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Abstract

The Gram-positive anaerobic bacterium Clostridium difficile produces toxins A and B, which can 

cause a spectrum of diseases from pseudomembranous colitis to C. difficile-associated diarrhea. A 

limited number of C. difficile strains also produce a binary toxin that exhibits ADP 

ribosyltransferase activity. Here, the structure and the mechanism of action of these toxins as well 

as their role in disease are reviewed. Nosocomial C. difficile infection is often contracted in 

hospital when patients treated with antibiotics suffer a disturbance in normal gut microflora. C. 

difficile spores can persist on dry, inanimate surface for months. Metronidazole and oral 

vancomycin are clinically used for treatment of C. difficile infection but clinical failure and 

concern about promotion of resistance are motivating the search for novel non-antibiotic 

therapeutics. Methods for controlling both toxins and spores, replacing gut microflora by 

probiotics or fecal transplant, and killing bacteria in the anaerobic gut by photodynamic therapy 

are discussed.
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Clostridium difficile is a Gram-positive, spore-forming and obligate anaerobe 

gastrointestinal (GI) bacterium that can cause a range of diseases like antibiotic-associated 

diarrhea (AAD), pseudomembranous colitis and toxic megacolon [1–4]. Human C. difficile-

associated diarrhea (CDAD) is responsible for one-fourth of all AAD cases, with 

approximately three million cases per year [5–8]. More than 14,000 people in the USA alone 

are reported to have died of C. difficile in 2012 and treatment costs are estimated to be more 

than US$3 billion according to the Center for Disease Control and Prevention [401].

C. difficile infection (CDI) is an inflammatory condition of the large intestine characterized 

by diarrhea and the appearance of distinct plaques and neutrophil accumulation in the lumen 

of the intestinal lining [9,10]. The bacterium is transmitted by the fecal-oral route and can 

readily colonize people with suppressed microflora as a consequence of antibiotic treatment 

[11,12]. The pathogenesis of C. difficile is based upon the action of at least one of the two 

major toxins, A and B (encoded by TcdA and TcdB), that belong to the family of clostridial 

glucosylating toxins [13–17]. TcdA and TcdB are structurally large (270–308 kDa) single-

subunit polypeptides, which can be divided into four main domains: N-terminal 

glucosyltransferase domain, cysteine protease domain, central translocation domain and C-

terminal receptor-binding domain [17–20].

Anaerobic C. difficile vegetative cells are excreted by the host, but have to be in spore form 

to survive for long periods outside of the host environment [21]. Metabolically, the bacterial 

spore is dormant and highly resistant to many types of environmental insults, but when 

conditions become suitable, the spores germinate and grow out as vegetative cells and 

produce toxins. Spores are extremely resistant to disinfectants and can persist for more than 

12 months in dry, inanimate environments with little loss of viability or pathogenicity [22]. 

Thus, the eradication of spores in the feces of infected patients is very difficult leading to 

infection or re-infection of cohabitating individuals through unintentional ingestion of 

infected materials [23,24]. Spores are also implicated in the 20–25% of CDI cases that 

relapse after antibiotic treatment [25].

Metronidazole and vancomycin are clinically used for treatment of infections by C. difficile. 

Metronidazole is inexpensive and is used for mild and moderate CDI but the number of 

treatment failures with this antibiotic is increasing. Vancomycin causes few side effects, but 

it is costly and there is concern about the increase of clinical failure caused by the 

appearance of resistant strains. Increasing failure and recurrence with these antibiotics has 

led researchers to investigate other antibiotics for treatment of CDI. Rifaximin, tigecycline 

and fidaxomicin are examples of these antibiotics; some of them, like fidaxomicin, are 

already US FDA approved for CDI, while other new antibiotics are now being studied for 

GI infections, especially C. difficile. Nosocomial infections with C. difficile often occur 

during antibiotic therapy that disrupts the normal microflora found in the colon [26]. When 

commonly used antibiotics such as clindamycin and fluoroquinolones are systemically 

administered, the increasing resistance of C. difficile to these antibiotics makes the colon 

vulnerable to colonization by opportunistic pathogens [27].
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C. difficile toxins

Pathogenicity locus

The C. difficile pathogenicity locus (PaLoc) consists of TcdA and TcdB and three additional 

genes, negative (tcdC), positive (tcdD) regulators as well as a holin-like pore-forming 

protein (tcdE) as shown in FIGURE 1 [28–34].

Strains of C. difficile are classified into two main groups: PCR ribotype and toxinotype. The 

first one is for typing the 16S-23S rRNA gene and the second one for identifying the 

restriction pattern of the toxin genes. PCR-RFLP (restriction fragment length 

polymorphism) analysis of the PaLoc has revealed that C. difficile strains consist of 31 

toxinotypes (XXXI) [34,35]. Insertion, deletion and also mutations of each toxinotype have 

been characterized by comparison with the reference strain VPI 10463 (toxinotype 0).

Among all toxinotypes, only toxinotype X (strain 8864) and XI (strain SE923) showed 

significant changes in the PaLoc [35,36]. Strain 8864 has a 1.1 kb insertion and a 5.9 kb 

deletion when PaLoc boundaries are considered. Strain SE923 has a modification in the 5′-

end extension of the toxinotype XI strain group which causes enteritis [30,36,37]. The 

deletion of large region of PaLoc at its 5′-end extension in toxinotype XI has been 

confirmed and is considered as a type of C. difficile reorganized genome within regions 

adjacent to the PaLoc [38].

A deletion in the tcdC locus of the virulent C. difficile strain NAP1/027 may cause high 

TcdA and TcdB production [11]. In fact C. difficile NAP1/BI/027 produces more toxin than 

reference strains and also produces a binary toxin (CDT) that triggers the formation of 

microtubule protrusions on the GI epithelial cells, leading to enhanced colonization of C. 

difficile (see section ‘Hypervirulent C. difficile’). CDT, which is an actin-specific ADP-

ribosyltransferase, has been correlated with elevated resistance to fluoroquinolones due to 

mutations in DNA gyrase genes [39–47].

TcdA & TcdB

TcdA and TcdB, mapping at 19.6 kb of the PaLoc including strains of C. difficile that have 

deletions, insertions or polymorphic restriction sites in one or more of the genes on the 

PaLoc (31 different toxinotypes have been described up to now) [28,34,48]. These toxins 

that are known to exert their cytotoxic activity via a modification of cytoskeletal 

components are large multidomain proteins with high homology to each other [49,50]. Both 

are highly toxic when administered systemically to mice, and can cause disease in patients 

by disruption of the cytoskeleton leading to cytopathic effects in cultured cells within hours 

of intoxication [51–53]. Systemic toxemia may therefore contribute to extraintestinal disease 

complications sometimes associated with severe cases of CDI [54–57].

CDI can begin by the ingestion of vegetative organisms, or spores often in combination with 

antibiotic exposure [1,58,59]. The clinical manifestations are variable, ranging from 

asymptomatic carriage, to mild self-limiting diarrhea and severe pseudo-membranous colitis 

[60–64]. The repeating domains of toxins bind to the related carbohydrate moieties on 

glycoprotein receptor(s) that are present on the surface of mammalian cells. These cell 
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surface interactions cause internalization and interruption of critical cell signaling events. 

One factor which is important in disease manifestation is that the surface layer proteins of C. 

difficile play an important role in bacterial colonization, and that antibodies raised against 

these proteins are partially protective [65,66].

Structure of TcdA & TcdB

Both large toxins A and B are glucosyltransferases and structurally consist of four 

polypeptide domains: the amino-terminal catalytic glucosyltransferase domain which 

possesses full biological activity; the autocatalytic cysteine protease domain that 

autoproteolytically regulates C. difficile glucosylating toxins by releasing a cytotoxic 

effector domain into target cells; the central translocation domain that is characterized by a 

small hydrophobic stretch and is thought to mediate membrane insertion during 

translocation processes; the carboxy-terminal host-cell-binding domain consisting of 

repetitive oligopeptides that are involved in receptor binding [17,30,67–74].

Not only a single polypeptide toxin, TcdB (~270 kDa; protein with 2366 amino acid 

residues), and TcdA genes, but also two regulators TcdC (negative regulator) and TcdR 

(activator factor) along with TcdE (a putative holin) all are part of toxin gene expression in 

the 19.6-kb chromosomal region PaLoc [30,75]. The ability of the toxin cell-wall-binding 

domains (CWB domains) to associate with cells has been implied from known functional 

aspects of related non-toxin protein domains derived from bacteria [76]. At least four 

functional domains contribute to cell entry in TcdB and glucosylation of small-GTPases 

within the cytosol of the cell [65]. FIGURE 2 illustrates the functional domain and the site action 

of each TcdA and TcdB.

Residues 365–516 belong to the substrate recognition sites in the GT domain. Residues 544–

955 are the cysteine protease domain which is necessary for autoproteolytic activity and 

delivery of the enzymatic domain into the cytosol [66,77,78]. Residues between 956 and 

1128 belong to a putative membrane-spanning domain and its effects on toxin activity are 

unknown. The carboxy-terminal region of the toxin is the fourth functional domain that is 

predicted to interact with receptors on target cells [19]. TcdB plays a prominent role in the 

pathogenesis of CDIs but the lack of suitable genetic tools to manipu late C. difficile and 

also the lack of isogenic mutants may hinder the elucidation of the exact mechanisms. 

Although the repeats in TcdA show a low level of sequence similarity, a number of 

fragments containing 5–15 repeats have been shown to form stable folded secondary 

structures [79].

The first 3D structural information of TcdA-f1 which is a fragment of C-terminal 127 

residues of TcdA from C. difficile strain 48489 (toxinotype VI), indicated that this region 

may function as receptor binding. The structure analysis revealed the presence of four copies 

from a short repeat (SR) and one copy from a long repeat (LR). Each SR or LR contains a 

single β-hairpin consisting of a pair of five- to six-residue anti-parallel β-strands as 

illustrated in FIGURE 3.

The beginning and the end of the connecting loop preceding the following β-hairpin has 

been defined to coincide with the boundaries of each SR or LR. Except for the N- and C-
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terminal hairpins, each β-hairpin interacts with both the preceding one and the following 

one. The structure of each β-hairpin depends on the positions of residues at strand 1 and 2 

which form a small hydrophobic cluster leading to consecutive pairs of β-hairpins to bind 

together. The second strand of each SR is followed by a loop of 7–10 residues that in the 

TcdA-f1, three instances of connecting loops found to play a neutral role in the overall 

arrangement of β-hairpins. The structural topographic analysis is valuable in dissecting the 

binding mechanism and explaining how large clostridial cytotoxins bind to cell surfaces. 

The mechanism elucidation will be helpful in developing novel CDAD treatments that may 

be based on blocking toxin binding to cell surfaces In the 1990s, toxin A-B+ strain type also 

were identified as causing severe cases of CDI, however, it accounts for a lesser proportion 

(2–11%) of patients affected by C. difficile in comparison with TcdA and TcdB. Molecular 

typing methods like restriction endonuclease analysis (REA), 16S-23S rRNA ribotyping, 

amplified fragment length polymorphism (AFLP), multilocus sequence typing (MLST) and 

toxinotyping (PCR-RFLP) have been applied for identification of A-B+ variants [80]. The 

study of eight A-B+ strains isolated from different sources showed that they belonged to the 

same sequence type and cluster in a very homogenous MLST phylogenetic lineage despite 

their origins from unrelated patients [81]. Three typing methods: serogrouping, 16S-23S 

rRNA PCR ribotyping and REA were used to show the relatedness of 23 A-B+ strains [82]. 

The results indicated that 21 of these 23 isolates had a 1.8 kb deletion of tcdA corresponding 

to toxinotype VIII. The two remaining A-B+ strains were strain 8864, which was unique by 

all three typing methods. Moreover, strain 8864 has been characterized as the first toxin 

variant strain [29,83].

The second category of A-B+ strain types which are located at the same position as strain 

8864 and contain a 1.8 kb deletion in tcdA, is serogroup F strains (type strain 1470). 

Frequent isolation from asymptomatic infants and their lack of pathogenicity in animal 

models led this strain to be considered as non-pathogenic [84,85]. These organisms have 

been classified as toxinotype VIII which is the most clinically significant toxin variant strain 

type. It also contained a stop codon corresponding to amino acid position 47, leading to the 

truncation of TcdA-1470. Toxinotypes XVI and XVII are other newer A-B+ strains which 

contain the genes that code the CDT [86].

Mechanism of action of TcdA & TcdB

The crucial step for pathogenicity of the toxins TcdA and TcdB is the translocation of the 

catalytic domains that occur when the C-terminal region of toxins first interact with cell-

surface carbohydrates (e.g., αGal(1→3)bGal(1→4)βGlcNac glycan in hamsters). Then both 

the C-terminal and central regions of the toxin facilitate entry into the cell through receptor-

mediated endocytosis [71,87,88]. These TcdA and TcdB units catalyze the 

monoglucosylation of the threonine 35/37 residue of small GTP-binding proteins Rho, Rac 

and Cdc42 within target cells, and thus modulate several physiological cellular events 

resulting in cell death. In fact, glucosylation leading to the depolymerization of the actin 

cytoskeleton, followed by disruption of tight cellular junctions and ultimately leading to 

apoptosis in colonic epithelial cells (FIGURE 4) [89].

Two main mechanisms have been known for action of TcdA and TcdB:
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• They are glucosyltransferases that irreversibly inactivate small Rho GTPases, 

leading to disruption of cytoskeleton and tight junctions and subsequent cell 

rounding, detachment and cell death.

• The toxins themselves or acting synergistically with other mediators, induce 

intestinal injury and inflammation via disruption of the intestinal epithelial barrier, 

induction of proinflammatory mediators and cytokines, causing cell apoptosis or 

necrosis in epithelial and immune cells and contributing to mucosal damage.

The role of Ca2+ in the mechanism of action of toxins—It has been assumed that 

metal ion binding is important for both intracellular and extracellular actions of the toxins, 

as metal ions are involved in carbohydrate or phospholipid proteins binding to their 

respective ligands [90–92]. Therefore, domains have been tested for their ability to 

coordinate to metal ions such as Ca2+ or Mg2+ and for the potential requirement of these 

metal ions for CWB-domain association with mammalian cells [79]. The results indicated 

that the recognition of mammalian cell surface of the C. difficile CWB domains is Ca2+ ion 

dependent. Although intracellular Ca2+ levels did not show any effect on toxin activity, 

extracellular calcium modulated protein (calmodulin) has been shown to have an effect on 

toxin internalization due to cytoskeletal changes [92,93].

Intracellular levels of Ca2+ were found to be rapidly elevated to a high steady state 

concentration in the presence of toxin B [94]. Ca2+ was associated with the CWB domains 

of toxin A and on the surface of Chinese hamster ovary (CHO) cells. Therefore, inhibition of 

toxin endocytosis leads to accumulation of toxin on the cell surface. It is also interesting to 

note that CWB domains of toxin A could also be detected on the surface of CHO cells under 

attenuated Ca2+ conditions by elevating the protein concentration. The effect of toxin A is 

highly dependent on a complex set of environmental factors, including extracellular Ca2+ 

and upstream Rho-inactivation. Collectively, Ca2+ plays a role as a toxin sensitizer. The 

choline moiety is completely surrounded by aromatic residues of the β-solenoid fold, and 

moreover choline binding has been reported to stabilize the structures of the CWB domains 

similar to the toxin A CWB-construct [79]. However, choline binding did not induce 

changes in the circular dichroism spectra of the toxin A and B CWB domains.

The role of pH in the mechanism of action of toxins—The autoprotease domain is 

known to undergo structural rearrangement in the presence of inositol hexakisphosphate 

(InsP6) which causes the release of the glucosyltransferase domain into the cell [66,95]. In 

eukaryotic cells, InsP6 binds to the domain adjacent to the monoglucosyltransferase domain 

and activates an intramolecular cleavage reaction [66,77]. Thus, a multistep mechanism of 

receptor-mediated endocytosis, membrane translocation, autoproteolytic processing and 

monoglucosylation are important to the action of TcdA and TcdB on mammalian target 

cells. A 3D structure of TcdA after autoprocessing and after exposure to acidic pH has been 

carried out in order to study the toxin's action at neutral pH. At neutral pH, 

glucosyltransferase domain is in contact with the binding domain and causes heterogeneity 

of cleaved TcdA by elimination of this domain.
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Significant changes in the pincer-like head of the delivery domain that result in its extension 

away from the binding domain happen at low pH. This change may occur through the 

decoupling of the two lobes of the head, effectively opening the pincer. It has been 

suggested that at low pH, the conformational change which is required for translocation of 

the glucosyltransferase domain into the host cytosol will be significant [96]. In fact, at the 

low pH environment of the endosomal compartment, toxins undergo a conformational 

change that cause membrane insertion and channel formation [97–99]. InsP6 acts as a 

cofactor to trigger CPD-mediated autocatalytic cleavage of the toxins, and the subsequent 

release of the N-terminus GT domain into the cytosol [77].

Autocleavage mechanism—The intracellular vesicular H+-ATPase induces an increase 

in the acidification of early endosomes and a subsequent increase in hydrophobicity. Surface 

hydrophobicity enables the corresponding part of the toxin to insert into the membrane and 

the catalytic domain can translocate into the cytosol. This mechanism is called the ‘short trip 

model’ of bacterial exotoxin uptake [99–102]. Due to the separation of the first 543 amino 

acids, a short trip model may be accomplished by the intrinsic properties of the toxin itself. 

Triggering of autoproteolysis by dithiothreitol (DTT) and/or InsP6 have been identified by 

two independent studies:

• Proteolytic activity by a putative aspartate protease domain located in the C-

terminal part of the translocation domain.

• Function of an intrinsic CPD located adjacent to the autocleavage site in the N-

terminal part of the translocation domain [66,77]. The onset of autoproteolysis 

under the influence of DTT points toward regulation of the CPD. This is because of 

inhibition by N-ethylmaleimide (NEM, a common inhibitor of cysteine proteases).

InsP6 may also use a similar mechanism; proteolysis is faster compared with DTT. It is 

interesting to remark that InsP6 can have a synergistic effect on the proteolysis, in 

combination with low DTT concentrations. In summary, translocation domain of clostridial 

glucosylating toxins comprises a CPD which is responsible for the autocatalytic processing 

of the toxins. The proteolysis is activated by reducing conditions and/or InsP6 which is 

essential for cytotoxic activity. Finding an intrinsic proteolytic activity of the toxins is the 

major step of toxin mechanism. This autoproteolytic activity is induced by InsP6 and/or 

DTT which is responsible for the separation of the catalytic domain from the holotoxin 

[66,77].

Apoptosis-inducing mechanism—In many human cells, C. difficile toxins have also 

been shown to induce apoptosis. The role of cysteine-aspartic protease (caspase) activation 

in TcdA-induced cell death has been examined by using two cell-culture models: human 

colonic carcinoma and ovarian carcinoma cell lines. A novel mechanism has been 

demonstrated in which TcdA-induced cell death involves a mitochondrial-dependent, 

caspase- and death receptor-independent pathway [103]. In apoptosis induction whether it is 

initiated by death receptor activation or by a mitochondrial-dependent pathway, effector 

caspases especially caspase 3, 6 and 7 are normally activated. Activation of these caspases 

causes cleavage of cellular macromolecules and subsequent changes in morphology.
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In the mitochondrial-dependent pathway, activation of effector caspases cause an increase in 

pro-apoptosis protein family members Bax and Bak, the formation of channels in the outer 

membrane of mitochondria, producing release of cytochrome c and formation of the 

apoptosome. However, anti-apoptotic protein family members, such as Bcl-2 and Bcl-XL 

oppose the insertion of Bax and Bak into the mitochondrial membrane by binding and 

neutralizing them [104–106]. There are several mechanisms of pathogen-induced cell death 

based on apoptosis. The bacteria may eliminate host immune cells that are primed to 

undergo apoptosis, thereby decreasing the immune response, and prevent the host 

inflammatory response. Reduction of anti-apoptotic proteins of the Bcl-2 family can regulate 

the activation of the mitochondria independently from the death-receptor signaling cascade 

and form caspase activation, leading to C. difficile TcdA-induced cell death in epithelial 

ovarian and colonic cancer cells [103].

In the death receptor pathway, activation of caspase 8 is produced by binding of death 

ligands such as tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) to the 

death receptor. Activated TRAIL receptor recruits the fas-associated death domain, resulting 

in death-inducing signaling complex, activation of procaspase 8, cleavage of downstream 

effector caspases and subsequently apoptosis [107–109]. It has been demonstrated that the 

death receptor pathway is not involved in TcdA-induced cell death. This is because TRAIL-

induced cell death is completely inhibited by the caspase 8 inhibitor while the inhibitor did 

not block TcdA-induced cell death.

Hypervirulent C. difficile

About 10% of C. difficile strains (including the epidemic NAP1/027 strain) belong to variant 

toxinotypes III, IV, V, VII, IX and XIII and produce binary toxin (CDT) that causes the 

production of tcdB and/or tcdA (different from TcdA and TcdB produced by historical 

strains) [110,111]. This binary toxin that belongs to the family of clostridial iota-like toxins 

has two components: ADP ribosyltransferase encoded by the genes cdtA (enzymatic 

component) and cdtB (binding component). CDT induces the formation of microtubule-

based cell protrusions and increases the adherence of bacteria to intestinal epithelium [41]. 

Toxin B from hypervirulent C. difficile strain (tcdB) exhibits broader tropism and 

cytotoxicity in vivo in comparison with toxin B (TcdB) from historical strains, undergoes 

hydrophobic conformational changes at a higher pH which cause more rapid cell entry and 

more severe illness than TcdB (from reference strains of this organism) [78]. Some 

hypotheses have been proposed to explain these differences:

• Rapid cell entry of cdtB could lead to more efficient cell killing by providing an 

endocytic environment for the toxin rather than possible destruction of cells by 

lysosomal proteases.

• The data from the lysosomotropic inhibitor assays support the idea that tcdB does 

not reside within the endosome as long as TcdB.

• Different sensitivity to the levels of InsP6 that trigger autoproteolytic processing 

associated with translocation.
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• Difference in the sequence of the tcdB hydrophobic region that has been proposed 

to mediate membrane insertion.

These mechanisms allow tcdB to insert into the membrane at an earlier stage of cell entry. 

This is similar to the mechanism identified for the cell-binding component of the anthrax 

toxin which is called protective antigen (PA). Therefore, there should be a difference in the 

pH-induced transition of these two forms of the toxin with the hydrophobic regions of tcdB, 

which becomes exposed at a pH higher (less acidic) than the pH that was necessary for 

triggering this transition in TcdB. In fact, the transition of TcdB occurs gradually, while 

tcdB demonstrates a sudden shift upon lowering the pH. The tcdB is able to translocate at an 

earlier point in endocytosis and this contributes, at least in part, to a more efficient toxin 

action. The expanded tropism, along with more efficient cell entry could combine to 

enhance the in vivo toxicity of tcdB. This toxin targets a broader array of cells in vivo, and 

patients infected with this strain are reported to have lower clinical cure rates and higher 

rates of CDI recurrence than patients infected with TcdB.

C. difficile spore formation

As the environment of the large bowel is anaerobic, the only way oxygen-sensitive 

vegetative cells of C. difficile could survive out of this environment would be in the spore 

form [112]. As FIGURE 5 shows, spores are coated with a peptidoglycan cortex and several 

layers of protein which allow them to survive in many harsh environmental conditions and 

for a long time in the presence of air [113].

Spores are metabolically dormant after release from the mother cell, and they can be 

excreted by the host to survive for a long time in the outside until being reconsumed by 

another host where they can germinate and grow out as vegetative cells and produce toxins. 

Spores from C. difficile-infected patients excreted into the environment can survive against 

commonly employed disinfectants and can lead to an increase in the percentage of patients 

colonized by C. difficile. FIGURE 6 shows how spore layers are formed.

There are two common reasons leading to development of CDAD: disruption of the 

microflora in the host intestine by antibiotic treatment regimens and ingestion of C. difficile 

spores [114,115]. The M68 strain for instance is a representative ribotype of C. difficile 

which can cause human disease [116]. By studying a murine model which was a carrier of 

M68 it has been found that antibiotic treatment could trigger sporulation, followed by spore 

excretion causing host-to-host transmission of C. difficile.

The stable intestinal microbiota community which can protect the host by preventing 

colonization by pathogens can be disrupted by antibiotics; these also lead C. difficile to 

sporulate and become infectious to other patients [117,118]. Intestinal damage and 

inflammation in naturally infected immunocompetent mice that have received antibiotics 

can be resolved after stopping antibiotic use and allowing the recovery of intestinal 

microbiota. The same results are expected for infection by C. difficile in humans [119].
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Mechanism of spore germination

It is believed that the existence of normal microflora allows ingested C. difficile spores to 

remain quiescent in the absence of antibiotics [120,121]. However, antibiotic therapy causes 

transmission of the spores between infected mice [122]. Antimicrobial treatment causes 

disruption of gut microflora leading to germination of C. difficile in the intestines, outgrowth 

of vegetative cells, multiplying and filling the niches in the gut, and eventually producing 

toxins [123]. The germination process from the phase bright spore to a phase dark vegetative 

cell comprises the following steps: interaction of germinant to germination receptor; release 

of Ca2+-DPA (dipicolinic acid) by some enzymatic reactions; core rehydration; cortex 

degradation and the outgrowth of a vegetative cell [124,125].

Bile is a substance which helps in digestion by emulsifying fat and cholesterol and allowing 

their absorption in the small intestine, and is produced in the liver and stored in the gall 

bladder. Normal bile consists mainly of a mixture of cholate and chenodeoxycholate 

conjugated with taurine or glycine which can be recovered from the distal ileum to the liver 

FIGURE 7.

The colonization of C. difficile in spore-fed mice (both antibiotic treated and un-treated) has 

been examined in cecal and intestinal segments with regard to cholate metabolism. Results 

showed that the cholate was conjugated with glycine in the bile and formed glycocholate. 

This conjugated compound would then be deconjugated by normal flora during the passage 

through the small bowel to glycine and cholate component that are suitable germinants to 

cause germination and outgrowth of C. difficile spores [126].

In a healthy human when spores are ingested they are passed through the duodenum, to 

reach the jejeunum where they germinate because of the high concentration of the bile. The 

germinated spores pass through the ileum and reach the aerobic environment of the cecum. 

Here, metabolization of cholate derivatives (primary bile salt) happens by normal microflora 

to convert it to deoxycholate (secondary bile salt) which prevents vegetative growth of 

spores. A little germination caused by deoxycholate is of no consequence in the aerobic 

environment of the cecum [127–129].

But when antibiotics have been employed the normal microbial flora in the cecum is 

perturbed causing a relative increase in the concentration of primary bile salts (more cholate 

and less deoxycholate) and more germination of spores leading to colonization. In summary, 

normal microbial flora play an inhibitory role in C. difficile colonization by metabolizing 

cholate to deoxycholate. This mechanism could be an idea for inhibition of CDI, for 

example, by adding some deoxycholate to antibiotic regimens of infected patients.

Bile salts as spore germinators & inhibitors

Bile salts which have been reported to act as in vivo germination factors during the CDI 

treatments are divided in two groups regarding their physical properties: the primary bile 

salts like cholate and taurocholate which cause the stimulation of germination and the 

secondary bile salts like deoxycholate and chenodeoxycholate that inhibit the germination 

and growth of vegetative cells.
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Taurocholate acts as a germinant for C. difficile spores and enhances colony formation with 

lysozyme and thioglycholate [130–132]. Studies showed that taurocholate and glycine are 

enough for germination of C. difficile spores since they act as cogerminants. Although 

taurocholate is capable of germinating the C. difficile spores rapidly, other cholates like 

glycocholate and deoxycholate just induce colony formation.

There are two mechanisms for germination of C. difficile by taurocholate. The first one is by 

triggering germination without permeabilization of the spore coat, and the second 

mechanism involves taurocholate being recognized by some receptors which are activated 

by small molecules [133,134]. A kinetic method was used to find which of the two 

mechanisms (germination receptor or spore membrane disruption) was produced by 

taurocholate in C. difficile strains 630 and VPI 10463 [135]. The kinetic results revealed that 

taurocholate germination was consistent with a germination receptor [135].

Glycine as an amino acid has no spore membrane disruption effect on its own, but in the 

presence of taurocholate acts as co-germinator acting synergistically such that one 

compound binding increases the affinity of another compound binding in a separate binding 

site [135]. Studies found that in the presence of high concentrations of glycine the 

germination speed was increased while there was no change in the germination rate when 

varying the taurocholate concentration [135]. In the lumen, the taurocholate binds to spores 

and later glycine could bind to this pair to make a taurocholate/glycine-bound spore better 

able to carry out the germination process [135].

The high concentration of chenodeoxycholate in the healthy human cecum indicates that this 

type of bile salt can act as inhibitor against C. difficile germination which is produced by 

deconjugation of two inactive bile salts, glycochenodeoxycholate and 

taurochenodeoxycholate. The dormancy of C. difficile spores in the human lower intestine 

does not depend on the concentration of glycine [135]. By increasing the concentration of 

taurocholate, the concentration of inhibitory chenodeoxycholate will decrease. As there are 

limitations for solubility of chenodeoxycholate in water, it cannot induce germination of C. 

difficile spore.

The only difference between cholate and chenodeoxycholate is in the 12α-hydroxy group 

[136,137]. In the presence of flora, taurocholate could be converted to deoxycholate with 

7α-dehydroxylation and/or chenodeoxycholate with 12α-dehydroxylation both of which 

compounds can inhibit spore germination [138]. Furthermore, a human study confirmed this 

when in the stool of antibiotic-treated patients the level of primary bile salt was increased 

and the amount of 7α-dehydroxylation decreased, while in healthy human stool samples the 

amount of chenodeoxycholate was sufficient to cause inhibition of germination [120,139].

Treatment

Antibiotics

Metronidazole is used as the standard therapy for treatment of moderate CDI as it is less 

expensive and has the same efficacy as vancomycin. However, for pregnant women and 

children metronidazole is considered inadvisable. For patients with severe or complicated 
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CDI, oral vancomycin is recommended with the dose of 4 × 125 mg/day for 10–15 days 

duration. Although vancomycin is US FDA approved, it is not in the first-line CDI therapy 

because of its price and also concern of promotion of resistance like vancomycin-resistant 

enterococci (VRE).

Both vancomycin and metronidazole can reduce the number of viable C. difficile cells but 

are unable to inhibit toxin and spore formation since vancomycin causes inhibition of cell 

wall synthesis and metronidazole causes DNA damage mediated by a radical pathway. An 

increase in the number of clinical therapeutic failures, and the recurrences rate of CDI after 

both vancomycin and metronidazole treatments, emphasis are on the need of new antibiotic 

options.

The macrocyclic and FDA-approved antibiotic, fidaxomicin, showed higher activity than 

vancomycin against C. difficile as well as reduced recurrences up to 45%. In addition, 

fidaxomicin is a more selective therapy for CDI, producing a higher fecal concentration and 

having less effect on resident microflora in comparison with vancomycin. Nevertheless, with 

the price being 120-fold more expensive than metronidazole and about three-times higher 

than oral vancomycin, these differences cause metronidazole to still be considered the first-

line therapy for CDI [140].

Tigecycline, a derivative of minocycline, is another FDA-approved antibiotic that has been 

shown to have activity against severe CDIs. Similar to metronidazole, tigecycline is used 

intravenously which is favorable in comparison with oral administration of vancomycin, and 

studies indicated that tigecycline is more active than metronidazole and produces higher 

fecal concentrations. Case reports have suggested use of tigecycline would be a feasi ble 

alternative to other antibiotics for treatment of severe CDI. However, clinical failure in a 

patient with severe CDI treated with tigecycline for 2 weeks duration has been reported 

[141].

Rifaximin also can be used for treatment of GI infection because of its excellent safety 

profile. The mechanism of action of rifaximin is similar to fidaxomicin but it has higher 

fecal concentration and minimal alteration of microflora. Bacterial resistance and being 

more costly in comparison with clinically used antibiotics, however, could be a limitation of 

rifaximin used for CDI treatment [142].

Ramoplanin, rifalazil and nitazoxanide are other antibiotics with broad-spectrum 

antimicrobial activity against Gram-positive and Gram-negative bacteria. Although 

ramoplanin showed similar activity in comparison with vancomycin for CDI treatment, there 

was a suppression of spore formation. In Phase I and Phase II clinical trials, ramoplanin was 

found to control CDAD as well as vancomycin [143,144]. The most attractive property of 

rifalazil is its in vivo long half-life that makes it more effective against CDI. Nitazoxanide 

showed similar activity in comparison with metronidazole and vancomycin but the higher 

cost was the limitation for this antibiotic to be a first-line therapy for CDI. It is interesting to 

note that during antibiotic treatment with all of the above antibiotics, only the total of C. 

difficile vegetative cell counts reduced and there was no change in the number of spores 

[145,146].
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Probiotics

The density of microorganisms living in the GI tract is the highest known. In humans, the 

gut is the residence of up to 10(14) bacteria belonging to hundreds of species [147]. Sterile 

at birth, the intestine is colonized immediately after delivery by a few pioneer species. Initial 

colonization by facultative anaerobes lowers the oxygen tension of the intestinal lumen, and 

allows subsequent colonization by anaerobic species. The complexity of the flora increases 

with age and the change of diet during the first year of life. Anaerobic bacteria belonging to 

the genera Bacteroides, Bifidobacterium, Eubacterium, Clostridium, Peptococcus, 

Peptostreptococcus and Ruminococcus are predominant, whereas aerobes (Escherichia, 

Enterobacter, Enterococcus, Klebsiella, Lactobacillus and Proteus) are less abundant. The 

composition of the gut microflora is difficult to permanently change because a system of 

immune tolerance to resident microbes is established that prevents new colonization taking 

place. When probiotic preparations are taken orally, the composition of the gut bacteria is 

only changed temporarily and reverts back to steady state when the probiotics are stopped 

[148].

Nevertheless, probiotics have been used as therapeutics for antibiotic-mediated CDI and a 

Cochrane systematic review [149] concluded “moderate quality evidence suggests that 

probiotics are both safe and effective for preventing C. difficile-associated diarrhea”. 

Bacteria such as Bifidobacterium and Lactobacillus spp. can inhibit the adhesion of C. 

difficile toxins to the host colon epithelial cells, and can act as stimulators of the host 

immune response. In addition, bacteria like Lactobacillus can have a direct antimicrobial 

activity by secretion of bacteriocins and other antimicrobial peptides [150]. Investigations 

by McFarland showed there were 26% fewer patients with vancomycin-associated CDI in 

comparison with placebo group [151]. But there was no distinction between CDI patients 

and C. difficile colonized patients in this study. In another study, patients who received high 

doses of vancomycin plus probiotics showed significantly lower CDI recurrence rate in 

comparison with subjects receiving high doses of vancomycin plus placebo. They postulated 

that probiotics could prevent C. difficile pathogenesis due to toxin neutralization. Only a few 

studies so far have been reported concerning the use of probiotics for antibiotic-associated 

CDI, and therefore well-designed clinical trials are needed for further investigations [152].

Fecal transplantation

Fecal transplantation can be considered the ‘hot topic’ in CDI therapy in the 21st century 

although it was actually first described in 1958 [153]. Considering that most CDI infections 

are due to depletion of healthy intestinal microflora after antibiotic use, it became logical to 

attempt to replace these lost ‘good bugs’ with bacteria obtained from healthy individuals. In 

fecal bacteriotherapy as a matter of fact, stool from healthy people was transferred to the 

large intestine of C. difficile-infected patients via enemas, hence that is called stool or fecal 

transplantation. A landmark paper in New England Journal of Medicine [154] reported 80% 

success rate for treatment of recurrent CDI by duodenal infusion of donor feces in 

comparison with vancomycin therapy.

This novel method which is effective for recurrent CDI patients who were already treated 

with oral vancomycin is also named fecal microbiome therapy (FMT). FMT can be carried 
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out via the lower proximal or upper entrances to the GI tract. The stool delivery may be 

carried out with colonoscopy, enema or rectal tube for introduction into the lower GI tract, 

and via nasogastric tube or endoscopy/gastroscopy for upper GI tract passage into the 

duodenum [155]. Although the screened stool that was delivered via the upper GI tract 

showed a better treatment success (92%) in comparison with enema (79%), the delivery 

route and equipment can be selected based on the clinician's evaluations, apparatus 

availability and the patient's circumstances and preferences.

The mechanism of action of stool transplantation has not yet been completely understood, 

however, studies have proposed the replacement of healthy microbiome by the donor 

material in the gut of CDI patients which had been previously depleted with antibiotics. Up 

to now, FMT has been shown to be more effective for recurrent CDI patients [156]. 

Accordingly, FMT should be safer overall as it avoids use of further antibiotics leading to 

lower occurrence of allergies and adverse reactions that might be caused in antibiotic-treated 

patients. In addition, this therapy seems highly effective and will probably be inexpensive in 

comparison with newly developed antibiotics.

Although fecal transplantation looks promising for treatment of gut infections by C. difficile 

[157] and there have been predictions that it will become the treatment of choice [158], there 

are some challenges that need to be addressed in further studies. One challenge is the donor's 

fecal sample has to be screened before transplantation and there is always the risk of new 

infections with undetected pathogenic bacteria in the stool of the donor patient. While the 

screening procedure is time consuming, on the other hand the stool needs to be used as fresh 

during the transplantation procedure [159]. There is also no investigation and not even a 

suggestion to use FMT against C. difficile spores.

Antibodies

Differences in the restriction patterns of C. difficile strains have been observed by 

toxinotyping methods that would be valuable for antibody treatments. For instance, a 13% 

difference in toxinotype 0 and III in C-terminal region of toxin B is important for antibody 

binding [160,161]. The theoretical justification for antibody treatment of CDAD is based on 

this observation that a person with only a mild case of CDAD possesses high levels of anti-

toxin A IgG serum titers, while patients with severe case of CDAD have shown low levels 

of anti-TcdA Ig titers, specifically IgM, IgG2 and IgG3 isotypes [161–163].

Theoretically, there are two mechanisms that explain the neutralizing of TcdA and TcdB by 

anti-toxin antibodies which have been discovered by measuring the increased level of IgG in 

the stool [161]. First, anti-toxin antibodies migrate to the GI tract through a leaky mucosal 

barrier which allows easy access of antibodies to the lumen [164,165]. In the second 

mechanism, the IgGs may be actively transported to the lumen via the neonatal IgG Fc 

receptor (FcRn) [165,166].

An effective antibody is one that interacts with an epitope on the outer part of a toxin 

molecule [301]. Protein epitopes are recognized by antibodies and although large proteins 

have a huge number of sequential amino acid possibilities, just a few epitopes of a protein 

are able to generate antibodies [301]. C. difficile has six surface proteins, SlpA (surface 
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protein which often refer to P36 and P47), FliC (the main flagellum component), FilD (the 

flagellum tip or cap protein), Cwp84 and Cwp66 (two cell wall proteins) which just one of 

each SlpA (P36 and P47) are suitable for generation of antibodies [301].

Polyclonal antibodies—A composition of polyclonal ovine antibody has been suggested 

for treatment of CDI by binding to toxin and neutralizing its biological effects while having 

a low immunogenic effect on the patient [160]. This antibody can interact with an epitope of 

each N-terminal (1-957), mid-region (958-1831) or C-terminal domain (1832-2710) [160]. 

The raising of an ovine antibody in a sheep involves some steps including: administering an 

immunogen comprising a C. difficile toxin; allowing the generation of antibody; obtaining 

sufficient antibody from the sheep serum.

The immunogen preparation could be obtained either from a chemical treatment or via a 

recombinant method. In the first method, the immunogen is derived from treatment of toxin 

by some chemical like formaldehyde, glutaraldehyde or peroxides. An antibody which is 

obtained from recombinant method can selectively inactivate the active site of toxin by 

mutation or deletion like modification of aspartate-any residue-aspartate (DXD) motif in N-

terminal domain [160]. The interval and dosage range of the immunogen depends on 

parameters such as nature of immunogen, the nature of formulation, the route of 

administration and the judgment of the attending person.

Differential centrifugation, polyethylene glycol precipitation of protein and salt fraction with 

ammonium sulfate are examples of some methods for preparation of antibody from egg yolk 

by separating proteinaceous material from natural sources. The reasonable pure antibodies 

can be obtained from egg yolk by known procedure like gel filtration, ion-exchange 

chromatography, isoelectric focusing and affinity chromatography for isolation of Igs [302]. 

Thus, first the whole egg yolk is converted to powder by spray-drying or freeze-drying then 

the lipids are removed [302]. Separation of lipids by solvent extraction including 

consequence sedimentation of lipids with water at temperature between about 0 and 6°C 

then sanitization by filtration and finally lyophilization. The lipid separation process could 

be monitored by HPLC, UV absorption, chemical colorimetric assay and/or ELISA.

Monoclonal antibodies—It has been suggested that the symptoms of CDAD-infected 

patients could be treated by active and passive immunization by infusion of intravenous 

immune globulin containing antitoxin A and B [167–169]. It is thought that this protection 

against CDAD is because of elevated concentration of serum anti-toxin A Ig [170]. From 

two points active and passive immunization against C. difficile toxins are important: 

preventing initial episodes and reducing risk of recurrent [171,172]. Investigations by 

Babcock et al. indicated that antibodies may block the C-terminal cell-receptor binding 

domain region of TcdA, or prevent the internalization of the toxin [173].

Humanized monoclonal antibodies (HuMAbs) were characterized against both toxin A 

(HuMAb CDA1) and toxin B (MDX-1388). The safety and pharmacokinetic studies of 

HuMAb CDA1 revealed that this antibody is safe and well tolerated and can use in dose 

between 0.3 and 20 mg/kg [174]. HuMAb CDA1 not only could protect hamsters from 
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mortality when used alone, but also significantly more protection was observed when a 

combination therapy was administered [175].

Some symptomless carriers have been reported that had an increased efficacy of their serum 

IgG concentrations against toxin A [162]. It has been found that concentration of IgG in 

patients who had recurrent C. difficile was higher than patients with non-recurrent diarrhea 

[176]. The host immune response against C. difficile has an essential role in determining the 

clinical outcome of infection [162]. Intravenous immunization with IgG against C. difficile 

has shown success in treating children infected with recurrent C. difficile colitis [167]. By 

utilizing ELISA to measure the concentration levels of IgA, IgG and IgM, it was found that 

patients who only had a single bout of CDI and recovered had higher serum antibody 

responses than those who developed recurrent infection and those who died [163].

Active or passive immunization by IgA should be protective against toxins exerting 

cytotoxic effects [177]. Passive immunizations have been shown to protect axenic mice 

(mice with only one species of gut bacteria) from pseudomembranous colitis by mAb 

against toxin A. Although an inadequate antibody cannot completely protect against severe 

disease, passive immunotherapy with human Ig can benefit infected patients even in severe 

cases [167–169,175]. Immunized cattle providing IgG and immunized hens providing IgY 

antibodies have both shown the ability to inhibit TcdA-induced cytotoxicity [178]. However, 

administration of IgY against recombinant TcdA and TcdB caused the complete inhibition 

of CDAD relapse meaning that neutralization of TcdB is also important in treatment of 

CDAD [179].

Recombinant antibody (rAb) fragments can be designed with greater efficacy by binding the 

epitopes that are not accessible with conventional antibodies. One study reported the binding 

of a rAb with TcdB in single-chain variable fragment (scFv) format. Single domain 

antibodies (sdAbs), fragment antigen binding (Fab) and scFv are some common rAb 

techniques [180,181]. High tissue penetration properties, high chemical and thermal stability 

and amenability to in vitro production are some properties of sdAbs [182–185]. The best 

feature of this rAb is its small size which consists of a heavy chain variable (VH) domain 

and light chain variable (VL) domain of Igs that makes it able to access immuno-silent 

cavities in enzyme, receptor and infectious agents [186–189]. These properties make the 

sdAbs a promising C. difficile toxin-neutralizing agent that may show a greater efficacy in 

the GI tract [190].

In summary, both traditional antibodies like IgY, IgG, and also recombinant antibodies like 

Fab, scFv have been used for CDAD immunotherapy. Single-domain rAb, VHH, have 

shown a potential activity for binding to toxins.

Photodynamic therapy

Photodynamic therapy (PDT) is a promising alternative methodology for inactivating both 

cancer and bacterial cells [191,192]. The antimicrobial PDT (aPDT) approach is based on 

the PDT concept, which involves the administration of a photoactive dye called a 

photosensitizer (PS) targeting microbial cells, that is able to produce reactive oxygen species 
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(ROS), consisting of singlet oxygen and/or free radicals, upon irradiation with light to 

eradicate bacteria as well as fungi, viruses and protozoa [174,193,194].

Two oxidative mechanisms of photoinactivation (PI) are implicated in the inactivation of the 

target cells. The type I pathway involves electron/hydrogen atom-transfer reactions from the 

PS excited state, with the participation of a substrate to produce radical ions, while the type 

II pathway involves energy transfer from the long-lived triplet state to molecular oxygen to 

produce singlet oxygen (1O2). Both processes lead to highly toxic ROS such as 1O2 and free 

radicals which can irreversibly alter vital components of cells resulting in oxidative and 

lethal damage [195–197].

Non-thermal red light with a specific wavelength is produced by the desired light source 

which is chosen based on its power density, penetration and wavelength. Power density 

determines the time needed for delivery of the desired dose, penetration depends on the 

depth of the infected target tissue and wavelength is determined by the absorption spectra of 

the employed photosensitizer [198].

Several PSs have been examined for their potential use in aPDT including; for example, rose 

bengal and the phenothiazinium salts methylene blue and toluidine blue FIGURE 8 [196,199–

201].

It is known that cationic photosensitizers are highly effective against pathogenic drug-

resistant bacteria such as methicillin-resistant Staphylococcus aureus and vancomycin-

resistant Enterococcus faecalis [202,203]. Molecules with a permanent positive charge such 

as phenothiazinium salts are able to effectively target both Gram-positive and Gram-

negative bacteria. The outer-membrane permeability barrier typical of Gram-negative 

bacteria is disrupted by cationic molecules, while Gram-positive species have negatively 

charged but permeable cell walls [204]. Because of the structural differences in the cell 

walls, Gram-positive bacteria like C. difficile are generally more susceptible to PDT as 

compared with Gram-negative species [205].

Wainwright et al., however, discussed a couple of challenges that will need to be overcome 

before PDT treatment for CDIs can be carried out in the colon [206]. Lack of oxygen or low 

levels of oxygen partial pressure in the cecum and nearby sections of the gut is the first 

highlighted problem. According to the accepted mechanism of PDT, oxygen is necessary for 

the type II pathway to produce singlet oxygen, but to what extent oxygen is required for the 

type I pathway is still uncertain. Methylene blue, for instance, produces singlet oxygen and 

free radicals through both type I and type II pathways. In the anaerobic environment of the 

colon, could free radical formation by photoexcited methylene blue be sufficient for 

eradication of CDI?

Another serious problem is the oral delivery of PS to the large intestine. Cassidy et al. [207] 

reported a new strategy for delivery of PS to the colon which was called a ‘smart vehicle’. 

According to this strategy, the PS (MB or a cationic porphyrin) was encapsulated in a 

Eudragit® 25-based drug delivery system, via hot melt extrusion. This material was stable in 

the acidic environment of the stomach but the PS was released in the higher pH environment 

of the colon. There was also addition of tetrachlorodecaoxide (TCDO) that released oxygen 
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in the colon. Although this strategy looks promising in vitro, it is far from being clinically 

used and further in vivo examination in animal models would be needed [207].

In another novel method being developed by Rineh et al., a Nile blue derivative with a 

benzophenothiazinium dye structure known as EtNBS, was used to produce free radicals 

upon photoexcitation via type I mechanism FIGURE 9. EtNBS has previously been studied for 

aPDT [208] and anti-cancer PDT at low oxygen concentrations [209]. The preliminary in 

vitro results indicated that EtNBS was able to eradicate the C. difficile bacteria in an 

anaerobic chamber in the absence of oxygen while methylene blue was only active in the 

presence of oxygen FIGURE 10.

Utilizing EtNBS as a PS in the colon may allow oxygen-independent PDT to destroy the C. 

difficile bacteria without damaging the host intestine. The ongoing in vivo investigations 

demonstrated the PS could be delivered via the anus to its target site in the large intestine 

area. A diffusing optical fiber was introduced for illumination of EtNBS with red light in the 

infected area. Preliminary results testing this method revealed that treatment of mice with 

CDI with EtNBS-PDT did not cause the mice to lose any body weight during the 2-week 

treatment in comparison with vancomycin-treated mice (unpublished data).

Conclusion & perspective for novel non-antibiotic drug development

Although vancomycin and metronidazole have been shown to have inhibitory effects on 

AAD, but as they cause perturbation of microbial flora they may not be ideal drugs. The 

recent emergence of antibiotic-resistant C. difficile strains and hypervirulent C. difficile that 

cause increased morbidity and mortality has required the development of novel non-

antibiotic-based treatment regimens.

The C-terminal region of TcdA and TcdB causes these toxins bind to the surface of 

epithelial cells with interactions with putative cell-surface carbohydrate receptors. Structural 

studies of this cell receptor-binding domain from TcdA and TcdB revealed a β-solenoid fold. 

Protein–protein or protein–carbohydrate interactions have been suggested to play a role in 

solenoid-like structure of TcdA.

TcdA and TcdB use different types of receptors; the receptor for TcdB appears to be in 

basolateral cell surface, while in TcdA the receptor is on the apical cell surface. Based on 

these data, several novel approaches for treating CDIs have been proposed to competitive 

inhibition of toxin binding to host epithelial cells. In one study, a pentasaccharide containing 

the LeA-LacNAc and a related tetrasaccharide have been synthesized to bind to TcdA by 

applying orthogonally protected donors and acceptors and armed-disarmed principle [210]. 

As the pathogenicity of C. difficile depends on its glucosylating protein toxins and its 

severity seems to correlate with the amount of toxin, development of glycan-mimicking 

compounds should be one of the potential approaches to block the receptor-binding domain 

[211,212].

Polyclonal antitoxin A serum dose not directly or indirectly cross-react with toxin B but it 

does react with glucan-binding protein (GBP). Polyclonal anti-GBP sera, however, cross-

react with toxin A because maybe the toxin A repeats are more similar to the GBP repeats 
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than to the toxin B repeats. Passive immunotherapy induced by polyclonal and monoclonal 

antibodies have been shown to neutralize C. difficile toxins. Recent studies have investigated 

using rAb fragments especially single-domain antibody fragments (VHHs) are more 

effective for neutralizing C. difficile toxins and CDAD. Research indicated that C. difficile 

remains in the gut in the form of spores and then can be germinated due to the lack of 

normal microbial flora after antibiotic treatment [146,213]. Germination of the spores and 

how this germination is controlled in the intestinal environment are two fundamental aspects 

of C. difficile infections. Germination will happen when one or more small molecules bind 

to the spore and stimulate it with the help of primary bile salts like cholate, taurocholate and 

glycocholate.

The identification of effectors that can cause C. difficile spore germination gives a clue to 

how inhibition of germination may be achieved. A general principle of action of cholate as a 

germinant for C. difficile spores is the importance of the 12α-hydroxy group which 

chenodeoxycholate lacks in this position. Then the 12α position can help researchers 

identify inhibitors of C. difficile germination. So one idea for inhibition of C. difficile spores 

would be introducing deoxycholate in the patient's normal diet during antibiotic treatment or 

using a different bacterial strain to convert the primary cholate to a secondary derivative by 

reducing the 7α-hydroxyl group.

Expert commentary

CDI is rapidly becoming a major health problem. Widespread use of antibiotics in 

hospitalized patients leads to depletion of normal gut microflora and hardy C. difficile spores 

are lying in wait to colonize or infect these patients as disinfectants fail to destroy them. C. 

difficile binary toxins are more virulent than the normal toxins and can cause severe GI 

infections. Although investigations into toxin structures and their mechanism of actions may 

lead to development of some promising monoclonal antibodies, another major challenge is 

C. difficile produce spores that can be germinated when the gut conditions become 

favorable. Antibiotic therapy is not the best strategy for controlling CDI because of failure 

and recurrence, high costs, development of resistance and depletion of gut microflora. In 

these difficult cases, non-antibiotic treatments such as antibodies, administration of 

appropriate bile acids, probiotics, fecal transplants and PDT could be promising. There are 

only a few studies on the use aPDT for eradication of infections by anaerobic bacteria. 

Recent studies show that PDT mediated by Nile blue derivative EtNBS, could produce ROS 

in low oxygen environments and may eradicate C. difficile both in vitro and in vivo.

Five-year view

New macrocyclic antibiotics, fidaxomicin and tigecycline were approved or are on course to 

gain regulatory approval, but although these antibiotics show considerably better activity 

than vancomycin or metronidazole against CDI, it is still likely that antibiotic therapy of C. 

difficile infection is not the best choice due to the inevitable disruption of the normal 

microflora. Therefore, other non-antibiotic strategies should be investigated. Probiotics and 

the newly introduced fecal transplant procedure are likely to grow in effectiveness as they 

become better understood. Advances in antibody production technology mean that a greater 
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range of antibody-based therapeutics will be studied. Molecular drug discovery efforts may 

provide pharmaceuticals that can neutralize toxins and inhibit spore germination. PDT may 

be used for eradication of anaerobic C. difficile infections if PS that follow the type I 

pathway can be developed.
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Key issues

• The numbers of deaths and the costs associated with Gram-positive Clostridium 

difficile infections (CDIs) are increasing.

• Metronidazole and vancomycin are the first-line therapy for CDIs but treatment 

failures and recurrences are increasing.

• Although new macrocyclic antibiotics are under investigation for CDI therapy, 

the disruption of microflora is a major issue after antibiotic treatments.

• Monoclonal antibodies have been shown to be an effective non-antibiotic 

approach against CDIs.

• Vegetative cells produce spores that can stay for a long time in hospital 

environments and germination in patients is controlled by bile salts.

• Fecal transplant is a new alternative therapy that may gain traction in the near 

future.

• In the future, photodynamic therapy may be effective in the anaerobic 

environment of the colon since photosensitizer such as EtNBS may act in an 

oxygen-independent manner.
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Figure 1. 
Schematic representation of Clostridium difficile PaLoc region coding for the TcdA and 

TcdB and three addition genes in reference strain VPI 10463 of toxinotype 0.
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Figure 2. Schematic structure of TcdA and TcdB with their functions and sites of action
TcdA and TcdB consist of four main domains: GT (N-terminal glucosyltransferase domain); 

CPD (autocatalytic cysteine protease domain); TMD (central translocation domain) covering 

a hydrophobic region and RBD (highly repetitive C-terminal receptor binding domain).

Rineh et al. Page 33

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2015 January 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Ribbon representation of the TcdA-f1 structure
β-Hairpin, SRs, LRs, C-terminal and N-terminal have been shown. Data taken from [74].
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Figure 4. Mechanism of action of Clostridium difficile toxins
Toxins bind to receptors of target cells and are endocytosed. Hydrophobic regions of the 

protein allow insertion into the membrane in acidification of the toxins in endosomes and 

the N-terminal catalytic domain is translocated into the cytosol. Toxin is a 

glucosyltransferase that transfers a glucose moiety from the donor substrate UDP-glucose to 

a threonine residue (Thr-37 in RhoA) and make it inactive.
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Figure 5. Clostridium difficile spore structure
Exosporium, coat, cortex, membrane, ribosomes and core have been indicated.
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Figure 6. Clostridium difficile spore formation process
Spores that form in response to nutrient limitation are composed of three major components: 

the coat, the cortex and the core. The coat layer protects the spore against environment 

insults. DNA is in the core and protected by bound with some protein.
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Figure 7. Chemical structure of initially bile acid components
The bile acids consist of 30–40% of cholic acid, 30–40% of chenodeoxycholic acid, 20–25% 

of deoxycholic acid and 1–2% of lithocholic acid.
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Figure 8. 
Chemical structures of some representative photosensitizers that have been investigated for 

use in antimicrobial PDT.
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Figure 9. 
Chemical structure of a small cationic, methylene blue-like molecule EtNBS (5-

ethylamino-9-diethyl-amino-benzo[a]phenothiazinium chloride).
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Figure 10. EtNBS-PDT in vitro results
EtNBS was utilized as photosensitizer in PDT against Clostridium difficile and compares 

with methylene blue. The experiment was carried out in anaerobic chamber. The result 

revealed that the C. difficile bacteria population was reduced in zero oxygen by 6 log scales 

value when EtNBS was administrated as photosensitizer.
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