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Abstract

Clostridium difficile is a Gram-positive, spore forming bacillus and the most common cause of 

antibiotic-associated diarrhea in the United States. Clinical outcomes of C. difficile infection 

(CDI) range from asymptomatic colonization to pseudomembranous colitis, sepsis and death. 

Disease is primarily mediated by the action of the Rho-glucosylating toxins A and B, which 

induce potent pro-inflammatory signaling within the host. The role of this inflammatory response 

during infection is just beginning to be appreciated, with recent data suggesting inflammatory 

markers correlate closely with disease severity. In addition to the toxins, multiple innate immune 

signaling pathways have been implicated in establishing an inflammatory response during 

infection. In intoxication-based models of disease, inflammation typically enhances pathogenesis, 

while protection from infection seems to require some level of inflammatory response. Thus, the 

host immune response plays a key role in shaping the course of infection and a balanced 

inflammatory response which eradicates infection without damaging host tissues is likely required 

for successful resolution of disease.

1. Introduction

Clostridium difficile is a Gram-positive spore forming bacillus and an obligate anaerobe. It 

is currently the most common cause of hospital acquired antibiotic-associated diarrhea in the 

United States [1]. Disease is primarily mediated by the action of the Rho-glucosylating 

toxins toxin A (TcdA) and toxin B (TcdB), and clinical outcomes of CDI vary between 

asymptomatic colonization, pseudomembranous colitis, toxic megacolon, sepsis and death. 

Throughout the last ten years, incidence of C. difficile infection (CDI) has increased 

dramatically in developed countries, including the United States, Europe and Canada. Much 
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of the increase in disease frequency and severity has been linked to the emergence of a 

hypervirulent strain known as PCR ribotype 027 [2]. C. difficile has an enormous economic 

inpact, and is estimated to account for over 1 billion dollars in excess medical costs per year 

in the U.S. alone [1]. The most common cause of susceptibility to CDI is antibiotic 

treatment, including exposure to clindamycin, aminopenicillins, cephalosporins and 

fluoroquinolones. Almost all broad-spectrum antibiotics have been implicated in disruption 

of the intestinal microbiome, a condition coined as “dysbiosis” which is the underlying 

cause of increased susceptibility to CDI [3].

Current treatments involve administration of vancomycin or metronidazole. However, 

recurrent infection is seen in 20-30% of patients, and 15% of individuals eventually 

succumb to disease [1,5-6]. Newer therapies have been developed with the goal of 

diminishing microbiome disruption or restoring healthy microbiota, including the narrow 

spectrum antibiotic Fidaxomicin, as well as fecal microbiota transplant. [7]. Simultaneously, 

understanding of the factors that influence disease severity has also evolved. Recent data 

suggest that the host immune response to C. difficile plays a large role in determining the 

eventual outcome of disease. This includes evidence that point mutations in the gene 

encoding IL-8, a cytokine responsible for neutrophil recruitment in humans, results in 

increased IL-8 production during CDI and predisposes individuals to infection [8]. These 

data suggest that the disease is partially mediated by host factors, and indeed, inflammatory 

markers correlate more closely to disease severity than pathogen burden [9]. Additionally, 

increased IL-8 protein levels and CXCL5 and IL-8 message levels have been associated with 

prolonged disease [10]. The role the host immune response plays during infection has just 

begun to be explored, and many fascinating questions remain.

2. Inflammatory Response to Toxins A and B

2.1 Intoxication by TcdA/B

Infection with Clostridium difficile spores can occur in the community as well as in the 

healthcare setting, although disease typically manifests following disruption of the intestinal 

microbiome with antibiotics [11]. Spores are transmitted by the fecal-oral route, and once 

ingested they are capable of passing through the gastric acid present in the stomach and 

germinating in the colon and cecum [12]. Once germination occurs, vegetative cells 

penetrate the mucus layer and colonize by adhering to the epithelial cells of the colon. 

Following successful colonization, C. difficile replicates and produces the enterotoxin TcdA 

and the cytotoxin TcdB. TcdA and B are primarily responsible for the abundant tissue 

damage, epithelial barrier disruption and fluid accumulation seen during disease. A hallmark 

of C. difficile infection is robust neutrophil infiltration, and the pseudomembranes seen in 

more severe disease are made up of these cells surrounded by mucin, fibrin and cellular 

debris [4]. Additionally, hypervirulent ribotype 027 strains produce a third toxin termed 

binary toxin, or C. difficile transferase (CDT). This toxin has been shown to increase 

colonization by the organism via induction of microtubule protrusions on host epithelial 

cells, providing one possible mechanism for increased virulence in 027 strains [13]. TcdA 

and TcdB lead to a robust inflammatory response from host epithelial cells, inducing the 

production of pro-inflammatory cytokines and chemokines which recruit additional immune 
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cells. Intoxication occurs following toxin binding to host cell receptors and internalization 

via receptor-mediated endocytosis. Subsequent endosomal acidification triggers the insertion 

of the translocation domain into the endosomal membrane. This is thought to form a pore 

through which the glucosyltransferase domain is inserted into the cytoplasmic side of the 

endosomal membrane. The cysteine protease domain then cleaves off the 

glucosyltransferase domain, releasing it into the cytoplasm. There, the glucosyltransferase 

domain modifies Rho GTPases via the covalent attachment of a glucosyl residue, preventing 

the exchange of GDP for GTP and thereby blocking GTPase function. TcdA and TcdB have 

been specifically shown to glucosylate the Rho-family GTPases RhoA, Rac1 and Cdc42. 

This leads to a loss of integrity in the actin cytoskeleton, resulting in cell rounding and 

cytotoxicity. There is considerable debate other the type of cell death induced by TcdA and 

B, as characteristics of both apoptosis and necrosis have been observed [14]. However, cell 

death induced by Toxins A and B leads to the release of the pro-inflammatory danger signal 

uridine diphosphate (UDP). UDP signals through the P2Y6 receptor on host cells and 

enhances NFκB activation and IL-8 production, thereby contributing to the activation of the 

host immune response [15].

2.2 Toxin-induced Host Cell Signaling

Multiple Rho GTPase-independent pathways are also activated by TcdA and TcdB, and 

these are primarily involved in inflammatory gene expression. Toxins A and B are capable 

of inducing expression of numerous cytokines and chemokines, including IL-1, IL-6, IL-8, 

IL-12, IL-18, IFN-γ, TNF-α, macrophage inflammatory protein (MIP) 1α, CXCL2 as well 

as the adipocytokine leptin [16-19]. Although the exact pathways leading to pro-

inflammatory gene expression are unknown, it has been demonstrated that intoxication of 

cells by TcdA and TcdB leads to intracellular calcium release and activation of multiple 

mitogen-activated protein kinase (MAPK) pathways, including p38 MAPK,c-Jun N-terminal 

Kinase (JNK), and extracellular signal-regulated protein kinase (Erk)1/2. These pathways 

result in subsequent activation of the transcription factors NFκB and AP-1, known inducers 

of chemokine and cytokine production [20]. In particular, p38 MAPK phosphorylation has 

been shown to be essential for NFκB activation in response to TcdA, and this is thought to 

occur as a result of mitochondrial oxygen radical generation [21-22]. Both toxins have also 

been shown to activate MAPK-activated protein kinase (MK2) downstream of p38 MAPK, 

and this pathway is essential for IL-8 expression [23]. Similarly, production of 

cyclooxygenase-2 (COX-2) and prostaglandin E2 (PEG2), thought to be responsible for the 

fluid accumulation seen in response to toxins, is also dependent on p38 MAPK activation 

and signaling via mitogen- and stress-activated protein kinase (MSK-1) [24]. TcdA has also 

been shown to promote dendritic cell maturation and induce expression of the monocyte and 

macrophage chemoattractant CX3CL1 via similar pathways, including p38 MAPK and 

NFκB [25].

Both toxins are also capable of activating the NLRP3 inflammasome, a cellular complex 

assembled in response PAMPs or danger signals which activates caspase 1, responsible for 

processing the cytokines IL-1β and IL-18 into their secreted forms [26]. NLRP3 

inflammasome activation by TcdB occurs independently of its glucosylation activity, 

although the full length protein is required. Endocytosis and endosomal acidification are 
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likewise necessary for inflammasome activation by TcdB [27]. Although the specific 

mechanism of toxin-induced NLRP3 activation is not known, the NLRP3 inflammasome 

complex has been shown to be activated by a variety of stimuli, including Reactive Oxygen 

Species (ROS), bacterial toxins, and extracellular ATP [28]. Interestingly, IL-β and IL-1 

receptor signaling pathway genes were also found to be significantly upregulated after toxin 

challenge in a microarray-based study [19].

3. Host Recognition of C. difficile

3.1 Role of Pattern Recognition Receptors

The innate immune system is the first responder to the presence of pathogenic microbes 

throughout the body, and plays a crucial role in shaping the adaptive response to come. The 

innate response is influential during CDI, as multiple innate signaling pathways have been 

shown to play a role in disease susceptibility. Pattern Recognition Receptors (PRRs) are 

present on host cells and recognize conserved bacterial signatures (Pathogen Associated 

Molecular Patterns, or PAMPs) to initiate the immune response [29]. A subset of PRRs, the 

Tolllike Receptors (TLRs) have been shown to recognize C. difficile PAMPs and contribute 

to the initiation of the host inflammatory response. Specifically, the TLR adaptor protein 

MyD88 has been shown to be involved in host defense. Mice lacking this molecule and thus, 

the majority of TLR signaling, show decreased survival during CDI [30-31]. In this context, 

MyD88-mediated signaling is essential for the production of the chemokine CXCL1, 

responsible for recruiting neutrophils to the colonic lamina propria. These cells play an 

important role in preventing the dissemination of commensal microbes to other organs [32]. 

Several specific PRRs have also been implicated in recognition and response to the 

pathogen. C. difficile has been shown to signal through nucleotide-binding oligomerization 

domain 1 (Nod1), an intracellular Nod-like Receptor (NLR) known to recognize 

diaminopimelic acid derived from peptidoglycan (PGN) [33]. Although Nod1 does not 

signal via MyD88, deletion of this receptor likewise impairs production of the neutrophil 

chemoattractant CXCL1, decreases neutrophil recruitment and results in more severe disease 

[34]. C. difficile infected Nod1-/- mice also displayed elevated levels of lipopolysaccharide 

from translocating commensals as well as the pyrogenic cytokine IL-1β in their sera, 

possibly due to reduced bacterial clearance [33]. Toll-like Receptor 4 (TLR4) has also been 

implicated in recognition of C. difficile. Purified surface layer protein (SLP) from C. difficile 

can activate NFκB downstream of TLR4 and induce TLR4 dependent dendritic cell (DC) 

maturation. SLP-treated DCs secrete IL-12, IL-23, TNFα, and IL-10, and are able to induce 

co-cultured T cells to secrete IL-17 and IFN-γ. Additionally, deletion of TLR4 in vivo 

causes an increase in disease severity [31].

C. difficile flagellin has also been shown to stimulate TLR5, resulting in NFκB and p38 

MAP kinase activation and IL-8 secretion. Although large quantities of flagellin are required 

compared to the more potent Salmonella typhimurium flagellin, this effect can be prevented 

using neutralizing antibodies directed against TLR5 and is augmented by pre-treatment with 

Toxin B [35]. Interestingly, administration of flagellin from S. typhimurium prior to 

infection with C. difficile attenuates disease by delaying both growth and toxin production 

by C. difficile. However, deletion of TLR5 in mice does not result in more severe infection, 
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suggesting that this signaling pathway may be less essential for recognition of the pathogen 

[36].

4. Host Inflammatory Response to C. difficile

4.1 Host Response to Intoxication

The role of inflammation in response to C. difficile infection is controversial and 

multifaceted. Prevailing thought derived from toxin-based models of infection reflects the 

idea that inflammation is deleterious, as blocking inflammatory responses can prevent some 

of the tissue damage usually seen after intoxication. Preventing inflammasome activation via 

deletion of the adaptor protein apoptosis-associated speck-like protein (ASC), present in 

multiple inflammasomes, prevents tissue inflammation and damage following challenge of 

mice with purified toxins. Similarly, blocking IL-1β and IL-1α signaling with the IL-1 

receptor antagonist Anakinra ameliorates toxin damage [27]. Preventing neutrophil 

recruitment via antibody depletion prior to toxin treatment reduces fluid accumulation, cell 

death, permeability and histological damage in a rabbit model of intoxication [37]. 

Neutralization of the pro-inflammatory cytokine IFN-γ has also been shown to protect 

against TcdA-induced enteritis in a mouse model, and IFN-γ-/- mice are protected from 

tissue damage and show decreased cytokine production after challenge [38]. Mast cells have 

also been implicated in a damaging inflammatory response after intoxication, as mast cell 

deficient mice show decreased inflammation after treatment with TcdA [39]. The toxins are 

also able to induce significant levels of the neutrophil chemoattractant CXCL2 in rat ileal 

loops, and blocking this signal reduces histological damage following intoxication with 

TcdA. Similarly, genetic knockout of chemokine MIP1α, or of its receptor CCR1, decreased 

the damage associated with intoxication by TcdA [40-41]. Interestingly, the adipokine leptin 

also appears to play a role in the inflammatory response to TcdA, as ob/ob leptin deficient 

mice show reduced pathology after challenge with TcdA, including less severe fluid 

secretion and inflammation [42].

4.2 Host Response to Infection

Many similar manipulations in infection models using live C. difficile have shown a lack of 

inflammatory response to be detrimental. Inflammasome deficient ASC-/- mice show 

decreased survival during infection, suggesting that some inflammation is necessary for 

bacterial clearance and disease resolution. Interestingly, ASC-/- mice show increased 

translocation of commensal microbes to organs such as the spleen, liver and lung, suggesting 

a role for inflammatory pathways in controlling bystander bacteria [43]. Preventing 

neutrophil recruitment via antibody depletion similarly worsens disease [32]. Inflammatory 

signaling by pattern recognition receptors has also been shown to be protective during CDI, 

as Nod1-/-, MyD88-/- and TLR4-/- mice all experience more severe disease [31-33]. Leptin 

signaling also appears to be protective, as leptin deficient mice show higher bacterial 

burdens [44]. The cytokine interleukin-23 (IL-23) stands out as an inducer of pathogenic 

inflammation during infection [45]. IL-23 has been implicated in multiple autoimmune 

diseases, and is best known for its ability to maintain TH17 cells and induce production of 

the cytokines IL-17 and IL-22. Inflammation in general has long been understood as a 

balance between eradicating infection while preventing destruction of host tissues, and it 
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may be that IL-23 tips the balance towards pathogenic host damage rather than protective 

bacterial eradication.

5. Remaining Questions

Although understanding of the role of the host response to CDI is increasing, many 

questions remain. One prominent and fascinating area of inquiry involves the ability of the 

microbiome to influence host response during infection. In general, the ability of the host 

microbiota to prevent infection with pathogenic microbes is known as colonization 

resistance [46]. Direct colonization resistance refers to the ability of certain microbes to 

prevent pathogenic infection by competition for nutrients or by inhibiting pathogen growth 

via secretion of particular molecules. In the case of indirect colonization resistance, 

beneficial microorganisms prevent infection by activating or skewing host immune 

responses. It is widely appreciated that gut bacteria can influence local and systemic 

immune changes, and a prime example of this is the ability of segmented filamentous 

bacteria (SFB) to induce TH17 responses in the host gastrointestinal tract [47]. It remains to 

be seen what type of role indirect colonization resistance plays in protection from or 

susceptibility to CDI.

Understanding how the microbiome shapes the host immune response will be essential to 

fully appreciate the role of the immune system in infection, and may also lead to greater 

understanding of how the balance of inflammatory processes shapes the course of disease. 

This may provide clues towards preventing infection by reducing the immunological effects 

of microbiome disruption which lead to susceptibility and opens the door to numerous 

potential therapies targeting host signaling during CDI. To that end, identification of the 

cytokine IL-23 as a regulator of pathology presents an as-of-yet unique opportunity to 

determine how this cytokine is induced by C. difficile and identify particular cell subsets and 

their role in causing disease. This knowledge will increase our understanding of host 

recognition and response to C. difficile, as well as clarify the role of inflammation during 

CDI.
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Highlights

• Clostridium difficile infection (CDI) is primarily mediated by Toxins A and B

• Toxins A and B induce pro-inflammatory signaling within the host

• Multiple Pattern Recognition Receptors (PRRs) also contribute to inflammation

• Intoxication models show inflammatory signaling can be pathogenic

• Infection models show that some level of inflammation is required for disease 

resolution

Cowardin and Petri Page 9

Anaerobe. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1. 
Healthy individuals possess normal microbiota in homeostasis with the host mucosal 

immune system. Antibiotics disrupt the microbiome and lead to dysbiosis. Ingested C. 

difficile spores germinate into vegetative cells which produce the major virulence factors, 

Toxins A and B. Ribotype 027 strains also produce a third toxin, C. difficile transferase 

(CDT), which enhances colonization by inducing microtubule protrusion formation on host 

cells. Toxins A and B further disrupt the epithelial barrier, trigger pro-inflammatory 

signaling from epithelial cells, and increased immune cell recruitment. Translocation of 

commensal microorganisms contributes to inflammatory signaling.
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Fig. 2. 
Multiple innate immune pathways contribute to inflammation during CDI. C. difficile 

PAMPs, including Surface Layer Proteins (SLPs) and flagellin activate Toll-like Receptor 4 

(TLR4) and TLR5 respectively. C. difficile can likewise stimulate Nucleotide-binding 

oligomerization domain-containing protein 1 (Nod1) via an unidentified, secreted PAMP. 

Toxins A and B also activate inflammatory signaling cascades, including p38 mitogen-

activated protein kinase (MAPK). P38 MAPK signals though MAPK-activated protein 

kinase (MK2) to activate the transcription factors nuclear factor κB (NFκB) and activator 

protein 1 (AP-1) to induce proinflammatory cytokine and chemokine production. The toxins 

can also activate the NLRP3 inflammasome, leading to IL-1β secretion and NFκB activation 

via the IL-1 receptor.
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Table 1

The role of inflammation in response to C. difficile toxins or infection depends on the type of challenge. Many 

studies using intoxication as a model (light gray boxes) report that inflammatory pathways are deleterious. 

However, infection based models (dark gray boxes) have found that certain inflammatory pathways are 

necessary for survival, with the exception of the pro-inflammatory cytokine IL-23. Thus, the role of 

inflammation during CDI is likely to be multifaceted and complex.

Challenge Model Result Reference

TcdA/B ASC-/- Mice
Anakinra (IL-1Ra) Mice

Decrease in disease severity Ng, 2010

TcdA MIP-2 Neutralized Rat Decrease in disease severity Castagliuolo, 1998

TcdA CCR1-/- Mice
MIP1α -/- Mice

Decrease in disease severity Morteau, 2002

TcdA Anti-CD18 mAB (neutrophil depletion) Rabbit Decrease in disease severity Kelly, 1994

TcdA IFN-γ -/- Mice
IFN-γ Neutralized Mice

Decrease in disease severity Ishida, 2004

TcdA Mast Cell Deficient Mice Decrease in disease severity Wershil, 1998

TcdA Ob/ob (Leptin Deficient) Mice Decrease in disease severity Mykoniatis, 2003

VPI 10463 Nod1-/- Mice Decreased survival Hasegawa, 2011

VPI 10463 ASC-/- Mice Decreased survival Hasegawa, 2012

VPI 10463 MyD88-/- Mice
Neutrophil depleted Mice

Decreased survival Jarchum, 2012

R13537 TLR4-/- Mice Decreased survival Ryan, 2011

VPI 10463 IL-23p19-/- Mice Increased survival Buonomo, 2013
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