polymerase chain reaction ribotype 078. 
Clinical infectious diseases : an official publication of the Infectious Diseases Society of 

America 47: 1162-1170. 
25. Alam, M. J., A. Anu, S. T. Walk, and K. W. Garey. 2014. Investigation of potentially 

pathogenic Clostridium difficile contamination in household environs. Anaerobe 27: 31-
33. 

26. Rupnik, M., and J. G. Songer. 2010. Clostridium difficile: its potential as a source of 
foodborne disease. Adv Food Nutr Res 60: 53-66. 

27. Metcalf, D., R. J. Reid-Smith, B. P. Avery, and J. S. Weese. 2010. Prevalence of 
Clostridium difficile in retail pork. Can Vet J 51: 873-876. 

28. Metcalf, D. S., M. C. Costa, W. M. Dew, and J. S. Weese. 2010. Clostridium difficile in 
vegetables, Canada. Lett Appl Microbiol 51: 600-602. 

29. Knetsch, C., T. R. Connor, A. Mutreja, S. Van Dorp, I. Sanders, H. Browne, D. Harris, L. 
Lipman, E. Keessen, and J. Corver. 2014. Whole genome sequencing reveals potential 
spread of Clostridium difficile between humans and farm animals in the Netherlands, 2002 
to 2011. Eurosurveillance 19: 20954. 

30. Rodriguez-Palacios, A., K. Q. Mo, B. U. Shah, J. Msuya, N. Bijedic, A. Deshpande, and 
S. Ilic. 2020. Global and historical distribution of Clostridioides difficile in the human diet 
(1981–2019): systematic review and meta-analysis of 21886 samples reveal sources of 
heterogeneity, high-risk foods, and unexpected higher prevalence toward the tropic. 
Frontiers in medicine 7: 9. 

31. Rodriguez-Palacios, A., S. Ilic, and J. T. LeJeune. 2017. Food Indwelling Clostridium 
difficile in Naturally Contaminated Household Meals: Data for Expanded Risk 
Mathematical Predictions. Infection control and hospital epidemiology 38: 509-510. 



65 

 

32. Pasquale, V., V. J. Romano, M. Rupnik, S. Dumontet, I. Čižnár, F. Aliberti, F. Mauri, V. 
Saggiomo, and K. Krovacek. 2011. Isolation and characterization of Clostridium difficile 
from shellfish and marine environments. Folia microbiologica 56: 431-437. 

33. del Mar Gamboa, M., E. Rodríguez, and P. Vargas. 2005. Diversity of mesophilic clostridia 
in Costa Rican soils. Anaerobe 11: 322-326. 

34. Zidaric, V., S. Beigot, S. Lapajne, and M. Rupnik. 2010. The occurrence and high diversity 
of Clostridium difficile genotypes in rivers. Anaerobe 16: 371-375. 

35. Simango, C. 2006. Prevalence of Clostridium difficile in the environment in a rural 
community in Zimbabwe. Transactions of the Royal Society of Tropical Medicine and 

Hygiene 100: 1146-1150. 
36. Baverud, V., A. Gustafsson, A. Franklin, A. Aspán, and A. Gunnarsson. 2003. Clostridium 

difficile: prevalence in horses and environment, and antimicrobial susceptibility (vol 35, 
pg 465, 2003). EQUINE VETERINARY JOURNAL 35: 706-706. 

37. Diab, S. S., G. Songer, and F. A. Uzal. 2013. Clostridium difficile infection in horses: a 
review. Veterinary microbiology 167: 42-49. 

38. Rodriguez, C., B. Taminiau, B. Brévers, V. Avesani, J. Van Broeck, A. Leroux, M. Gallot, 
A. Bruwier, H. Amory, and M. Delmée. 2015. Faecal microbiota characterisation of horses 
using 16 rdna barcoded pyrosequencing, and carriage rate of clostridium difficile at 
hospital admission. BMC microbiology 15: 1-14. 

39. Weese, J. S., R. Finley, R. R. Reid-Smith, N. Janecko, and J. Rousseau. 2010. Evaluation 
of Clostridium difficile in dogs and the household environment. Epidemiology and 

Infection 138: 1100-1104. 
40. Álvarez‐Pérez, S., J. Blanco, T. Peláez, M. Lanzarot, C. Harmanus, E. Kuijper, and M. 

García. 2015. Faecal shedding of antimicrobial‐resistant Clostridium difficile strains by 
dogs. Journal of Small Animal Practice 56: 190-195. 

41. Rodriguez-Palacios, A., T. Barman, and J. T. LeJeune. 2014. Three-week summer period 
prevalence of Clostridium difficile in farm animals in a temperate region of the United 
States (Ohio). The Canadian Veterinary Journal 55: 786. 

42. Kramer, A., I. Schwebke, and G. Kampf. 2006. How long do nosocomial pathogens persist 
on inanimate surfaces? A systematic review. BMC infectious diseases 6: 130. 

43. Rodriguez, C., J. Van Broeck, B. Taminiau, M. Delmée, and G. Daube. 2016. Clostridium 
difficile infection: Early history, diagnosis and molecular strain typing methods. Microbial 

Pathogenesis 97: 59-78. 
44. Shivaperumal, N., B. J. Chang, and T. V. Riley. 2020. High Prevalence of Clostridium 

difficile in Home Gardens in Western Australia. Applied and Environmental Microbiology 

87: e01572-01520. 
45. Cartman, S. T., J. T. Heap, S. A. Kuehne, A. Cockayne, and N. P. Minton. 2010. The 

emergence of 'hypervirulence' in Clostridium difficile. International journal of medical 

microbiology : IJMM 300: 387-395. 
46. Pépin, J., L. Valiquette, M.-E. Alary, P. Villemure, A. Pelletier, K. Forget, K. Pépin, and 

D. Chouinard. 2004. Clostridium difficile-associated diarrhea in a region of Quebec from 
1991 to 2003: a changing pattern of disease severity. Canadian Medical Association 

Journal 171: 466. 
47. Loo, V. G., L. Poirier, M. A. Miller, M. Oughton, M. D. Libman, S. Michaud, A.-M. 

Bourgault, T. Nguyen, C. Frenette, M. Kelly, A. Vibien, P. Brassard, S. Fenn, K. Dewar, 
T. J. Hudson, R. Horn, P. René, Y. Monczak, and A. Dascal. 2005. A Predominantly Clonal 



66 

 

Multi-Institutional Outbreak of Clostridium difficile–Associated Diarrhea with High 
Morbidity and Mortality. New England Journal of Medicine 353: 2442-2449. 

48. Fatima, R., and M. Aziz. 2019. The Hypervirulent Strain of Clostridium Difficile: 
NAP1/B1/027 - A Brief Overview. Cureus 11: e3977. 

49. Katz, K. C., G. R. Golding, K. B. Choi, L. Pelude, K. R. Amaratunga, M. Taljaard, S. 
Alexandre, J. C. Collet, I. Davis, T. Du, G. A. Evans, C. Frenette, D. Gravel, S. Hota, P. 
Kibsey, J. M. Langley, B. E. Lee, C. Lemieux, Y. Longtin, D. Mertz, L. M. D. Mieusement, 
J. Minion, D. L. Moore, M. R. Mulvey, S. Richardson, M. Science, A. E. Simor, P. Stagg, 
K. N. Suh, G. Taylor, A. Wong, and N. Thampi. 2018. The evolving epidemiology of 
Clostridium difficile infection in Canadian hospitals during a postepidemic period (2009–
2015). Canadian Medical Association Journal 190: E758. 

50. Goldstein, E. J. C., D. M. Citron, P. Sears, F. Babakhani, S. P. Sambol, and D. N. Gerding. 
2011. Comparative Susceptibilities to Fidaxomicin (OPT-80) of Isolates Collected at 
Baseline, Recurrence, and Failure from Patients in Two Phase III Trials of Fidaxomicin 
against Clostridium difficile infection. Antimicrobial Agents and Chemotherapy 55: 5194. 

51. Freeman, J., J. Vernon, S. Pilling, K. Morris, S. Nicholson, S. Shearman, C. Longshaw, 
and M. H. Wilcox. 2018. The ClosER study: results from a three-year pan-European 
longitudinal surveillance of antibiotic resistance among prevalent Clostridium difficile 
ribotypes 2011-2014. Clinical Microbiology and Infection 24: 724-731. 

52. Åkerlund, T., I. Persson, M. Unemo, T. Norén, B. Svenungsson, M. Wullt, and L. G. 
Burman. 2008. Increased Sporulation Rate of Epidemic Clostridium difficile Type 
027/NAP1. J Clin Microbiol 46: 1530. 

53. Warny, M., J. Pepin, A. Fang, G. Killgore, A. Thompson, J. Brazier, E. Frost, and L. C. 
McDonald. 2005. Toxin production by an emerging strain of Clostridium difficile 
associated with outbreaks of severe disease in North America and Europe. The Lancet 366: 
1079-1084. 

54. Lanis, J. M., L. D. Heinlen, J. A. James, and J. D. Ballard. 2013. Clostridium difficile 
027/BI/NAP1 encodes a hypertoxic and antigenically variable form of TcdB. PLoS Pathog 

9: e1003523-e1003523. 
55. Stabler, R. A., M. He, L. Dawson, M. Martin, E. Valiente, C. Corton, T. D. Lawley, M. 

Sebaihia, M. A. Quail, G. Rose, D. N. Gerding, M. Gibert, M. R. Popoff, J. Parkhill, G. 
Dougan, and B. W. Wren. 2009. Comparative genome and phenotypic analysis of 
Clostridium difficile 027 strains provides insight into the evolution of a hypervirulent 
bacterium. Genome Biol 10: R102-R102. 

56. Wang, Y.-K., Y.-X. Yan, H. B. Kim, X. Ju, S. Zhao, K. Zhang, S. Tzipori, and X. Sun. 
2015. A chimeric protein comprising the glucosyltransferase and cysteine proteinase 
domains of toxin B and the receptor binding domain of toxin A induces protective 
immunity against Clostridium difficile infection in mice and hamsters. Human vaccines & 

immunotherapeutics 11: 2215-2222. 
57. Wang, H., X. Sun, Y. Zhang, S. Li, K. Chen, L. Shi, W. Nie, R. Kumar, S. Tzipori, J. Wang, 

T. Savidge, and H. Feng. 2012. A chimeric toxin vaccine protects against primary and 
recurrent Clostridium difficile infection. Infection and immunity 80: 2678-2688. 

58. Kazanowski, M., S. Smolarek, F. Kinnarney, and Z. Grzebieniak. 2014. Clostridium 
difficile: epidemiology, diagnostic and therapeutic possibilities-a systematic review. Tech 

Coloproctol 18: 223-232. 



67 

 

59. Seekatz, A. M., and V. B. Young. 2014. Clostridium difficile and the microbiota. The 

Journal of clinical investigation 124: 4182-4189. 
60. McFarland, L. V. 2008. Antibiotic-associated diarrhea: epidemiology, trends and 

treatment. Future microbiology 3: 563-578. 
61. Camorlinga, M., M. Sanchez-Rojas, J. Torres, and M. Romo-Castillo. 2019. Phenotypic 

Characterization of Non-toxigenic Clostridioides difficile Strains Isolated From Patients in 
Mexico. Frontiers in microbiology 10. 

62. Galdys, A. L., J. S. Nelson, K. A. Shutt, J. L. Schlackman, D. L. Pakstis, A. W. Pasculle, 
J. W. Marsh, L. H. Harrison, and S. R. Curry. 2014. Prevalence and duration of 
asymptomatic Clostridium difficile carriage among healthy subjects in Pittsburgh, 
Pennsylvania. J Clin Microbiol 52: 2406-2409. 

63. Miyajima, F., P. Roberts, A. Swale, V. Price, M. Jones, M. Horan, N. Beeching, J. Brazier, 
C. Parry, N. Pendleton, and M. Pirmohamed. 2011. Characterisation and carriage ratio of 
Clostridium difficile strains isolated from a community-dwelling elderly population in the 
United Kingdom. PLoS One 6: e22804. 

64. Depestel, D. D., and D. M. Aronoff. 2013. Epidemiology of Clostridium difficile infection. 
J Pharm Pract 26: 464-475. 

65. Álvarez-Hernández, D. A., A. M. González-Chávez, D. González-Hermosillo-Cornejo, G. 
A. Franyuti-Kelly, A. Díaz-Girón-Gidi, and R. Vázquez-López. Present and past 
perspectives on Clostridium difficile infection. Revista de Gastroenterología de México. 

66. Furuya-Kanamori, L., J. C. Stone, J. Clark, S. J. McKenzie, L. Yakob, D. L. Paterson, T. 
V. Riley, S. A. Doi, and A. C. Clements. 2015. Comorbidities, Exposure to Medications, 
and the Risk of Community-Acquired Clostridium difficile Infection: a systematic review 
and meta-analysis. Infection control and hospital epidemiology 36: 132-141. 

67. Brown, K. A., N. Khanafer, N. Daneman, and D. N. Fisman. 2013. Meta-analysis of 
antibiotics and the risk of community-associated Clostridium difficile infection. 
Antimicrob Agents Chemother 57: 2326-2332. 

68. Deshpande, A., V. Pasupuleti, P. Thota, C. Pant, D. D. Rolston, T. J. Sferra, A. V. 
Hernandez, and C. J. Donskey. 2013. Community-associated Clostridium difficile 
infection and antibiotics: a meta-analysis. The Journal of antimicrobial chemotherapy 68: 
1951-1961. 

69. Slimings, C., and T. V. Riley. 2014. Antibiotics and hospital-acquired Clostridium difficile 
infection: update of systematic review and meta-analysis. The Journal of antimicrobial 

chemotherapy 69: 881-891. 
70. Deshpande, A., V. Pasupuleti, P. Thota, C. Pant, D. D. Rolston, A. V. Hernandez, C. J. 

Donskey, and T. G. Fraser. 2015. Risk factors for recurrent Clostridium difficile infection: 
a systematic review and meta-analysis. Infection control and hospital epidemiology 36: 
452-460. 

71. Bignardi, G. E. 1998. Risk factors for Clostridium difficile infection. J Hosp Infect 40: 1-
15. 

72. Wieczorkiewicz, J. T., B. K. Lopansri, A. Cheknis, J. R. Osmolski, D. W. Hecht, D. N. 
Gerding, and S. Johnson. 2016. Fluoroquinolone and Macrolide Exposure Predict 
Clostridium difficile Infection with the Highly Fluoroquinolone- and Macrolide-Resistant 
Epidemic C. difficile Strain BI/NAP1/027. Antimicrob Agents Chemother 60: 418-423. 

73. Bavishi, C., and H. L. Dupont. 2011. Systematic review: the use of proton pump inhibitors 
and increased susceptibility to enteric infection. Aliment Pharmacol Ther 34: 1269-1281. 



68 

 

74. Kwok, C. S., A. K. Arthur, C. I. Anibueze, S. Singh, R. Cavallazzi, and Y. K. Loke. 2012. 
Risk of Clostridium difficile infection with acid suppressing drugs and antibiotics: meta-
analysis. Am J Gastroenterol 107: 1011-1019. 

75. Avni, T., T. Babitch, H. Ben-Zvi, R. Hijazi, G. Ayada, A. Atamna, and J. Bishara. 2020. 
Clostridioides difficile infection in immunocompromised hospitalized patients is 
associated with a high recurrence rate. International Journal of Infectious Diseases 90: 
237-242. 

76. Alonso, C. D., S. F. Dufresne, D. B. Hanna, A. C. Labbé, S. B. Treadway, D. Neofytos, S. 
Bélanger, C. A. Huff, M. Laverdière, and K. A. Marr. 2013. Clostridium difficile infection 
after adult autologous stem cell transplantation: a multicenter study of epidemiology and 
risk factors. Biol Blood Marrow Transplant 19: 1502-1508. 

77. Dubberke, E. R., K. A. Reske, M. A. Olsen, K. Bommarito, A. A. Cleveland, F. P. Silveira, 
M. G. Schuster, C. A. Kauffman, R. K. Avery, P. G. Pappas, and T. M. Chiller. 2018. 
Epidemiology and outcomes of Clostridium difficile infection in allogeneic hematopoietic 
cell and lung transplant recipients. Transpl Infect Dis 20: e12855. 

78. Schuster, M. G., A. A. Cleveland, E. R. Dubberke, C. A. Kauffman, R. K. Avery, S. Husain, 
D. L. Paterson, F. P. Silveira, T. M. Chiller, K. Benedict, K. Murphy, and P. G. Pappas. 
2017. Infections in Hematopoietic Cell Transplant Recipients: Results From the Organ 
Transplant Infection Project, a Multicenter, Prospective, Cohort Study. Open forum 

infectious diseases 4: ofx050. 
79. Rodríguez Garzotto, A., A. Mérida García, N. Muñoz Unceta, M. M. Galera Lopez, M. 

Orellana-Miguel, C. V. Díaz-García, S. Cortijo-Cascajares, H. Cortes-Funes, and M. T. 
Agulló-Ortuño. 2015. Risk factors associated with Clostridium difficile infection in adult 
oncology patients. Support Care Cancer 23: 1569-1577. 

80. Seugendo, M., A. Hokororo, R. Kabyemera, D. R. Msanga, M. M. Mirambo, V. Silago, U. 
Groß, and S. E. Mshana. 2020. High Clostridium difficile Infection among HIV-Infected 
Children with Diarrhea in a Tertiary Hospital in Mwanza, Tanzania. International Journal 

of Pediatrics 2020: 3264923. 
81. Martirosian, G., J. Popielska, and M. Marczyńska. 2003. Occurrence of Clostridium 

difficile in fecal samples of HIV-infected children in Poland. Anaerobe 9: 295-297. 
82. Revolinski, S. L., and L. S. Munoz-Price. 2019. Clostridium difficile in 

Immunocompromised Hosts: A Review of Epidemiology, Risk Factors, Treatment, and 
Prevention. Clinical Infectious Diseases 68: 2144-2153. 

83. Avni, T., T. Babitch, H. Ben-Zvi, R. Hijazi, G. Ayada, A. Atamna, and J. Bishara. 2020. 
<em>Clostridioides difficile</em> infection in immunocompromised hospitalized patients 
is associated with a high recurrence rate. International Journal of Infectious Diseases 90: 
237-242. 

84. Jump, R. L. 2013. Clostridium difficile infection in older adults. Aging health 9: 403-414. 
85. Loo, V. G., L. Poirier, M. A. Miller, M. Oughton, M. D. Libman, S. Michaud, A. M. 

Bourgault, T. Nguyen, C. Frenette, M. Kelly, A. Vibien, P. Brassard, S. Fenn, K. Dewar, 
T. J. Hudson, R. Horn, P. René, Y. Monczak, and A. Dascal. 2005. A predominantly clonal 
multi-institutional outbreak of Clostridium difficile-associated diarrhea with high 
morbidity and mortality. The New England journal of medicine 353: 2442-2449. 

86. Murphy, S., J. Xu, K. Kochanek, E. Arias, and B. Tejada-Vera. 2021. Deaths: Final Data 
for 2018. National vital statistics reports : from the Centers for Disease Control and 



69 

 

Prevention, National Center for Health Statistics, National Vital Statistics System 69: 1-
83. 

87. McDonald, L. C., D. N. Gerding, S. Johnson, J. S. Bakken, K. C. Carroll, S. E. Coffin, E. 
R. Dubberke, K. W. Garey, C. V. Gould, C. Kelly, V. Loo, J. Shaklee Sammons, T. J. 
Sandora, and M. H. Wilcox. 2018. Clinical Practice Guidelines for Clostridium difficile 
Infection in Adults and Children: 2017 Update by the Infectious Diseases Society of 
America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clinical 

Infectious Diseases 66: e1-e48. 
88. Cheng, J. W., M. Xiao, T. Kudinha, Z. P. Xu, L. Y. Sun, X. Hou, L. Zhang, X. Fan, F. 

Kong, and Y. C. Xu. 2015. The Role of Glutamate Dehydrogenase (GDH) Testing Assay 
in the Diagnosis of Clostridium difficile Infections: A High Sensitive Screening Test and 
an Essential Step in the Proposed Laboratory Diagnosis Workflow for Developing 
Countries like China. PLoS One 10: e0144604. 

89. Crobach, M. J. T., N. Duszenko, E. M. Terveer, C. M. Verduin, and E. J. Kuijper. 2018. 
Nucleic Acid Amplification Test Quantitation as Predictor of Toxin Presence in 
Clostridium difficile Infection. J Clin Microbiol 56: e01316-01317. 

90. Stevens, V. W., R. E. Nelson, E. M. Schwab-Daugherty, K. Khader, M. M. Jones, K. A. 
Brown, T. Greene, L. D. Croft, M. Neuhauser, P. Glassman, M. B. Goetz, M. H. Samore, 
and M. A. Rubin. 2017. Comparative Effectiveness of Vancomycin and Metronidazole for 
the Prevention of Recurrence and Death in Patients With Clostridium difficile Infection. 
JAMA Internal Medicine 177: 546-553. 

91. Mullane, K. 2014. Fidaxomicin in Clostridium difficile infection: latest evidence and 
clinical guidance. Ther Adv Chronic Dis 5: 69-84. 

92. Singh, T., P. Bedi, K. Bumrah, J. Singh, M. Rai, and S. Seelam. 2019. Updates in Treatment 
of Recurrent Clostridium difficile Infection. J Clin Med Res 11: 465-471. 

93. Wilcox, M. H., B. H. McGovern, and G. A. Hecht. 2020. The Efficacy and Safety of Fecal 
Microbiota Transplant for Recurrent Clostridiumdifficile Infection: Current Understanding 
and Gap Analysis. Open forum infectious diseases 7. 

94. Navalkele, B. D., and T. Chopra. 2018. Bezlotoxumab: an emerging monoclonal antibody 
therapy for prevention of recurrent Clostridium difficile infection. Biologics : targets & 

therapy 12: 11-21. 
95. 2017. FDA Approval of Bezlotoxumab in Prevention of Recurrent Clostridium difficile 

Infection. NEJM journal watch.Infectious diseases 20: 57-57. 
96. Gerding, D. N., C. P. Kelly, G. Rahav, C. Lee, E. R. Dubberke, P. N. Kumar, B. Yacyshyn, 

D. Kao, K. Eves, M. C. Ellison, M. E. Hanson, D. Guris, and M. B. Dorr. 2018. 
Bezlotoxumab for Prevention of Recurrent Clostridium difficile Infection in Patients at 
Increased Risk for Recurrence. Clinical infectious diseases : an official publication of the 

Infectious Diseases Society of America 67: 649-656. 
97. Finney, J. 1893. Gastro-enterostomy for cicatrizing ulcer of ryloms. Bull Johns Hopkins 

Hosp 4: 53. 
98. Bartlett, J. G., and G. SL. 1977. Pseudomembranous enterocolitis (antibiotic-related 

colitis). 
99. Larson, H., and A. Price. 1977. Pseudomembranous colitis: presence of clostridial toxin. 

The Lancet 310: 1312-1314. 
100. George, W. L., V. L. Sutter, E. J. Goldstein, S. L. Ludwig, and S. M. Finegold. 1978. 

Aetiology of antimicrobial-agent-associated colitis. Lancet (London, England) 1: 802-803. 



70 

 

101. Bartlett, J. G., T. W. Chang, M. Gurwith, S. L. Gorbach, and A. B. Onderdonk. 1978. 
Antibiotic-associated pseudomembranous colitis due to toxin-producing clostridia. The 

New England journal of medicine 298: 531-534. 
102. Bartlett, J. G., N. Moon, T. W. Chang, N. Taylor, and A. B. Onderdonk. 1978. Role of 

Clostridium difficile in antibiotic-associated pseudomembranous colitis. Gastroenterology 

75: 778-782. 
103. Best, E. L., J. Freeman, and M. H. Wilcox. 2012. Models for the study of Clostridium 

difficile infection. Gut Microbes 3: 145-167. 
104. Chen, X., K. Katchar, J. D. Goldsmith, N. Nanthakumar, A. Cheknis, D. N. Gerding, and 

C. P. Kelly. 2008. A mouse model of Clostridium difficile-associated disease. 
Gastroenterology 135: 1984-1992. 

105. Winter, K., L. Xing, A. Kassardjian, and B. J. Ward. 2019. Vaccination against Clostridium 
difficile by Use of an Attenuated Salmonella enterica Serovar Typhimurium Vector 
(YS1646) Protects Mice from Lethal Challenge. Infection and immunity 87: e00089-00019. 

106. Claro, T., S. Daniels, and H. Humphreys. 2014. Detecting Clostridium difficile spores from 
inanimate surfaces of the hospital environment: which method is best? J Clin Microbiol 

52: 3426-3428. 
107. Macleod-Glover, N., and C. Sadowski. 2010. Efficacy of cleaning products for C. difficile: 

environmental strategies to reduce the spread of Clostridium difficile-associated diarrhea 
in geriatric rehabilitation. Can Fam Physician 56: 417-423. 

108. Kenters, N., E. G. W. Huijskens, S. C. J. de Wit, I. G. J. M. Sanders, J. van Rosmalen, E. 
J. Kuijper, and A. Voss. 2017. Effectiveness of various cleaning and disinfectant products 
on Clostridium difficile spores of PCR ribotypes 010, 014 and 027. Antimicrobial 

Resistance & Infection Control 6: 54. 
109. Paredes-Sabja, D., A. Shen, and J. A. Sorg. 2014. Clostridium difficile spore biology: 

sporulation, germination, and spore structural proteins. Trends in Microbiology 22: 406-
416. 

110. Zhu, D., J. A. Sorg, and X. Sun. 2018. Clostridioides difficile Biology: Sporulation, 
Germination, and Corresponding Therapies for C. difficile Infection. Frontiers in cellular 

and infection microbiology 8. 
111. Gil, F., S. Lagos-Moraga, P. Calderón-Romero, M. Pizarro-Guajardo, and D. Paredes-

Sabja. 2017. Updates on Clostridium difficile spore biology. Anaerobe 45: 3-9. 
112. Barra-Carrasco, J., V. Olguín-Araneda, A. Plaza-Garrido, C. Miranda-Cárdenas, G. Cofré-

Araneda, M. Pizarro-Guajardo, M. R. Sarker, and D. Paredes-Sabja. 2013. The Clostridium 
difficile exosporium cysteine (CdeC)-rich protein is required for exosporium 
morphogenesis and coat assembly. J Bacteriol 195: 3863-3875. 

113. Montes-Bravo, N., A. Romero-Rodríguez, J. García-Yunge, C. Medina, M. Pizarro-
Guajardo, D. Paredes-Sabja, and A. J. Martinez-Rodriguez. 2022. Role of the Spore Coat 
Proteins CotA and CotB, and the Spore Surface Protein CDIF630_02480, on the Surface 
Distribution of Exosporium Proteins in Clostridioides difficile 630 Spores. 
Microorganisms 10. 

114. Hong, H. A., W. T. Ferreira, S. Hosseini, S. Anwar, K. Hitri, A. J. Wilkinson, W. Vahjen, 
J. Zentek, M. Soloviev, and S. M. Cutting. 2017. The Spore Coat Protein CotE Facilitates 
Host Colonization by Clostridium difficile. The Journal of infectious diseases 216: 1452-
1459. 



71 

 

115. Paredes-Sabja, D., and M. R. Sarker. 2012. Adherence of Clostridium difficile spores to 
Caco-2 cells in culture. Journal of medical microbiology 61: 1208-1218. 

116. Escobar-Cortés, K., J. Barra-Carrasco, and D. Paredes-Sabja. 2013. Proteases and 
sonication specifically remove the exosporium layer of spores of Clostridium difficile 
strain 630. J Microbiol Methods 93: 25-31. 

117. Antunes, A., E. Camiade, M. Monot, E. Courtois, F. Barbut, N. V. Sernova, D. A. 
Rodionov, I. Martin-Verstraete, and B. Dupuy. 2012. Global transcriptional control by 
glucose and carbon regulator CcpA in Clostridium difficile. Nucleic Acids Res 40: 10701-
10718. 

118. Nawrocki, K. L., A. N. Edwards, N. Daou, L. Bouillaut, and S. M. McBride. 2016. CodY-
Dependent Regulation of Sporulation in Clostridium difficile. J Bacteriol 198: 2113-2130. 

119. Deakin, L. J., S. Clare, R. P. Fagan, L. F. Dawson, D. J. Pickard, M. R. West, B. W. Wren, 
N. F. Fairweather, G. Dougan, and T. D. Lawley. 2012. The Clostridium difficile spo0A 
gene is a persistence and transmission factor. Infection and immunity 80: 2704-2711. 

120. Huang, I. H., M. Waters, R. R. Grau, and M. R. Sarker. 2004. Disruption of the gene 
(spo0A) encoding sporulation transcription factor blocks endospore formation and 
enterotoxin production in enterotoxigenic Clostridium perfringens type A. FEMS 

Microbiology Letters 233: 233-240. 
121. Aboudola, S., K. L. Kotloff, L. Kyne, M. Warny, E. C. Kelly, S. Sougioultzis, P. J. 

Giannasca, T. P. Monath, and C. P. Kelly. 2003. Clostridium difficile vaccine and serum 
immunoglobulin G antibody response to toxin A. Infection and immunity 71: 1608-1610. 

122. Underwood, S., S. Guan, V. Vijayasubhash, S. D. Baines, L. Graham, R. J. Lewis, M. H. 
Wilcox, and K. Stephenson. 2009. Characterization of the sporulation initiation pathway 
of Clostridium difficile and its role in toxin production. J Bacteriol 191: 7296-7305. 

123. Lawler, A. J., P. A. Lambert, and T. Worthington. 2020. A Revised Understanding of 
Clostridioides difficile Spore Germination. Trends in Microbiology 28: 744-752. 

124. Sorg, J. A., and A. L. Sonenshein. 2008. Bile salts and glycine as cogerminants for 
Clostridium difficile spores. J Bacteriol 190: 2505-2512. 

125. Wheeldon, L. J., T. Worthington, and P. A. Lambert. 2011. Histidine acts as a co-germinant 
with glycine and taurocholate for Clostridium difficile spores. J Appl Microbiol 110: 987-
994. 

126. Francis, M. B., C. A. Allen, R. Shrestha, and J. A. Sorg. 2013. Bile acid recognition by the 
Clostridium difficile germinant receptor, CspC, is important for establishing infection. 
PLoS Pathog 9: e1003356. 

127. Rineh, A., M. J. Kelso, F. Vatansever, G. P. Tegos, and M. R. Hamblin. 2014. Clostridium 
difficile infection: molecular pathogenesis and novel therapeutics. Expert review of anti-

infective therapy 12: 131-150. 
128. Kochan, T. J., M. J. Somers, A. M. Kaiser, M. S. Shoshiev, A. K. Hagan, J. L. Hastie, N. 

P. Giordano, A. D. Smith, A. M. Schubert, P. E. Carlson, Jr., and P. C. Hanna. 2017. 
Intestinal calcium and bile salts facilitate germination of Clostridium difficile spores. PLoS 

Pathog 13: e1006443. 
129. Adams, C. M., B. E. Eckenroth, E. E. Putnam, S. Doublié, and A. Shen. 2013. Structural 

and Functional Analysis of the CspB Protease Required for Clostridium Spore 
Germination. PLoS Pathog 9: e1003165. 

130. Paredes-Sabja, D., P. Setlow, and M. R. Sarker. 2009. The protease CspB is essential for 
initiation of cortex hydrolysis and dipicolinic acid (DPA) release during germination of 



72 

 

spores of Clostridium perfringens type A food poisoning isolates. Microbiology (Reading) 

155: 3464-3472. 
131. Burns, D. A., J. T. Heap, and N. P. Minton. 2010. SleC is essential for germination of 

Clostridium difficile spores in nutrient-rich medium supplemented with the bile salt 
taurocholate. J Bacteriol 192: 657-664. 

132. Kochan Travis, J., H. Foley Matthew, S. Shoshiev Michelle, J. Somers Madeline, E. 
Carlson Paul, and C. Hanna Philip. 2018. Updates to Clostridium difficile Spore 
Germination. Journal of Bacteriology 200: e00218-00218. 

133. Fimlaid, K. A., O. Jensen, M. L. Donnelly, M. B. Francis, J. A. Sorg, and A. Shen. 2015. 
Identification of a Novel Lipoprotein Regulator of Clostridium difficile Spore 
Germination. PLoS Pathog 11: e1005239. 

134. Donnelly, M. L., W. Li, Y. Q. Li, L. Hinkel, P. Setlow, and A. Shen. 2017. A Clostridium 
difficile-Specific, Gel-Forming Protein Required for Optimal Spore Germination. mBio 8. 

135. Girinathan, B. P., M. Monot, D. Boyle, K. N. McAllister, J. A. Sorg, B. Dupuy, and R. 
Govind. 2017. Effect of tcdR Mutation on Sporulation in the Epidemic Clostridium 
difficile Strain R20291. mSphere 2. 

136. Dupuy, B., R. Govind, A. Antunes, and S. Matamouros. 2008. Clostridium difficile toxin 
synthesis is negatively regulated by TcdC. Journal of medical microbiology 57: 685-689. 

137. Abt, M. C., P. T. McKenney, and E. G. Pamer. 2016. Clostridium difficile colitis: 
pathogenesis and host defence. Nat Rev Microbiol 14: 609-620. 

138. Govind, R., and B. Dupuy. 2012. Secretion of Clostridium difficile Toxins A and B 
Requires the Holin-like Protein TcdE. PLoS Pathog 8: e1002727. 

139. Hofmann, J. D., A. Otto, M. Berges, R. Biedendieck, A. M. Michel, D. Becher, D. Jahn, 
and M. Neumann-Schaal. 2018. Metabolic Reprogramming of Clostridioides difficile 
During the Stationary Phase With the Induction of Toxin Production. Frontiers in 

microbiology 9: 1970. 
140. Gregory, A. L., D. A. Pensinger, and A. J. Hryckowian. 2021. A short chain fatty acid-

centric view of Clostridioides difficile pathogenesis. PLoS Pathog 17: e1009959. 
141. Yamakawa, K., T. Karasawa, T. Ohta, H. Hayashi, and S. Nakamura. 1998. Inhibition of 

enhanced toxin production by Clostridium difficile in biotin-limited conditions. Journal of 

medical microbiology 47: 767-771. 
142. Dubois, T., M. Dancer-Thibonnier, M. Monot, A. Hamiot, L. Bouillaut, O. Soutourina, I. 

Martin-Verstraete, and B. Dupuy. 2016. Control of Clostridium difficile Physiopathology 
in Response to Cysteine Availability. Infection and immunity 84: 2389-2405. 

143. Karlsson, S., A. Lindberg, E. Norin, L. G. Burman, and T. Akerlund. 2000. Toxins, butyric 
acid, and other short-chain fatty acids are coordinately expressed and down-regulated by 
cysteine in Clostridium difficile. Infection and immunity 68: 5881-5888. 

144. Aktories, K., C. Schwan, and T. Jank. 2017. Clostridium difficile Toxin Biology. Annual 

Review of Microbiology 71: 281-307. 
145. Jank, T., and K. Aktories. 2008. Structure and mode of action of clostridial glucosylating 

toxins: the ABCD model. Trends in Microbiology 16: 222-229. 
146. Hussack, G., M. Arbabi-Ghahroudi, H. van Faassen, J. G. Songer, K. K. Ng, R. MacKenzie, 

and J. Tanha. 2011. Neutralization of Clostridium difficile toxin A with single-domain 
antibodies targeting the cell receptor binding domain. J Biol Chem 286: 8961-8976. 



73 

 

147. Luo, D., X. Liu, L. Xing, Y. Sun, J. Huang, L. Zhang, J. Li, and H. Wang. 2019. 
Immunogenicity and Protection from Receptor-Binding Domains of Toxins as Potential 
Vaccine Candidates for Clostridium difficile. Vaccines 7. 

148. Hussack, G., S. Ryan, H. van Faassen, M. Rossotti, C. R. MacKenzie, and J. Tanha. 2018. 
Neutralization of Clostridium difficile toxin B with VHH-Fc fusions targeting the delivery 
and CROPs domains. PLOS ONE 13: e0208978. 

149. Teneberg, S., I. Lönnroth, J. F. Torres López, U. Galili, M. O. Halvarsson, J. Angström, 
and K. A. Karlsson. 1996. Molecular mimicry in the recognition of glycosphingolipids by 
Gal alpha 3 Gal beta 4 GlcNAc beta-binding Clostridium difficile toxin A, human natural 
anti alpha-galactosyl IgG and the monoclonal antibody Gal-13: characterization of a 
binding-active human glycosphingolipid, non-identical with the animal receptor. 
Glycobiology 6: 599-609. 

150. Tucker, K. D., and T. D. Wilkins. 1991. Toxin A of Clostridium difficile binds to the human 
carbohydrate antigens I, X, and Y. Infection and immunity 59: 73-78. 

151. Na, X., H. Kim, M. P. Moyer, C. Pothoulakis, and J. T. LaMont. 2008. gp96 is a human 
colonocyte plasma membrane binding protein for Clostridium difficile toxin A. Infection 

and immunity 76: 2862-2871. 
152. Yuan, P., H. Zhang, C. Cai, S. Zhu, Y. Zhou, X. Yang, R. He, C. Li, S. Guo, S. Li, T. 

Huang, G. Perez-Cordon, H. Feng, and W. Wei. 2015. Chondroitin sulfate proteoglycan 4 
functions as the cellular receptor for Clostridium difficile toxin B. Cell Res 25: 157-168. 

153. Tang, F., M. S. Lord, W. B. Stallcup, and J. M. Whitelock. 2018. Cell surface chondroitin 
sulphate proteoglycan 4 (CSPG4) binds to the basement membrane heparan sulphate 
proteoglycan, perlecan, and is involved in cell adhesion. The Journal of Biochemistry 163: 
399-412. 

154. Komiya, Y., and R. Habas. 2008. Wnt signal transduction pathways. Organogenesis 4: 68-
75. 

155. Tao, L., J. Zhang, P. Meraner, A. Tovaglieri, X. Wu, R. Gerhard, X. Zhang, W. B. Stallcup, 
J. Miao, X. He, J. G. Hurdle, D. T. Breault, A. L. Brass, and M. Dong. 2016. Frizzled 
proteins are colonic epithelial receptors for C. difficile toxin B. Nature 538: 350-355. 

156. Chandrasekaran, R., A. K. Kenworthy, and D. B. Lacy. 2016. Clostridium difficile Toxin 
A Undergoes Clathrin-Independent, PACSIN2-Dependent Endocytosis. PLoS Pathog 12: 
e1006070. 

157. Papatheodorou, P., C. Zamboglou, S. Genisyuerek, G. Guttenberg, and K. Aktories. 2010. 
Clostridial Glucosylating Toxins Enter Cells via Clathrin-Mediated Endocytosis. PLOS 

ONE 5: e10673. 
158. Li, S., L. Shi, Z. Yang, Y. Zhang, G. Perez-Cordon, T. Huang, J. Ramsey, N. Oezguen, T. 

C. Savidge, and H. Feng. 2015. Critical roles of Clostridium difficile toxin B enzymatic 
activities in pathogenesis. Infection and immunity 83: 502-513. 

159. Mosaddeghzadeh, N., and M. R. Ahmadian. 2021. The RHO Family GTPases: 
Mechanisms of Regulation and Signaling. Cells 10. 

160. Awad, M. M., P. A. Johanesen, G. P. Carter, E. Rose, and D. Lyras. 2014. Clostridium 
difficile virulence factors: Insights into an anaerobic spore-forming pathogen. Gut 

Microbes 5: 579-593. 
161. Martínez-Meléndez, A., F. Cruz-López, R. Morfin-Otero, H. J. Maldonado-Garza, and E. 

Garza-González. 2022. An Update on Clostridioides difficile Binary Toxin. Toxins 14. 



74 

 

162. Papatheodorou, P., J. E. Carette, G. W. Bell, C. Schwan, G. Guttenberg, T. R. 
Brummelkamp, and K. Aktories. 2011. Lipolysis-stimulated lipoprotein receptor (LSR) is 
the host receptor for the binary toxin Clostridium difficile transferase (CDT). Proceedings 

of the National Academy of Sciences 108: 16422-16427. 
163. Barth, H. 2004. Uptake of binary actin ADP-ribosylating toxins. Rev Physiol Biochem 

Pharmacol 152: 165-182. 
164. Nölke, T., C. Schwan, F. Lehmann, K. Østevold, O. Pertz, and K. Aktories. 2016. Septins 

guide microtubule protrusions induced by actin-depolymerizing toxins like Clostridium 
difficile transferase (CDT). Proceedings of the National Academy of Sciences 113: 7870-
7875. 

165. Bacci, S., K. Mølbak, M. K. Kjeldsen, and K. E. Olsen. 2011. Binary toxin and death after 
Clostridium difficile infection. Emerg Infect Dis 17: 976-982. 

166. Mori, N., and T. Takahashi. 2018. Characteristics and Immunological Roles of Surface 
Layer Proteins in Clostridium difficile. Ann Lab Med 38: 189-195. 

167. Calabi, E., F. Calabi, A. D. Phillips, and N. F. Fairweather. 2002. Binding of Clostridium 
difficile surface layer proteins to gastrointestinal tissues. Infection and immunity 70: 5770-
5778. 

168. Merrigan, M. M., A. Venugopal, J. L. Roxas, F. Anwar, M. J. Mallozzi, B. A. Roxas, D. 
N. Gerding, V. K. Viswanathan, and G. Vedantam. 2013. Surface-layer protein A (SlpA) 
is a major contributor to host-cell adherence of Clostridium difficile. PLoS One 8: e78404. 

169. Reynolds, C. B., J. E. Emerson, L. de la Riva, R. P. Fagan, and N. F. Fairweather. 2011. 
The Clostridium difficile cell wall protein CwpV is antigenically variable between strains, 
but exhibits conserved aggregation-promoting function. PLoS Pathog 7: e1002024. 

170. Martin, C. E., F. Broecker, M. A. Oberli, J. Komor, J. Mattner, C. Anish, and P. H. 
Seeberger. 2013. Immunological Evaluation of a Synthetic Clostridium difficile 
Oligosaccharide Conjugate Vaccine Candidate and Identification of a Minimal Epitope. 
Journal of the American Chemical Society 135: 9713-9722. 

171. Oberli, M. A., M. L. Hecht, P. Bindschädler, A. Adibekian, T. Adam, and P. H. Seeberger. 
2011. A possible oligosaccharide-conjugate vaccine candidate for Clostridium difficile is 
antigenic and immunogenic. Chem Biol 18: 580-588. 

172. Romano, M. R., R. Leuzzi, E. Cappelletti, M. Tontini, A. Nilo, D. Proietti, F. Berti, P. 
Costantino, R. Adamo, and M. Scarselli. 2014. Recombinant Clostridium difficile toxin 
fragments as carrier protein for PSII surface polysaccharide preserve their neutralizing 
activity. Toxins 6: 1385-1396. 

173. Monteiro, M. A., Z. Ma, L. Bertolo, Y. Jiao, L. Arroyo, D. Hodgins, M. Mallozzi, G. 
Vedantam, M. Sagermann, J. Sundsmo, and H. Chow. 2013. Carbohydrate-based 
Clostridium difficile vaccines. Expert Rev Vaccines 12: 421-431. 

174. Aubry, A., G. Hussack, W. Chen, R. KuoLee, S. M. Twine, K. M. Fulton, S. Foote, C. D. 
Carrillo, J. Tanha, and S. M. Logan. 2012. Modulation of toxin production by the flagellar 
regulon in Clostridium difficile. Infection and immunity 80: 3521-3532. 

175. McKee, R. W., M. R. Mangalea, E. B. Purcell, E. K. Borchardt, and R. Tamayo. 2013. The 
second messenger cyclic Di-GMP regulates Clostridium difficile toxin production by 
controlling expression of sigD. J Bacteriol 195: 5174-5185. 

176. Baban, S. T., S. A. Kuehne, A. Barketi-Klai, S. T. Cartman, M. L. Kelly, K. R. Hardie, I. 
Kansau, A. Collignon, and N. P. Minton. 2013. The role of flagella in Clostridium difficile 



75 

 

pathogenesis: comparison between a non-epidemic and an epidemic strain. PLoS One 8: 
e73026. 

177. Dingle, T. C., G. L. Mulvey, and G. D. Armstrong. 2011. Mutagenic analysis of the 
Clostridium difficile flagellar proteins, FliC and FliD, and their contribution to virulence 
in hamsters. Infection and immunity 79: 4061-4067. 

178. Bordeleau, E., E. B. Purcell, D. A. Lafontaine, L. C. Fortier, R. Tamayo, and V. Burrus. 
2015. Cyclic di-GMP riboswitch-regulated type IV pili contribute to aggregation of 
Clostridium difficile. J Bacteriol 197: 819-832. 

179. Purcell, E. B., R. W. McKee, E. Bordeleau, V. Burrus, and R. Tamayo. 2016. Regulation 
of Type IV Pili Contributes to Surface Behaviors of Historical and Epidemic Strains of 
Clostridium difficile. J Bacteriol 198: 565-577. 

180. Nibbering, B., and et al. 2021. Host Immune Responses to Clostridioides difficile: Toxins 
and Beyond. Frontiers in microbiology 12. 

181. Nuding, S., T. Frasch, M. Schaller, E. F. Stange, and L. T. Zabel. 2014. Synergistic effects 
of antimicrobial peptides and antibiotics against Clostridium difficile. Antimicrob Agents 

Chemother 58: 5719-5725. 
182. Engevik, M. A., H. A. Danhof, R. Shrestha, A. L. Chang-Graham, J. M. Hyser, A. M. Haag, 

M. A. Mohammad, R. A. Britton, J. Versalovic, J. A. Sorg, and J. K. Spinler. 2020. 
Reuterin disrupts Clostridioides difficile metabolism and pathogenicity through reactive 
oxygen species generation. Gut Microbes 12: 1788898. 

183. Savidge, T. C., P. Urvil, N. Oezguen, K. Ali, A. Choudhury, V. Acharya, I. Pinchuk, A. G. 
Torres, R. D. English, J. E. Wiktorowicz, M. Loeffelholz, R. Kumar, L. Shi, W. Nie, W. 
Braun, B. Herman, A. Hausladen, H. Feng, J. S. Stamler, and C. Pothoulakis. 2011. Host 
S-nitrosylation inhibits clostridial small molecule-activated glucosylating toxins. Nat Med 

17: 1136-1141. 
184. Winston, J. A., and C. M. Theriot. 2016. Impact of microbial derived secondary bile acids 

on colonization resistance against Clostridium difficile in the gastrointestinal tract. 
Anaerobe 41: 44-50. 

185. Chieppa, M., M. Rescigno, A. Y. Huang, and R. N. Germain. 2006. Dynamic imaging of 
dendritic cell extension into the small bowel lumen in response to epithelial cell TLR 
engagement. J Exp Med 203: 2841-2852. 

186. Curotto de Lafaille, M. A., and J. J. Lafaille. 2009. Natural and Adaptive Foxp3+ 
Regulatory T Cells: More of the Same or a Division of Labor? Immunity 30: 626-635. 

187. Hyun, J., L. Romero, R. Riveron, C. Flores, S. Kanagavelu, K. D. Chung, A. Alonso, J. 
Sotolongo, J. Ruiz, A. Manukyan, S. Chun, G. Singh, P. Salas, S. R. Targan, and M. Fukata. 
2015. Human intestinal epithelial cells express interleukin-10 through Toll-like receptor 4-
mediated epithelial-macrophage crosstalk. J Innate Immun 7: 87-101. 

188. Tezuka, H., and T. Ohteki. 2019. Regulation of IgA Production by Intestinal Dendritic 
Cells and Related Cells. Frontiers in immunology 10. 

189. Solomon, K. 2013. The host immune response to Clostridium difficile infection. 
Therapeutic advances in infectious disease 1: 19-35. 

190. Yu, H., K. Chen, Y. Sun, M. Carter, K. W. Garey, T. C. Savidge, S. Devaraj, M. E. Tessier, 
E. C. von Rosenvinge, C. P. Kelly, M. F. Pasetti, and H. Feng. 2017. Cytokines Are 
Markers of the Clostridium difficile-Induced Inflammatory Response and Predict Disease 
Severity. Clin Vaccine Immunol 24. 



76 

 

191. Abhyankar, M. M., J. Z. Ma, K. W. Scully, A. J. Nafziger, A. L. Frisbee, M. M. Saleh, G. 
R. Madden, A. R. Hays, M. Poulter, and W. A. Petri. 2020. Immune Profiling To Predict 
Outcome of Clostridioides difficile Infection. mBio 11: e00905-00920. 

192. Linevsky, J. K., C. Pothoulakis, S. Keates, M. Warny, A. C. Keates, J. T. Lamont, and C. 
P. Kelly. 1997. IL-8 release and neutrophil activation by Clostridium difficile toxin-
exposed human monocytes. Am J Physiol 273: G1333-1340. 

193. Rocha, M. F., M. E. Maia, L. R. Bezerra, D. M. Lyerly, R. L. Guerrant, R. A. Ribeiro, and 
A. A. Lima. 1997. Clostridium difficile toxin A induces the release of neutrophil 
chemotactic factors from rat peritoneal macrophages: role of interleukin-1beta, tumor 
necrosis factor alpha, and leukotrienes. Infection and immunity 65: 2740-2746. 

194. Jose, S., and R. Madan. 2016. Neutrophil-mediated inflammation in the pathogenesis of 
Clostridium difficile infections. Anaerobe 41: 85-90. 

195. Solomon, K., A. J. Martin, C. O'Donoghue, X. Chen, L. Fenelon, S. Fanning, C. P. Kelly, 
and L. Kyne. 2013. Mortality in patients with Clostridium difficile infection correlates with 
host pro-inflammatory and humoral immune responses. Journal of medical microbiology 

62: 1453-1460. 
196. Luo, R., A. Greenberg, and C. D. Stone. 2015. Outcomes of Clostridium difficile infection 

in hospitalized leukemia patients: a nationwide analysis. Infection control and hospital 

epidemiology 36: 794-801. 
197. Huang, A. M., B. L. Marini, D. Frame, D. M. Aronoff, and J. L. Nagel. 2014. Risk factors 

for recurrent Clostridium difficile infection in hematopoietic stem cell transplant 
recipients. Transpl Infect Dis 16: 744-750. 

198. Jarchum, I., M. Liu, C. Shi, M. Equinda, and E. G. Pamer. 2012. Critical role for MyD88-
mediated neutrophil recruitment during Clostridium difficile colitis. Infection and 

immunity 80: 2989-2996. 
199. Kelly, C. P., S. Becker, J. K. Linevsky, M. A. Joshi, J. C. O'Keane, B. F. Dickey, J. T. 

LaMont, and C. Pothoulakis. 1994. Neutrophil recruitment in Clostridium difficile toxin A 
enteritis in the rabbit. The Journal of clinical investigation 93: 1257-1265. 

200. Castagliuolo, I., A. C. Keates, C. C. Wang, A. Pasha, L. Valenick, C. P. Kelly, S. T. 
Nikulasson, J. T. LaMont, and C. Pothoulakis. 1998. Clostridium difficile toxin A 
stimulates macrophage-inflammatory protein-2 production in rat intestinal epithelial cells. 
J Immunol 160: 6039-6045. 

201. Cowardin, C. A., E. L. Buonomo, M. M. Saleh, M. G. Wilson, S. L. Burgess, S. A. Kuehne, 
C. Schwan, A. M. Eichhoff, F. Koch-Nolte, D. Lyras, K. Aktories, N. P. Minton, and W. 
A. Petri, Jr. 2016. The binary toxin CDT enhances Clostridium difficile virulence by 
suppressing protective colonic eosinophilia. Nat Microbiol 1: 16108. 

202. Buonomo, E. L., C. A. Cowardin, M. G. Wilson, M. M. Saleh, P. Pramoonjago, and W. A. 
Petri, Jr. 2016. Microbiota-Regulated IL-25 Increases Eosinophil Number to Provide 
Protection during Clostridium difficile Infection. Cell reports 16: 432-443. 

203. Carlson, T. J., B. T. Endres, J. Le Pham, A. J. Gonzales-Luna, F. S. Alnezary, K. Nebo, J. 
Miranda, C. Lancaster, E. Bassères, K. Begum, M. J. Alam, K. R. Reveles, and K. W. 
Garey. 2020. Eosinopenia and Binary Toxin Increase Mortality in Hospitalized Patients 
With Clostridioides difficile Infection. Open forum infectious diseases 7. 

204. Liu, Y.-H., Y.-C. Chang, L.-K. Chen, P.-A. Su, W.-C. Ko, Y.-S. Tsai, Y.-H. Chen, H.-C. 
Lai, C.-Y. Wu, Y.-P. Hung, and P.-J. Tsai. 2018. The ATP-P2X7 Signaling Axis Is an 



77 

 

Essential Sentinel for Intracellular Clostridium difficile Pathogen-Induced Inflammasome 
Activation. Frontiers in cellular and infection microbiology 8. 

205. Paredes-Sabja, D., G. Cofre-Araneda, C. Brito-Silva, M. Pizarro-Guajardo, and M. R. 
Sarker. 2012. Clostridium difficile spore-macrophage interactions: spore survival. PLoS 

One 7: e43635. 
206. Calandra, T., and T. Roger. 2003. Macrophage migration inhibitory factor: a regulator of 

innate immunity. Nature Reviews Immunology 3: 791-800. 
207. Jose, S., A. Mukherjee, M. M. Abhyankar, L. Leng, R. Bucala, D. Sharma, and R. Madan. 

2018. Neutralization of macrophage migration inhibitory factor improves host survival 
after Clostridium difficile infection. Anaerobe 53: 56-63. 

208. Wang, J., C. Ortiz, L. Fontenot, R. Mukhopadhyay, Y. Xie, X. Chen, H. Feng, C. 
Pothoulakis, and H. W. Koon. 2020. Therapeutic Mechanism of Macrophage Inflammatory 
Protein 1 α Neutralizing Antibody (CCL3) in Clostridium difficile Infection in Mice. The 

Journal of infectious diseases 221: 1623-1635. 
209. Bhavsar, I., C. S. Miller, and M. Al-Sabbagh. Macrophage Inflammatory Protein-1 Alpha 

(MIP-1 alpha)/CCL3: As a Biomarker. 
210. Krystel-Whittemore, M., K. N. Dileepan, and J. G. Wood. 2016. Mast Cell: A Multi-

Functional Master Cell. Frontiers in immunology 6. 
211. Krystel-Whittemore, M., K. N. Dileepan, and J. G. Wood. 2015. Mast Cell: A Multi-

Functional Master Cell. Frontiers in immunology 6: 620. 
212. Wershil, B. K., I. Castagliuolo, and C. Pothoulakis. 1998. Direct evidence of mast cell 

involvement in Clostridium difficile toxin a—induced enteritis in mice. Gastroenterology 

114: 956-964. 
213. Meyer, G. K. A., A. Neetz, G. Brandes, D. Tsikas, J. H. Butterfield, I. Just, and R. Gerhard. 

2007. Clostridium difficile Toxins A and B Directly Stimulate Human Mast Cells. Infection 

and immunity 75: 3868-3876. 
214. Calderón, G. M., J. Torres-López, T. J. Lin, B. Chavez, M. Hernández, O. Muñoz, A. D. 

Befus, and J. A. Enciso. 1998. Effects of toxin A from Clostridium difficile on mast cell 
activation and survival. Infection and immunity 66: 2755-2761. 

215. Eberl, G., M. Colonna, J. P. Di Santo, and A. N. J. McKenzie. 2015. Innate lymphoid cells: 
A new paradigm in immunology. Science 348: aaa6566. 

216. Elemam, N. M., R. K. Ramakrishnan, J. E. Hundt, R. Halwani, A. A. Maghazachi, and Q. 
Hamid. 2021. Innate Lymphoid Cells and Natural Killer Cells in Bacterial Infections: 
Function, Dysregulation, and Therapeutic Targets. Frontiers in cellular and infection 

microbiology 11: 733564. 
217. Ishida, Y., T. Maegawa, T. Kondo, A. Kimura, Y. Iwakura, S. Nakamura, and N. Mukaida. 

2004. Essential Involvement of IFN-γ in Clostridium difficile Toxin A-Induced Enteritis. 
The Journal of Immunology 172: 3018-3025. 

218. Abt, M. C., B. B. Lewis, S. Caballero, H. Xiong, R. A. Carter, B. Sušac, L. Ling, I. Leiner, 
and E. G. Pamer. 2015. Innate Immune Defenses Mediated by Two ILC Subsets Are 
Critical for Protection against Acute Clostridium difficile Infection. Cell host & microbe 

18: 27-37. 
219. Frisbee, A. L., M. M. Saleh, M. K. Young, J. L. Leslie, M. E. Simpson, M. M. Abhyankar, 

C. A. Cowardin, J. Z. Ma, P. Pramoonjago, S. D. Turner, A. P. Liou, E. L. Buonomo, and 
W. A. Petri. 2019. IL-33 drives group 2 innate lymphoid cell-mediated protection during 
Clostridium difficile infection. Nature Communications 10: 2712. 



78 

 

220. Mortha, A., A. Chudnovskiy, D. Hashimoto, M. Bogunovic, S. P. Spencer, Y. Belkaid, and 
M. Merad. 2014. Microbiota-dependent crosstalk between macrophages and ILC3 
promotes intestinal homeostasis. Science 343: 1249288. 

221. Nakagawa, T., N. Mori, C. Kajiwara, S. Kimura, Y. Akasaka, Y. Ishii, T. Saji, and K. 
Tateda. 2016. Endogenous IL-17 as a factor determining the severity of Clostridium 
difficile infection in mice. Journal of medical microbiology 65: 821-827. 

222. Patente, T. A., M. P. Pinho, A. A. Oliveira, G. C. M. Evangelista, P. C. Bergami-Santos, 
and J. A. M. Barbuto. 2019. Human Dendritic Cells: Their Heterogeneity and Clinical 
Application Potential in Cancer Immunotherapy. Frontiers in immunology 9. 

223. Huang, T., G. Perez-Cordon, L. Shi, G. Li, X. Sun, X. Wang, J. Wang, and H. Feng. 2015. 
Clostridium difficile toxin B intoxicated mouse colonic epithelial CT26 cells stimulate the 
activation of dendritic cells. Pathog Dis 73. 

224. Jafari, N. V., S. A. Kuehne, C. E. Bryant, M. Elawad, B. W. Wren, N. P. Minton, E. Allan, 
and M. Bajaj-Elliott. 2013. Clostridium difficile modulates host innate immunity via toxin-
independent and dependent mechanism(s). PLoS One 8: e69846. 

225. Sun, X., Y. Wang, and R. Zhuge. 2020. The Role of Dendritic Cells in Clostridium difficile 
Infection. Am Assoc Immnol. 

226. Moens, L., and S. G. Tangye. 2014. Cytokine-Mediated Regulation of Plasma Cell 
Generation: IL-21 Takes Center Stage. Frontiers in immunology 5: 65. 

227. Kelly, C. P., C. Pothoulakis, J. Orellana, and J. T. LaMont. 1992. Human colonic aspirates 
containing immunoglobulin A antibody to Clostridium difficile toxin A inhibit toxin A-
receptor binding. Gastroenterology 102: 35-40. 

228. Sánchez-Hurtado, K., M. Corretge, E. Mutlu, R. McIlhagger, J. M. Starr, and I. R. Poxton. 
2008. Systemic antibody response to Clostridium difficile in colonized patients with and 
without symptoms and matched controls. Journal of medical microbiology 57: 717-724. 

229. Viscidi, R., B. E. Laughon, R. Yolken, P. Bo-Linn, T. Moench, R. W. Ryder, and J. G. 
Bartlett. 1983. Serum Antibody Response to Toxins A and B of Clostridium difficile. The 

Journal of infectious diseases 148: 93-100. 
230. Murphy, K., C. Weaver, and C. Janeway. 2017. Janeway's immunobiology. Garland 

Science, New York. 
231. Kyne, L., M. Warny, A. Qamar, and C. P. Kelly. 2001. Association between antibody 

response to toxin A and protection against recurrent Clostridium difficile diarrhoea. Lancet 

(London, England) 357: 189-193. 
232. Rees, W. D., and T. S. Steiner. 2018. Adaptive immune response to Clostridium difficile 

infection: A perspective for prevention and therapy. European Journal of Immunology 48: 
398-406. 

233. Na'amnih, W., Y. Carmeli, V. Asato, S. Goren, A. Adler, D. Cohen, and K. Muhsen. 2020. 
Enhanced Humoral Immune Responses against Toxin A and B of Clostridium difficile is 
Associated with a Milder Disease Manifestation. J Clin Med 9. 

234. Warny, M., J. P. Vaerman, V. Avesani, and M. Delmée. 1994. Human antibody response 
to Clostridium difficile toxin A in relation to clinical course of infection. Infection and 

immunity 62: 384-389. 
235. Kyne, L., M. Warny, A. Qamar, and C. P. Kelly. 2000. Asymptomatic carriage of 

Clostridium difficile and serum levels of IgG antibody against toxin A. The New England 

journal of medicine 342: 390-397. 



79 

 

236. Aronsson, B., M. Granström, R. Möllby, and C. E. Nord. 1985. Serum antibody response 
to clostridium difficile toxins in patients with clostridium difficile diarrhoea. Infection 13: 
97-101. 

237. Ooijevaar, R. E., Y. H. van Beurden, E. M. Terveer, A. Goorhuis, M. P. Bauer, J. J. Keller, 
C. J. J. Mulder, and E. J. Kuijper. 2018. Update of treatment algorithms for Clostridium 
difficile infection. Clinical Microbiology and Infection 24: 452-462. 

238. Mullard, A. 2016. FDA approves antitoxin antibody. Nature Reviews Drug Discovery 15: 
811-811. 

239. Chiari, E. F., W. Weiss, M. R. Simon, S. T. Kiessig, M. Pulse, S. C. Brown, H. R. Gerding, 
M. Mandago, K. Gisch, and C. von Eichel-Streiber. 2021. Oral Immunotherapy With 
Human Secretory Immunoglobulin A Improves Survival in the Hamster Model of 
Clostridioides difficile Infection. The Journal of infectious diseases 224: 1394-1397. 

240. Johal, S. S., C. P. Lambert, J. Hammond, P. D. James, S. P. Borriello, and Y. R. Mahida. 
2004. Colonic IgA producing cells and macrophages are reduced in recurrent and non-
recurrent Clostridium difficile associated diarrhoea. J Clin Pathol 57: 973-979. 

241. Mulligan, M. E., S. D. Miller, L. V. McFarland, H. C. Fung, and R. Y. Y. Kwok. 1993. 
Elevated Levels of Serum Immunoglobulins in Asymptomatic Carriers of Clostridium 
difficile. Clinical Infectious Diseases 16: S239-S244. 

242. Islam, J., A. L. Taylor, K. Rao, G. Huffnagle, V. B. Young, C. Rajkumar, J. Cohen, P. 
Papatheodorou, D. M. Aronoff, and M. J. Llewelyn. 2014. The role of the humoral immune 
response to Clostridium difficile toxins A and B in susceptibility to C. difficile infection: 
a case-control study. Anaerobe 27: 82-86. 

243. Monaghan, T. M., A. Robins, A. Knox, H. F. Sewell, and Y. R. Mahida. 2013. Circulating 
antibody and memory B-Cell responses to C. difficile toxins A and B in patients with C. 
difficile-associated diarrhoea, inflammatory bowel disease and cystic fibrosis. PLoS One 

8: e74452. 
244. Crotty, S. 2014. T follicular helper cell differentiation, function, and roles in disease. 

Immunity 41: 529-542. 
245. Humphreys, D. P., and M. H. Wilcox. 2014. Antibodies for treatment of Clostridium 

difficile infection. Clin Vaccine Immunol 21: 913-923. 
246. Zhu, J., and W. E. Paul. 2008. CD4 T cells: fates, functions, and faults. Blood 112: 1557-

1569. 
247. Luckheeram, R. V., R. Zhou, A. D. Verma, and B. Xia. 2012. CD4⁺T cells: differentiation 

and functions. Clin Dev Immunol 2012: 925135. 
248. DuPage, M., and J. A. Bluestone. 2016. Harnessing the plasticity of CD4+ T cells to treat 

immune-mediated disease. Nature Reviews Immunology 16: 149-163. 
249. Zhou, L., M. M. W. Chong, and D. R. Littman. 2009. Plasticity of CD4+ T Cell Lineage 

Differentiation. Immunity 30: 646-655. 
250. Brucklacher-Waldert, V., E. J. Carr, M. A. Linterman, and M. Veldhoen. 2014. Cellular 

Plasticity of CD4+ T Cells in the Intestine. Frontiers in immunology 5. 
251. Yacyshyn, M. B., T. N. Reddy, L. R. Plageman, J. Wu, A. R. Hollar, and B. R. Yacyshyn. 

2014. Clostridium difficile recurrence is characterized by pro-inflammatory peripheral 
blood mononuclear cell (PBMC) phenotype. Journal of medical microbiology 63: 1260-
1273. 

252. Kitchin, N., S. A. Remich, J. Peterson, Y. Peng, W. C. Gruber, K. U. Jansen, M. W. Pride, 
A. S. Anderson, C. Knirsch, and C. Webber. 2020. A Phase 2 Study Evaluating the Safety, 



80 

 

Tolerability, and Immunogenicity of Two 3-Dose Regimens of a Clostridium difficile 
Vaccine in Healthy US Adults Aged 65 to 85 Years. Clinical infectious diseases : an 

official publication of the Infectious Diseases Society of America 70: 1-10. 
253. NLM Identifier: NCT03090191. Clostridium Difficile Vaccine Efficacy Trial (Clover). 
254. Sheldon, E., N. Kitchin, Y. Peng, J. Eiden, W. Gruber, E. Johnson, K. U. Jansen, M. W. 

Pride, and L. Pedneault. 2016. A phase 1, placebo-controlled, randomized study of the 
safety, tolerability, and immunogenicity of a Clostridium difficile vaccine administered 
with or without aluminum hydroxide in healthy adults. Vaccine 34: 2082-2091. 

255. de Bruyn, G., D. L. Gordon, T. Steiner, P. Tambyah, C. Cosgrove, M. Martens, E. Bassily, 
E.-S. Chan, D. Patel, J. Chen, J. Torre-Cisneros, C. Fernando De Magalhães Francesconi, 
R. Gesser, R. Jeanfreau, O. Launay, T. Laot, R. Morfin-Otero, E. Oviedo-Orta, Y. S. Park, 
F. M. Piazza, C. Rehm, E. Rivas, S. Self, and S. Gurunathan. 2021. Safety, 
immunogenicity, and efficacy of a Clostridioides difficile toxoid vaccine candidate: a 
phase 3 multicentre, observer-blind, randomised, controlled trial. The Lancet Infectious 

Diseases 21: 252-262. 
256. Anosova, N. G., A. M. Brown, L. Li, N. Liu, L. E. Cole, J. Zhang, H. Mehta, and H. 

Kleanthous. 2013. Systemic antibody responses induced by a two-component Clostridium 
difficile toxoid vaccine protect against C. difficile-associated disease in hamsters. Journal 

of medical microbiology 62: 1394-1404. 
257. Bezay, N., A. Ayad, K. Dubischar, C. Firbas, R. Hochreiter, S. Kiermayr, I. Kiss, F. Pinl, 

B. Jilma, and K. Westritschnig. 2016. Safety, immunogenicity and dose response of 
VLA84, a new vaccine candidate against Clostridium difficile, in healthy volunteers. 
Vaccine 34: 2585-2592. 

258. Bézay, N., A. Ayad, K. Dubischar, C. Firbas, R. Hochreiter, S. Kiermayr, I. Kiss, F. Pinl, 
B. Jilma, and K. Westritschnig. 2016. Safety, immunogenicity and dose response of 
VLA84, a new vaccine candidate against Clostridium difficile, in healthy volunteers. 
Vaccine 34: 2585-2592. 

259. NLM Identifier: NCT02316470. Dose-Confirmation, Immunogenicity and Safety Study of 
the Clostridium Difficile Vaccine Candidate VLA84 in Healthy Adults Aged 50 Years and 
Older. Phase II Study. 

260. Bradshaw, W. J., J.-F. Bruxelle, A. Kovacs-Simon, N. J. Harmer, C. Janoir, S. Péchiné, K. 
R. Acharya, and S. L. Michell. 2019. Molecular features of lipoprotein CD0873: A 
potential vaccine against the human pathogen <em>Clostridioides difficile</em>. Journal 

of Biological Chemistry 294: 15850-15861. 
261. Karyal, C., J. Hughes, M. L. Kelly, J. C. Luckett, P. V. Kaye, A. Cockayne, N. P. Minton, 

and R. Griffin. 2021. Colonisation Factor CD0873, an Attractive Oral Vaccine Candidate 
against Clostridioides difficile. Microorganisms 9. 

262. Wang, Y., S. Wang, L. Bouillaut, C. Li, Z. Duan, K. Zhang, X. Ju, S. Tzipori, A. L. 
Sonenshein, and X. Sun. 2018. Oral Immunization with Nontoxigenic Clostridium difficile 
Strains Expressing Chimeric Fragments of TcdA and TcdB Elicits Protective Immunity 
against C. difficile Infection in Both Mice and Hamsters. Infection and immunity 86: 
e00489-00418. 

263. Natarajan, M., S. T. Walk, V. B. Young, and D. M. Aronoff. 2013. A clinical and 
epidemiological review of non-toxigenic Clostridium difficile. Anaerobe 22: 1-5. 



81 

 

264. Wang, S., D. Zhu, X. Sun, and J. R. Kaspar. Development of an Effective Nontoxigenic 
Clostridioides difficile Based Oral Vaccine against C. difficile Infection. Microbiology 

spectrum 0: e00263-00222. 
265. Andino, A., and I. Hanning. 2015. Salmonella enterica: survival, colonization, and 

virulence differences among serovars. ScientificWorldJournal 2015: 520179. 
266. Jones, B. D., and S. Falkow. 1996. SALMONELLOSIS: Host Immune Responses and 

Bacterial Virulence Determinants1. Annual Review of Immunology 14: 533-561. 
267. Medicine, C. f. V. n. d. Get the facts about Salmonella. U.S. Food and Drug 

Administration. 
268. Fàbrega, A., and J. Vila. 2013. Salmonella enterica serovar Typhimurium skills to succeed 

in the host: virulence and regulation. Clin Microbiol Rev 26: 308-341. 
269. Toso, J. F., V. J. Gill, P. Hwu, F. M. Marincola, N. P. Restifo, D. J. Schwartzentruber, R. 

M. Sherry, S. L. Topalian, J. C. Yang, F. Stock, L. J. Freezer, K. E. Morton, C. Seipp, L. 
Haworth, S. Mavroukakis, D. White, S. MacDonald, J. Mao, M. Sznol, and S. A. 
Rosenberg. 2002. Phase I study of the intravenous administration of attenuated Salmonella 
typhimurium to patients with metastatic melanoma. J Clin Oncol 20: 142-152. 

270. Stokes, M. G. M., R. W. Titball, B. N. Neeson, J. E. Galen, N. J. Walker, A. J. Stagg, D. 
C. Jenner, J. E. Thwaite, J. P. Nataro, L. W. J. Baillie, and H. S. Atkins. 2007. Oral 
Administration of a Salmonella enterica-Based Vaccine Expressing Bacillus anthracis 
Protective Antigen Confers Protection against Aerosolized B. anthracis. Infection and 

immunity 75: 1827. 
271. César Gonzalez, B., M. Ericka Pompa, Q. o. Alberto Diaz, and Y. Sara Huerta. 2012. 

Salmonella as Live Carrier of Antigens in Vaccine Development. IntechOpen. 
272. Ascón, M. A., D. M. Hone, N. Walters, and D. W. Pascual. 1998. Oral Immunization with 

a Salmonella typhimurium Vaccine Vector Expressing Recombinant Enterotoxigenic 
Escherichia coli K99 Fimbriae Elicits Elevated Antibody Titers for Protective Immunity. 
Infection and immunity 66: 5470. 

273. Wang, S., Y. Wang, Y. Cai, C. P. Kelly, and X. Sun. 2018. Novel Chimeric Protein 
Vaccines Against Clostridium difficile Infection. Frontiers in immunology 9: 2440. 

274. Jarchum, I., M. Liu, L. Lipuma, and E. G. Pamer. 2011. Toll-Like Receptor 5 Stimulation 
Protects Mice from Acute Clostridium difficile Colitis. Infection and immunity 79: 1498. 

275. Roland, K. L., and K. E. Brenneman. 2013. Salmonella as a vaccine delivery vehicle. 
Expert Rev Vaccines 12: 1033-1045. 

276. Jepson, M. A., and M. A. Clark. 2001. The role of M cells in Salmonella infection. 
Microbes and Infection 3: 1183-1190. 

277. Penha Filho, R. A. C., B. S. Moura, A. M. de Almeida, H. J. Montassier, P. A. Barrow, and 
A. Berchieri Junior. 2012. Humoral and cellular immune response generated by different 
vaccine programs before and after Salmonella Enteritidis challenge in chickens. Vaccine 

30: 7637-7643. 
278. Hassan, A. S., N. H. Zelt, D. J. Perera, M. Ndao, and B. J. Ward. 2019. Vaccination against 

the digestive enzyme Cathepsin B using a YS1646 Salmonella enterica Typhimurium 
vector provides almost complete protection against Schistosoma mansoni challenge in a 
mouse model. PLOS Neglected Tropical Diseases 13: e0007490. 

279. Chen, G., Y. Dai, J. Chen, X. Wang, B. Tang, Y. Zhu, and Z. Hua. 2011. Oral Delivery of 
the Sj23LHD-GST Antigen by Salmonella typhimurium Type III Secretion System 



82 

 

Protects against Schistosoma japonicum Infection in Mice. PLOS Neglected Tropical 

Diseases 5: e1313. 
280. Warren, C. A., E. van Opstal, T. E. Ballard, A. Kennedy, X. Wang, M. Riggins, I. 

Olekhnovich, M. Warthan, G. L. Kolling, R. L. Guerrant, T. L. Macdonald, and P. S. 
Hoffman. 2012. Amixicile, a novel inhibitor of pyruvate: ferredoxin oxidoreductase, shows 
efficacy against Clostridium difficile in a mouse infection model. Antimicrob Agents 

Chemother 56: 4103-4111. 
281. Edwards, A. N., J. M. Suárez, and S. M. McBride. 2013. Culturing and maintaining 

Clostridium difficile in an anaerobic environment. J Vis Exp: e50787-e50787. 
282. Wren, M. 2010. Clostridium difficile Isolation and Culture Techniques. In Clostridium 

difficile: Methods and Protocols. P. Mullany, and A. P. Roberts, eds. Humana Press, 
Totowa, NJ. 39-52. 

283. Sorg, J. A., and S. S. Dineen. 2009. Laboratory Maintenance of Clostridium difficile. 
Current Protocols in Microbiology 12: 9A.1.1-9A.1.10. 

284. Beal, J., N. G. Farny, T. Haddock-Angelli, V. Selvarajah, G. S. Baldwin, R. Buckley-
Taylor, M. Gershater, D. Kiga, J. Marken, V. Sanchania, A. Sison, C. T. Workman, M. 
Pehlivan, B. B. Roige, T. Aarnio, S. Kivisto, J. Koski, L. Lehtonen, D. Pezzutto, P. 
Rautanen, W. Bian, Z. Hu, Z. Liu, Z. Liu, L. Ma, L. Pan, Z. Qin, H. Wang, X. Wang, H. 
Xu, X. Xu, Y. El Moubayed, S. Dong, C. Fang, H. He, H. He, F. Huang, R. Shi, C. Tang, 
C. Tang, S. Xu, C. Yan, N. Bartzoka, E. Kanata, M. Kapsokefalou, X.-L. Katopodi, E. 
Kostadima, I. V. Kostopoulos, S. Kotzastratis, A. E. Koutelidakis, V. Krokos, M. Litsa, I. 
Ntekas, P. Spatharas, O. E. Tsitsilonis, A. Zerva, V. Annem, E. Cone, N. Elias, S. Gupta, 
K. Lam, A. Tutuianu, D. M. Mishler, B. Toro, A. Akinfenwa, F. Burns, H. Herbert, M. 
Jones, S. Laun, S. Morrison, Z. Smith, Z. Peng, Z. Ziwei, R. Deng, Y. Huang, T. Li, Y. 
Ma, Z. Shen, C. Wang, Y. Wang, T. Zhao, Y. Lang, Y. Liang, X. Wang, Y. Wu, D. Aizik, 
S. Angel, E. Farhi, N. Keidar, E. Oser, M. Pasi, J. Kalinowski, M. Otto, J. Ruhnau, H. 
Cubukcu, M. A. Hoskan, I. Senyuz, J. Chi, A. P. Sauter, M. F. Simona, S. Byun, S. Cho, 
G. Kim, Y. Lee, S. Lim, H. Yang, T. Xin, Z. Yaxi, P. Zhao, W. Han, F. He, Y. He, N. Li, 
X. Luo, C. Boxuan, H. Jiaqi, Y. Liangjian, L. Wanji, C. Xinguang, L. Xinyu, Z. Wu, Y. 
Xi, X. Yang, Y. Yang, Z. Yang, Y. Zhang, Y. Zhou, Y. Peng, L. Yadi, S. Yang, J. Yuanxu, 
K. Zhang, D. Abraham, T. Heger, C. Leach, K. Lorch, L. Luo, A. Gaudi, A. Ho, M. Huang, 
C. Kim, L. Kugathasan, K. Lam, C. Pan, A. Qi, C. Yan, K. Schaaf, C. Sillner, R. Coates, 
H. Elliott, E. Heath, E. McShane, G. Parry, A. Tariq, S. Thomas, C.-W. Chen, Y.-H. Cheng, 
C.-W. Hsu, C.-H. Liao, W.-T. Liu, Y.-C. Tang, Y.-H. Tang, Z. E. Yang, L. Jian, C. Li, C. 
Lin, G. Ran, Z. Run, W. Ting, Z. Yong, L. Yu, A. C. Lind, A. Norberg, A. Olmin, J. Sjolin, 
A. Torell, C. Trivellin, F. Zorrilla, P. G. d. Vries, H. Cheng, J. Peng, Z. Xiong, D. 
Altarawneh, S. S. Amir, S. Hassan, A. Vincent, B. Costa, I. Gallegos, M. Hale, M. Sonnier, 
K. Whalen, M. Elikan, S. Kim, J. You, R. Rambhatla, A. Viswanathan, H. Tian, H. Xu, W. 
Zhang, S. Zhou, L. Jiamiao, X. Jiaqi, D. Craw, M. Goetz, N. Rettedal, H. Yarbrough, C. 
Ahlgren, B. Guadagnino, J. Guenther, J. Huynh, Z. He, H. Liu, Y. Liu, M. Qu, L. Song, C. 
Yang, J. Yang, X. Yin, Y. Zhang, J. Zhou, L. Zi, Z. Jinyu, X. Kang, P. Xilei, H. Xue, S. 
Xun, P. Babu, A. Dogra, P. Thokachichu, D. Faurdal, J. H. Jensen, J. Mejlsted, L. Nielsen, 
T. Rasmussen, J. Denter, K. Husnatter, Y. Longo, J. C. Luzuriaga, E. Moncayo, N. T. 
Moreira, J. Tapia, T. Dingyue, Z. Jingjing, X. Wenhao, T. Xinyu, H. Xiujing, J. DeKloe, 
B. Astles, U. Baronaite, I. Grazulyte, G. E. M. I. S. C. i, Aachen, H. Aalto, Ahut_China, 
M. Aix, A. China, Athens, Austin_Lasa, Austin_Utexas, Baltimore_BioCrew, Bcu, B. 



83 

 

China, B. Global, Bgu_Israel, C. Bielefeld, U. Bilkent, I. Q. S. B. Bio, BioMarvel, Bit, B. 
I. T. China, Bjrs_China, Bnds_China, B. N. U. China, B. Vienna, BostonU, 
British_Columbia, Calgary, Cardiff_Wales, Ccu_Taiwan, C. Cdhsu, G. Chalmers, B. J. 
Ciei, Cmuq, Co_Mines, ColumbiaNyc, Cornell, Cpu_China, Csu_China, 
Csu_Fort_Collins, M. Delgado Ivy, Dlut_China, Dlut_China_B, Dnhs_SanDiego, D. T. U. 
Denmark, Duesseldorf, Ecuador, Ecust, Edinburgh_Og, Edinburgh_Ug, and Emory. 2020. 
Robust estimation of bacterial cell count from optical density. Communications Biology 3: 
512. 

285. Chan, E. C. S., M. J. Pelczar, and N. R. Krieg. 1993. Laboratory exercises in microbiology. 
McGraw-Hill, New York. 

286. Hong, H. A., K. Hitri, S. Hosseini, N. Kotowicz, D. Bryan, F. Mawas, A. J. Wilkinson, A. 
Van Broekhoven, J. Kearsey, and S. M. Cutting. 2017. Mucosal Antibodies to the C 
Terminus of Toxin A Prevent Colonization of Clostridium difficile. Infection and immunity 

85: IAI.01060-01016. 
287. Giannasca, P. J., Z.-X. Zhang, W.-D. Lei, J. A. Boden, M. A. Giel, T. P. Monath, and W. 

D. Thomas. 1999. Serum Antitoxin Antibodies Mediate Systemic and Mucosal Protection 
from Clostridium difficile Disease in Hamsters. Infection and immunity 67: 527-538. 

288. Emerson, J. E., R. A. Stabler, B. W. Wren, and N. F. Fairweather. 2008. Microarray 
analysis of the transcriptional responses of Clostridium difficile to environmental and 
antibiotic stress. Journal of medical microbiology 57: 757-764. 

289. Weiss, A., C. A. Lopez, W. N. Beavers, J. Rodriguez, and E. P. Skaar. 2021. Clostridioides 
difficile strain-dependent and strain-independent adaptations to a microaerobic 
environment. Microb Genom 7. 

290. Shida, T., K. Komagata, and K. Mitsugi. 1975. Reduction of Lag Time in Bacterial Growth 
1. Effect of Inoculum Size and Nutrients. Journal of General and Applied Microbiology: 
75-86. 

291. Rymovicz, A. U., R. D. Souza, L. C. Gursky, R. T. Rosa, P. C. Trevilatto, F. C. Groppo, 
and E. A. Rosa. 2011. Screening of reducing agents for anaerobic growth of Candida 
albicans SC5314. J Microbiol Methods 84: 461-466. 

292. Connor, M. C., J. W. McGrath, G. McMullan, N. Marks, and D. J. Fairley. 2018. 
Development of an optimized broth enrichment culture medium for the isolation of 
Clostridium difficile. Anaerobe 54: 92-99. 

293. Buffie Charlie, G., I. Jarchum, M. Equinda, L. Lipuma, A. Gobourne, A. Viale, C. Ubeda, 
J. Xavier, and G. Pamer Eric. 2012. Profound Alterations of Intestinal Microbiota 
following a Single Dose of Clindamycin Results in Sustained Susceptibility to Clostridium 
difficile-Induced Colitis. Infection and immunity 80: 62-73. 

294. Orozco-Aguilar, J., A. Alfaro-Alarcón, L. Acuña-Amador, E. Chaves-Olarte, C. 
Rodríguez, and C. Quesada-Gómez. 2020. In vivo animal models confirm an increased 
virulence potential and pathogenicity of the NAP1/RT027/ST01 genotype within the 
Clostridium difficile MLST Clade 2. Gut pathogens 12: 45. 

295. Hussack, G., M. Arbabi-Ghahroudi, H. van Faassen, J. G. Songer, K. K. S. Ng, R. 
MacKenzie, and J. Tanha. 2011. Neutralization of Clostridium difficile Toxin A with 
Single-domain Antibodies Targeting the Cell Receptor Binding Domain*. Journal of 

Biological Chemistry 286: 8961-8976. 



84 

 

296. Zhang, B.-Z., J. Cai, B. Yu, Y. Hua, C. C. Lau, R. Y.-T. T. Kao, K.-H. Sze, K.-Y. Yuen, 
and J.-D. Huang. 2016. A DNA vaccine targeting TcdA and TcdB induces protective 
immunity against Clostridium difficile. BMC infectious diseases 16. 

297. Leuzzi, R., J. Spencer, A. Buckley, C. Brettoni, M. Martinelli, L. Tulli, S. Marchi, E. Luzzi, 
J. Irvine, D. Candlish, D. Veggi, W. Pansegrau, L. Fiaschi, S. Savino, E. Swennen, O. 
Cakici, E. Oviedo-Orta, M. Giraldi, B. Baudner, N. D'Urzo, D. Maione, M. Soriani, R. 
Rappuoli, M. Pizza, G. R. Douce, and M. Scarselli. 2013. Protective efficacy induced by 
recombinant Clostridium difficile toxin fragments. Infection and immunity 81: 2851-2860. 

298. Jin, K., S. Wang, C. Zhang, Y. Xiao, S. Lu, and Z. Huang. 2013. Protective antibody 
responses against Clostridium difficile elicited by a DNA vaccine expressing the enzymatic 
domain of toxin B. Human vaccines & immunotherapeutics 9: 63-73. 

299. Yang, Z., D. Schmidt, W. Liu, S. Li, L. Shi, J. Sheng, K. Chen, H. Yu, J. M. Tremblay, X. 
Chen, K. H. Piepenbrink, E. J. Sundberg, C. P. Kelly, G. Bai, C. B. Shoemaker, and H. 
Feng. 2014. A Novel Multivalent, Single-Domain Antibody Targeting TcdA and TcdB 
Prevents Fulminant Clostridium difficile Infection in Mice. The Journal of infectious 

diseases 210: 964-972. 
300. Palgen, J.-L., Y. Feraoun, G. Dzangué-Tchoupou, C. Joly, F. Martinon, R. L. Grand, and 

A.-S. Beignon. 2021. Optimize Prime/Boost Vaccine Strategies: Trained Immunity as a 
New Player in the Game. Frontiers in immunology 12: 612747. 

301. Li, Z., K. Lee, U. Rajyaguru, C. H. Jones, S. Janezic, M. Rupnik, A. S. Anderson, and P. 
Liberator. 2020. Ribotype Classification of Clostridioides difficile Isolates Is Not 
Predictive of the Amino Acid Sequence Diversity of the Toxin Virulence Factors TcdA 
and TcdB. Frontiers in microbiology 11. 

302. Cuccuru, M. A., D. Dessì, P. Rappelli, and P. L. Fiori. 2012. A simple, rapid and 
inexpensive technique to bind small peptides to polystyrene surfaces for immunoenzymatic 
assays. Journal of immunological methods 382: 216-219. 

303. Bernstein, D. I., R. D. Cardin, F. J. Bravo, S. Awasthi, P. Lu, D. A. Pullum, D. A. Dixon, 
A. Iwasaki, and H. M. Friedman. 2019. Successful application of prime and pull strategy 
for a therapeutic HSV vaccine. npj Vaccines 4: 33. 

304. Tregoning, J. S., V. Buffa, A. Oszmiana, K. Klein, A. A. Walters, and R. J. Shattock. 2013. 
A "prime-pull" vaccine strategy has a modest effect on local and systemic antibody 
responses to HIV gp140 in mice. PLoS One 8: e80559. 

305. Lapuente, D., J. Fuchs, J. Willar, A. Vieira Antão, V. Eberlein, N. Uhlig, L. Issmail, A. 
Schmidt, F. Oltmanns, A. S. Peter, S. Mueller-Schmucker, P. Irrgang, K. Fraedrich, A. 
Cara, M. Hoffmann, S. Pöhlmann, A. Ensser, C. Pertl, T. Willert, C. Thirion, T. Grunwald, 
K. Überla, and M. Tenbusch. 2021. Protective mucosal immunity against SARS-CoV-2 
after heterologous systemic prime-mucosal boost immunization. Nature Communications 

12: 6871. 
306. He, Q., L. Jiang, K. Cao, L. Zhang, X. Xie, S. Zhang, X. Ding, Y. He, M. Zhang, T. Qiu, 

X. Jin, C. Zhao, X. Zhang, and J. Xu. 2020. A Systemic Prime-Intrarectal Pull Strategy 
Raises Rectum-Resident CD8+ T Cells for Effective Protection in a Murine Model of LM-
OVA Infection. Frontiers in immunology 11: 571248. 

307. Qiu, H., R. Cassan, D. Johnstone, X. Han, A. G. Joyee, M. McQuoid, A. Masi, J. Merluza, 
B. Hrehorak, R. Reid, K. Kennedy, B. Tighe, C. Rak, M. Leonhardt, B. Dupas, L. Saward, 
J. D. Berry, and C. L. Nykiforuk. 2016. Novel Clostridium difficile Anti-Toxin (TcdA and 
TcdB) Humanized Monoclonal Antibodies Demonstrate In Vitro Neutralization across a 



85 

 

Broad Spectrum of Clinical Strains and In Vivo Potency in a Hamster Spore Challenge 
Model. PLoS One 11: e0157970. 

308. Giancola, S. E., R. J. Williams, 2nd, and C. A. Gentry. 2018. Prevalence of the Clostridium 
difficile BI/NAP1/027 strain across the United States Veterans Health Administration. 
Clinical microbiology and infection : the official publication of the European Society of 

Clinical Microbiology and Infectious Diseases 24: 877-881. 
309. Quesada-Gómez, C., D. López-Ureña, L. Acuña-Amador, M. Villalobos-Zúñiga, T. Du, R. 

Freire, C. Guzmán-Verri, M. del Mar Gamboa-Coronado, T. D. Lawley, E. Moreno, M. R. 
Mulvey, G. A. de Castro Brito, E. Rodríguez-Cavallini, C. Rodríguez, and E. Chaves-
Olarte. 2015. Emergence of an outbreak-associated Clostridium difficile variant with 
increased virulence. J Clin Microbiol 53: 1216-1226. 

310. Shaw, H. A., M. D. Preston, K. E. W. Vendrik, M. D. Cairns, H. P. Browne, R. A. Stabler, 
M. J. T. Crobach, J. Corver, H. Pituch, A. Ingebretsen, M. Pirmohamed, A. Faulds-Pain, 
E. Valiente, T. D. Lawley, N. F. Fairweather, E. J. Kuijper, and B. W. Wren. 2020. The 
recent emergence of a highly related virulent Clostridium difficile clade with unique 
characteristics. Clinical Microbiology and Infection 26: 492-498. 

311. Lakhashe, S. K., S. N. Byrareddy, M. Zhou, B. C. Bachler, G. Hemashettar, S. L. Hu, F. 
Villinger, J. G. Else, S. Stock, S. J. Lee, D. A. Vargas-Inchaustegui, E. B. Cofano, M. 
Robert-Guroff, W. E. Johnson, V. R. Polonis, D. N. Forthal, E. P. Loret, R. A. Rasmussen, 
and R. M. Ruprecht. 2014. Multimodality vaccination against clade C SHIV: partial 
protection against mucosal challenges with a heterologous tier 2 virus. Vaccine 32: 6527-
6536. 

312. Kudo-Saito, C., J. Schlom, K. Camphausen, C. N. Coleman, and J. W. Hodge. 2005. The 
requirement of multimodal therapy (vaccine, local tumor radiation, and reduction of 
suppressor cells) to eliminate established tumors. Clin Cancer Res 11: 4533-4544. 

313. Lavelle, E. C., and R. W. Ward. 2022. Mucosal vaccines — fortifying the frontiers. Nature 

Reviews Immunology 22: 236-250. 
314. Nelson, J. C., R. C. Bittner, L. Bounds, S. Zhao, J. Baggs, J. G. Donahue, S. J. Hambidge, 

S. J. Jacobsen, N. P. Klein, A. L. Naleway, K. M. Zangwill, and L. A. Jackson. 2009. 
Compliance with multiple-dose vaccine schedules among older children, adolescents, and 
adults: results from a vaccine safety datalink study. Am J Public Health 99 Suppl 2: S389-
397. 

315. Chaudhuri, D., A. Roy Chowdhury, B. Biswas, and D. Chakravortty. 2018. Salmonella 
Typhimurium Infection Leads to Colonization of the Mouse Brain and Is Not Completely 
Cured With Antibiotics. Frontiers in microbiology 9. 

316. Karsten, V., S. R. Murray, J. Pike, K. Troy, M. Ittensohn, M. Kondradzhyan, K. B. Low, 
and D. Bermudes. 2009. msbB deletion confers acute sensitivity to CO2 in Salmonella 
enterica serovar Typhimurium that can be suppressed by a loss-of-function mutation in 
zwf. BMC Microbiology 9: 170. 

317. Wang, S., R. R. Rustandi, C. Lancaster, L. G. Hong, D. S. Thiriot, J. Xie, S. Secore, A. 
Kristopeit, S. C. Wang, and J. H. Heinrichs. 2016. Toxicity assessment of Clostridium 
difficile toxins in rodent models and protection of vaccination. Vaccine 34: 1319-1323. 

318. Riegler, M., R. Sedivy, C. Pothoulakis, G. Hamilton, J. Zacherl, G. Bischof, E. Cosentini, 
W. Feil, R. Schiessel, and J. T. LaMont. 1995. Clostridium difficile toxin B is more potent 
than toxin A in damaging human colonic epithelium in vitro. The Journal of clinical 

investigation 95: 2004-2011. 



86 

 

319. Peng, Z., A. Addisu, S. Alrabaa, and X. Sun. 2017. Antibiotic Resistance and Toxin 
Production of Clostridium difficile Isolates from the Hospitalized Patients in a Large 
Hospital in Florida. Frontiers in microbiology 8: 2584. 

320. Giacobbe, D. R., S. Dettori, S. Di Bella, A. Vena, G. Granata, R. Luzzati, N. Petrosillo, 
and M. Bassetti. 2020. Bezlotoxumab for Preventing Recurrent Clostridioides difficile 
Infection: A Narrative Review from Pathophysiology to Clinical Studies. Infect Dis Ther 

9: 481-494. 
321. Hutton, M. L., K. E. Mackin, A. Chakravorty, and D. Lyras. 2014. Small animal models 

for the study of Clostridium difficile disease pathogenesis. FEMS Microbiology Letters 

352: 140-149. 
322. Gould, L. H., and B. Limbago. 2010. Clostridium difficile in Food and Domestic Animals: 

A New Foodborne Pathogen? Clinical Infectious Diseases 51: 577-582. 
323. Grześkowiak, Ł., J. Zentek, and W. Vahjen. 2016. Determination of the extent of 

Clostridium difficile colonisation and toxin accumulation in sows and neonatal piglets. 
Anaerobe 40: 5-9. 

324. Steele, J., H. Feng, N. Parry, and S. Tzipori. 2010. Piglet models of acute or chronic 
Clostridium difficile illness. The Journal of infectious diseases 201: 428-434. 

325. Kuehne, S. A., M. M. Collery, M. L. Kelly, S. T. Cartman, A. Cockayne, and N. P. Minton. 
2014. Importance of Toxin A, Toxin B, and CDT in Virulence of an Epidemic Clostridium 
difficile Strain. The Journal of infectious diseases 209: 83-86. 

326. Kuehne, S. A., S. T. Cartman, J. T. Heap, M. L. Kelly, A. Cockayne, and N. P. Minton. 
2010. The role of toxin A and toxin B in Clostridium difficile infection. Nature 467: 711-
713. 

327. Lyerly, D. M., H. C. Krivan, and T. D. Wilkins. 1988. Clostridium difficile: its disease and 
toxins. Clin Microbiol Rev 1: 1-18. 

328. Lyras, D., J. R. O’Connor, P. M. Howarth, S. P. Sambol, G. P. Carter, T. Phumoonna, R. 
Poon, V. Adams, G. Vedantam, S. Johnson, D. N. Gerding, and J. I. Rood. 2009. Toxin B 
is essential for virulence of Clostridium difficile. Nature 458: 1176-1179. 

329. Di Bella, S., P. Ascenzi, S. Siarakas, N. Petrosillo, and A. di Masi. 2016. Clostridium 
difficile Toxins A and B: Insights into Pathogenic Properties and Extraintestinal Effects. 
Toxins 8. 

330. Brinks, V., W. Jiskoot, and H. Schellekens. 2011. Immunogenicity of therapeutic proteins: 
the use of animal models. Pharm Res 28: 2379-2385. 

331. Cohen, S., and S. Chung. 2021. In vitro immunogenicity prediction: bridging between 
innate and adaptive immunity. Bioanalysis 13: 1071-1081. 

332. Vandebriel, R., and M. M. N. Hoefnagel. 2012. Dendritic cell-based in vitro assays for 
vaccine immunogenicity. Human vaccines & immunotherapeutics 8: 1323-1325. 

333. Ticha, O., D. Klemm, L. Moos, and I. Bekeredjian-Ding. 2021. A cell-based in vitro assay 
for testing of immunological integrity of Tetanus toxoid vaccine antigen. npj Vaccines 6: 
88. 

334. Mukherjee, P., S. Roy, D. Ghosh, and S. K. Nandi. 2022. Role of animal models in 
biomedical research: a review. Lab Anim Res 38: 18. 

335. Goorhuis, A., D. Bakker, J. Corver, S. B. Debast, C. Harmanus, D. W. Notermans, A. A. 
Bergwerff, F. W. Dekker, and E. J. Kuijper. 2008. Emergence of Clostridium difficile 
Infection Due to a New Hypervirulent Strain, Polymerase Chain Reaction Ribotype 078. 
Clinical Infectious Diseases 47: 1162-1170. 



87 

 

336. Gaebler, C., Z. Wang, J. C. C. Lorenzi, F. Muecksch, S. Finkin, M. Tokuyama, A. Cho, M. 
Jankovic, D. Schaefer-Babajew, T. Y. Oliveira, M. Cipolla, C. Viant, C. O. Barnes, Y. 
Bram, G. Breton, T. Hägglöf, P. Mendoza, A. Hurley, M. Turroja, K. Gordon, K. G. 
Millard, V. Ramos, F. Schmidt, Y. Weisblum, D. Jha, M. Tankelevich, G. Martinez-
Delgado, J. Yee, R. Patel, J. Dizon, C. Unson-O’Brien, I. Shimeliovich, D. F. Robbiani, Z. 
Zhao, A. Gazumyan, R. E. Schwartz, T. Hatziioannou, P. J. Bjorkman, S. Mehandru, P. D. 
Bieniasz, M. Caskey, and M. C. Nussenzweig. 2021. Evolution of antibody immunity to 
SARS-CoV-2. Nature 591: 639-644. 

337. Mantis, N. J., N. Rol, and B. Corthésy. 2011. Secretory IgA's complex roles in immunity 
and mucosal homeostasis in the gut. Mucosal Immunology 4: 603-611. 

338. Brandtzaeg, P. 2013. Secretory IgA: Designed for Anti-Microbial Defense. Frontiers in 

immunology 4. 
339. McKinnon, K. M. 2018. Flow Cytometry: An Overview. Curr Protoc Immunol 120: 5.1.1-

5.1.11. 
340. Amadou Amani, S., T. Shadid, J. D. Ballard, and M. L. Lang. 2020. Clostridioides difficile 

Infection Induces an Inferior IgG Response to That Induced by Immunization and Is 
Associated with a Lack of T Follicular Helper Cell and Memory B Cell Expansion. 
Infection and immunity 88. 

341. Saleh, M. M., A. L. Frisbee, J. L. Leslie, E. L. Buonomo, C. A. Cowardin, J. Z. Ma, M. E. 
Simpson, K. W. Scully, M. M. Abhyankar, and W. A. Petri, Jr. 2019. Colitis-Induced Th17 
Cells Increase the Risk for Severe Subsequent Clostridium difficile Infection. Cell host & 

microbe 25: 756-765.e755. 
342. McKinnon, K. M. 2018. Flow Cytometry: An Overview. Curr Protoc Immunol 120: 5 1 1-

5 1 11. 
343. Szabo, S. J., B. M. Sullivan, C. Stemmann, A. R. Satoskar, B. P. Sleckman, and L. H. 

Glimcher. 2002. Distinct effects of T-bet in TH1 lineage commitment and IFN-gamma 
production in CD4 and CD8 T cells. Science 295: 338-342. 

344. Covarrubias, C. E., T. A. Rivera, C. A. Soto, T. Deeks, and A. M. Kalergis. 2022. Current 
GMP standards for the production of vaccines and antibodies: An overview. Frontiers in 

Public Health 10. 
345. Redondo-Salvo, S., R. Fernández-López, R. Ruiz, L. Vielva, M. de Toro, E. P. C. Rocha, 

M. P. Garcillán-Barcia, and F. de la Cruz. 2020. Pathways for horizontal gene transfer in 
bacteria revealed by a global map of their plasmids. Nature Communications 11: 3602. 

 


