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KEY POINTS

• Clostridioides difficile infection is the leading cause of antibiotic-associated diarrhea. High

mortality rates and recurrent infections make it a substantial burden on health care

systems.

• C difficile infection symptoms are caused by two protein toxins that are the main therapeu-

tic targets.

• Previous vaccine formulations did not protect against primary infection or colonization by

C difficile in Phase 3 clinical trials.

• Multivalent vaccines targeting the toxins and bacterial surface molecules effectively pre-

vent disease and promote pathogen clearance in preclinical models.

• There is still a need for effective vaccines and externally administered therapeutics for

immunocompromised patient populations.
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INTRODUCTION

Trends in Clostridioides difficile Infection and Current Therapies

Widespread antibiotic use and the emergence of highly virulent epidemic strains have 
made Clostridioides difficile the leading cause of hospital-acquired gastrointestinal 
(GI) infections. Although cases of hospital-associated C difficile infection (CDI) are 
decreasing, an increase in community-acquired CDI has been reported. 1 In addition, 
high rates of recurrent CDI and deaths associated with the disease have remained 
unchanged. 1

Fidaxomicin or vancomycin are the standard antibiotic therapies for CDI. 2 This 
approach poses challenges since antibiotics diminish the complexity of the gut micro-

biota. Consequently, 20% to 35% of patients experience a recurrent CDI within 
eight weeks of the initial infection. Clinical trials show that combining antibiotics with bio-

logical therapeutics—anti-C difficile toxin B monoclonal antibody (mAb) bezlotoxumab 
(Zinplava) or fecal microbiota transplantations (FMT)—can reduce the risk of recur-

rence. 3 Zinplava was the only mAb therapy approved by the US Food and Drug Admin-

istration for CDI; however, it was discontinued at the end of January 2025. FMT has been 
conducted using stool from healthy donors, but safety concerns exist regarding the po-

tential for transmission of pathogenic and multidrug-resistant microbes. 4

The burden of CDI on patients and the health care system underscores the need to 
develop strategies to prevent primary and recurrent CDI. This review examines the im-

mune response to C difficile in the context of therapeutics and vaccination, providing a 
framework for developing the next generation of therapies.

C difficile Toxins Are the Etiologic Agents of Disease

CDI pathogenesis is driven by two large, multi-domain protein toxins, TcdA and 
TcdB, which induce diarrhea, inflammation, epithelial damage, and a loss of barrier 
function. 5 The exotoxins are released from C difficile in the colon and can enter 
host cells through receptor-mediated endocytosis. 5 Endosome acidification triggers 
structural changes in the toxins, resulting in pore formation and cytosolic delivery of 
an enzymatic glucosyltransferase domain. The glucosyltransferase domain (GTD) 
irreversibly inactivates Rho-family GTPases, causing cytoskeletal alterations, the

Abbreviations

APD autoprotease domain

CDT C difficile transferase

CROPS combined repetitive oligopeptide sequence 

CSPG4 chondroitin sulfate proteoglycan 4

DD delivery domain

FMT fecal microbiota transplantation 

Fzd1/2/7 Frizzled-1/2/7

GI gastrointestinal

GSK GlaxoSmithKline

GTD glucosyltransferase domain 

IFNγ interferon-gamma

IL interleukin

ILC innate lymphoid cell

mAb monoclonal antibody

NTCD non-toxigenic C difficile

T H 17 T helper 17

T reg regulatory T cells
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production of proinflammatory chemokines, and a loss of solute transporters critical 
for maintaining water and nutrient homeostasis. 6 Together, this leads to significant 
epithelial damage and, in severe cases, may result in pseudomembranous colitis, 
bowel perforation, sepsis, and even death.

Both TcdA and TcdB can cause physiologic changes in the host colon, although 
studies suggest that TcdB is the major driver of CDI pathogenesis. 7 This is supported 
by clinical evidence that: (1) hospital outbreaks have been caused by TcdA-negative 
and TcdB-positive C difficile strains 7,8 ; (2) higher antibody titers against TcdB (but 
not TcdA) correlate with a lower risk of recurrent infection 7,9 ; and (3) neutralizing 
TcdB with bezlotoxumab reduces the risk of recurrent infections and adverse out-

comes, while treatment with an anti-TcdA neutralizing mAb does not. 10 This evidence 
makes TcdB the key therapeutic target.

TOXIN-DRIVEN IMMUNE RESPONSES

High levels of anti-toxin neutralizing immunoglobulin G (IgG) antibodies correlate with 
decreased disease severity 9,11 ; however, many people fail to develop a protective im-

mune response after primary CDI, which is reflected in their high susceptibility to 
recurrence. 9,12 Understanding what constitutes a protective immune response against 
colonization and primary CDI remains a priority to guide vaccine and therapeutic 
development.

Innate Immunity

Toxin-induced inflammation is attributed to several pathways. The glucosyltransferase 
activity of TcdA and TcdB has been linked to the activation of the nuclear factor kappa 
B signaling pathway and mitogen-activated protein kinase pathways, both of which 
promote cytokine transcription. 6 Glucosyltransferase modification of Rho GTPases 
activates the NLRP3 and pyrin inflammasomes in epithelial and/or myeloid-derived 
cells, increasing the production of proinflammatory molecules, including interleukin-

1 beta (IL-1β) and C-X-C ligand 1 (CXCL1) (Fig. 1). 13,14 Additionally, both toxins stim-

ulate the release of Substance P, further amplifying the inflammatory response. 15,16 

Tissue-infiltrating neutrophils are abundant during acute infection and essential to 
survival. Neutrophil influx does not affect C difficile colonization during infection; 
rather, they restrict systemic translocation of commensal gut microbes to peripheral 
organs. 20 Recently, aged mice were shown to develop leukocytosis in a CDI model 
but had reduced colon-infiltrating neutrophils and eosinophils, which was associated 
with increased disease severity. 24

Tissue-resident innate lymphoid cells (ILCs) have gained attention for their role in 
responding to pathogenic tissue damage. Abt and colleagues demonstrated that 
ILC1 and ILC3 subsets were critical for survival during acute CDI due to their produc-

tion of interferon-gamma (IFNγ) and IL-22, respectively (see Fig. 1). 17 Treatment with 
exogenous IL-33, an epithelial cytokine that decreases during antibiotic-induced 
microbiota depletion, protected against severe CDI by activating ILC2s and recruiting 
eosinophils to the colon. 21 A follow-up study showed that pre-treatment with exoge-

nous IL-33 improved innate and adaptive immune responses to CDI by increasing 
colonic eosinophils, decreasing pro-inflammatory monocytes, and enhancing anti-

TcdB antibody production. 25 The role of colon-infiltrating eosinophils during CDI is 
not fully understood, but accumulating evidence suggests that type 2 immune re-

sponses protect against severe CDI. Indeed, prophylactic administration of bezlotox-

umab and an anti-TcdA mAb did not alter neutrophil or ILC functions but increased the 
abundance of colonic eosinophils. 22
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Understanding the balance of protective versus inflammatory innate immune re-

sponses during CDI is a priority for developing therapies to prevent excessive inflam-

mation, tissue damage, and gut microbiota disruption. The insight may also inform the 
types of adjuvants used in CDI vaccines to promote adaptive immunity.

Adaptive Immunity

The frequency of recurrent CDI 1 implies a challenge in generating effective immune 
memory following infection. Clinical studies demonstrate that increased anti-toxin

Fig. 1. Mucosal immunity during C difficile infection. TcdA and TcdB cause cell death and 

inflammation. Epithelial and tissue-resident cells secrete pro-inflammatory chemokines 
and cytokines that recruit neutrophils and activate ILCs. 15,17–19 Severe epithelial damage 

permits the translocation of microbes into the lamina propria, amplifying inflammation. 19,20 

Cytokine production can limit bacterial translocation via ILC1 IFNγ signaling, stimulating 

neutrophil and MΦ phagocytosis. 17 ILC3s secrete IL-22 in response to IL-23, increasing the 
production of antimicrobial proteins and reactive oxygen/nitrogen species. 17 Eosinophils 

and regulatory T cells (T reg ) 
21–23 promote disease recovery through incompletely understood 

mechanisms. (Figure created in Biorender.)
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serum IgG following primary CDI is associated with reduced recurrence rates, sug-

gesting that adaptive immunity can be achieved. 9

Advancements have been made in understanding the memory B cell response 
following CDI. One study identified memory B cells in patients with a history of CDI 
that recognize the C-terminal combined repetitive oligopeptide sequence (CROPS) 
domain of TcdB. The authors observed a high degree of somatic hypermutation in 
these cells, but a low level of isotype switching, with immunoglobulin M (IgM) being 
the predominant antibody class. 26 Although 50% of identified IgG1 mAbs bound to 
TcdB, only 1 out of 49 neutralized TcdB in vitro. 26 This might suggest the presence 
of decoy epitopes within the TcdB CROPS; it may not serve as an ideal antigen by 
itself.

Further studies revealed that primary CDI induced serum IgM and mucosal immu-

noglobulin A (IgA) responses against TcdB, but a minimal serum IgG response. 27 

This may be due to a lack of expansion in the T follicular helper cell and memory B 
cell compartments. 27 A recent article investigated the role of TcdB activity on memory 
B cell responses. 28 TcdB inhibited IgG class switching in response to vaccination with 
an inactive TcdB antigen, thereby limiting the production of neutralizing antibodies. 28 

This effect was linked to a TcdB-dependent increase in the surface expression of C-X-

C chemokine receptor 4 on memory B cells and impairment in germinal center 
formation. 28

Less is known about the memory T cell response. One study examined the role of 
T cells by chemically inducing colitis in mice and infecting them with C difficile, 
modeling CDI in individuals with inflammatory bowel diseases. Both chemically-

induced colitis and CDI increased the number of intestinal T helper 17 (T H 17) cells 
and IL-17A. 29 However, mice with chemically-induced colitis maintained a lasting 
population of colonic T H 17 cells that worsened tissue damage, weight loss, and mor-

tality during CDI. 29 Transfer of the colitis-associated T H 17 cells to naı̈ve mice before 
infection was sufficient to increase CDI severity. 29

Conversely, a different study found that IL-17A was crucial for survival and for 
reducing histopathological damage during CDI. 18 Gamma-delta T cells were identified 
as the primary source of IL-17A during CDI, highlighting the essential role of this T cell 
population in mucosal protection. 18 These studies suggest a Goldilocks effect: some 
level of IL-17A benefits the host, but too little or too much results in negative 
consequences.

Although T and B cells do not significantly impact acute CDI, one study showed that 
Rag1 knockout mice, deficient in T and B cells, are unable to clear C difficile, facilitate 
FMT engraftment, or resolve inflammation following CDI. 23 FMT engraftment 
depended solely on regulatory T cells (T reg ). 

23 The authors proposed a feedback 
loop where CDI creates an inflamed environment in the colon. If this inflammation 
goes unresolved, it can facilitate continued colonization by pro-inflammatory mi-

crobes that perpetuate inflammation, priming the environment for recurrent CDI.

C DIFFICILE VACCINE DEVELOPMENT

Developing a C difficile vaccine has been a major focus of the field, with several for-

mulations making it to clinical trials but failing to prevent CDI as the primary endpoint. 
While the primary and most realistic goal of a C difficile vaccine is to prevent symptom-

atic infection, a secondary objective should be to block C difficile colonization of the GI 
tract, which would prevent recurrence in the vaccinated individual and transmission to 
others. The following sections review recent efforts to achieve both of these goals us-

ing clinical trials and preclinical animal models.
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TcdA and TcdB as Primary Vaccine Targets

Most C difficile vaccines have used inactive TcdA and/or TcdB. Structural studies of C 
difficile toxins have enabled a mechanistic understanding of toxin neutralization by 
vaccination or therapeutic compounds. TcdA and TcdB consist of four functional do-

mains: the N-terminal GTD, an autoprotease domain (APD), the delivery domain (DD) 
with roles in receptor binding, pore formation, GTD translocation, and the CROPS 
(Fig. 2A). 5

Immunization studies in rodent models initially demonstrated the efficacy of using 
inactivated toxoids or recombinant toxin fragments in inducing antibody responses 
and protecting against disease. 30 The success of toxin-targeting vaccines in preclin-

ical studies catalyzed vaccine trials from Sanofi Pasteur, 31 Pfizer, 32 and Valneva 33,34 

(Table 1). The Sanofi vaccine trial was terminated early due to a lack of efficacy, 
and the Pfizer vaccine ultimately failed to meet primary endpoints in Phase 3 clinical 
trials. 31,32 The Pfizer vaccine did, however, meet secondary endpoints of decreased 
duration of infection and incidence of CDIs requiring medical treatment. 32 Pfizer is 
testing new adjuvant formulations with their vaccine, while Valneva’s VLA84 vaccine

Fig. 2. Structure of TcdB holotoxin, mAb neutralization, and receptor binding. (A) The struc-

ture of TcdB holotoxin (PDB:6OQ5), highlighting the GTD (purple), APD (blue), DD (golden 

rod), and CROPS domain (green). (B) The model shows 2 bezlotoxumab Fabs (dark blue) 
bound to the CROPS (PDB:4NP4), docked onto the TcdB structure. (C) Fragments of FZD2 

(PDB:6C0B, yellow) and CSPG4 (PDB:7ML7, olive green) are bound to the TcdB receptor bind-

ing sites. FZD1/2/7 binds the DD, while CSPG4 binds the “hinge” region that intersects the 

DD, APD, and CROPS. (D) The AZD5148 Fab structure bound to its GTD epitope (PDB:5VQM, 
light pink), and docked onto TcdB. (Figure generated using Chimera X.)
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Table
 

1

C
 

difficile
 

TcdA
 

and
 

TcdB
 

vaccine
 

candidates tested
 

in
 

human
 

clinical trials

Company
 

Name
 

Targets (Strain) Vaccine
 

Type
 

Adjuvant Efficacy
 

(CI)

Most Recent 
Trial

Current

Status

Sanofi Pasteur Cdiffense
 

TcdA, TcdB
 

(VPI 10463) Formalin-inactivated
 

toxoid
 

Alum
 

− 5.2%
 

(− 104.1
 

to
 

43.5)

2021, Phase
 

3
 

Terminated

Pfizer PF-06425090
 

TcdA, TcdB
 

(630) Formalin-inactivated, 
glycosyltransferase

 
mutant toxoid

Alum
 

31%
 

(− 38.7
 

to
 

66.6)

2024, Phase
 

3
 

Ongoing

Valneva
 

VLA84
 

TcdA, TcdB, DD, and
 

CROPS (630)

Recombinant fusion
 

protein
 

Alum
 

N/A
 

2017, Phase
 

2
 

On
 

hold

GSK
 

GSK2904545A
 

TcdA, TcdB, DD, and
 

CROPS (VPI 10463)

Recombinant fusion
 

protein
 

(F2
 

antigen)

AS01
 

N/A
 

2024, Phase
 

1
 

Ongoing
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is stalled due to a lack of resources despite a successful Phase 2 trial. An additional 
recombinant toxin vaccine recently developed by GlaxoSmithKline (GSK) is currently 
in Phase 1 trials 35 (see Table 1).

The outcomes of these clinical trials offer insights into characteristics of a successful 
C difficile vaccine. The Pfizer vaccine, PF-06425090, induced higher neutralizing anti-

body titers overall compared with the Sanofi vaccine, with a corresponding reduction 
of disease severity. 31,32 The GSK vaccine, GSK2904545A, potently induced anti-toxin 
neutralizing antibodies when administered in combination with the liposome-based 
AS01 adjuvant. 35 Liposome adjuvants appear effective at inducing neutralizing antibody 
production. Indeed, an early formulation of the Pfizer vaccine using the saponin QS-21 
as an adjuvant induced high levels of toxin-neutralizing antibodies. 36 Novel adjuvants 
have demonstrated improved immunogenicity over traditional adjuvants with toxin-

based vaccines in animal models. 37,38

One shortcoming of the Phase 3-tested vaccines was the inability to prevent C diffi-

cile colonization and clinical infection. Due to the restriction of C difficile to the GI tract, 
induction of mucosal immunity and secretory immunoglobulins (sIgA and sIgG) are 
likely to be important for local toxin neutralization and reduction of bacterial coloniza-

tion. Current toxin-based vaccines induce neutralizing antibodies in the serum, but 
antibody titers in the GI tract were not assessed. Additionally, only TcdA and TcdB 
have been tested as antigens in clinical trials. As the toxins are not required for C diffi-

cile colonization, inclusion of antigens associated with C difficile cells or spores is 
likely needed to prevent initial colonization, infection, and transmission. 

Approximately 20% of clinical C difficile isolates express a third toxin known as C 
difficile transferase (CDT) or binary toxin. CDT is expressed by the epidemic ribotype 
027 (NAP1/BI/027) strains attributed to the increasing incidence of CDI over the last 
20 years. While the role of CDT is still being elucidated, a tetravalent vaccine including 
TcdA, TcdB, and both subunits of CDT (CdtA and CdtB) improved protection against 
epidemic strains in hamsters. 39

Non-toxin C difficile Vaccine Targets

While the primary endpoint for C difficile toxin vaccines is to prevent symptomatic 
infection, significant attention has been given to identifying non-toxin targets that 
reduce colonization. Several non-toxin targets have been tested in preclinical studies 
(Table 2), although these studies varied significantly in inoculation route, dosing stra-

tegies, animal model, immunogenicity and infection metrics, and C difficile strain used 
for challenge.

The flagellar proteins FliCD, 40–42 cell wall protein Cwp84, 42,46,47 and S-layer precur-

sor protein SlpA 44,45 were among the first non-toxin antigens tested due to the pres-

ence of antibodies specific for these proteins in CDI patient sera. 69,70 Immunization of 
mice with the flagellin FliC protected against lethal infection and reduced fecal spore 
shedding. 41 Similarly, immunization with the flagellar cap FliD reduced intestinal colo-

nization of mice, albeit at a reduced magnitude. 42 A recent study showed that immu-

nization with a recombinant fusion of FliC and FliD induced high systemic and mucosal 
antibody titers, and improved survival and clinical symptoms. 40 However, flagellar 
vaccine targets may be limited in their protection against C difficile due to control of 
flagellar gene expression by phase variation, which would allow subpopulations of 
cells to evade recognition by anti-FliC and anti-FliD antibodies. 71

The S-layer precursor protein SlpA is the most abundant C difficile surface protein. 
As the outermost layer of the vegetative cell, SlpA is accessible for immune recogni-

tion; indeed, anti-SlpA antibodies have been identified in CDI patients and asymptom-

atic C difficile carriers, with IgM titers associated with protection against recurrence. 72
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Table
 

2

Non-toxin
 

C
 

difficile
 

vaccine
 

targets used
 

in
 

preclinical models

Target Name
 

Description Route
 

a
 Immunogenicity

Infection

Model Reference

FliC
 

Flagellin i.p., i.r. Mice, hamsters Mice, hamsters Wang
 

et al, 
40
 2023, 

Ghose
 

et al, 
41
 2016, 

Pé chiné et al, 
42
 2007

FliD
 

Flagellar cap
 

protein
 

i.p., i.r, i.g., i.n, s.c., i.v. Mice
 

Mice
 

Wang
 

et al, 
40
 2023, 

Pé chiné et al, 
42
 2007, 

Potocki et al, 
43
 2017

SlpA
 

S-layer protein
 

precursor i.r., i.p., i.n. Mice, hamsters Mice, hamsters Bruxelle
 

et al, 
44
 2016, 

Nı́ Eidhin
 

et al, 
45
 2008

Cwp84
 

Cell wall protease
 

84
 

s.c., i.g., i.r. Hamsters Mice, hamsters Pé chiné et al, 
42
 2007, 

Sandolo
 

et al, 
46
 2011, 

Pé chiné et al, 
47
 2011

Cwp2
 

Cell wall protein
 

2
 

i.p. Mice
 

Mice
 

Wang
 

et al, 
48
 2025

PS-I Cell-surface
 

polysaccharide
 

s.c. Mice
 

Mice
 

Martin
 

et al, 
49
 2013, 

Broecker et al, 
50
 

2019

PS-II Cell-surface
 

polysaccharide
 

s.c., i.p. Mice, rabbits, swine
 

Mice
 

Oberli et al, 
51
 2011, 

Cox et al, 
52
 2021, 

Romano
 

et al, 
53
 2014, 

Bertolo
 

et al, 
54
 2012, 

Broecker, 
50
 2019

LTA/PS-III Lipoteichoic acid
 

polymer s.c., i.p. Mice, rabbits Mice
 

Cox et al, 
52
 2021, 

Cox et al, 
55
 2013, 

Broecker et al, 
50
 2019, 

Broecker et al, 
56
 2016

(continued
 

on
 

next page)
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Table
 

2
 

(continued
 

)

Target Name
 

Description Route
 

a
 Immunogenicity

Infection

Model Reference

CD0873 Colonization
 

factor/lipoprotein i.p., i.g. Hamsters Hamsters Karyal et al, 
57
 2021, 

Bradshaw
 

et al, 
58
 2019, 

Karyal et al, 
59
 2021, 

Hughes et al, 
60
 2022

PilA1, PilA2, PilJ,

PilU, PilV, and
 

PilW

Type
 

IV
 

pilins and
 

pilin-like

proteins

i.d., s.c., i.p. Mice, guinea
 

pigs,

rabbits, rats

Mice Maldarelli et al, 
61
 2014,

Maldarelli et al, 
62
 2016

GroEL Heat shock
 

protein i.r., i.n. Mice Mice Pé chiné et al, 
63
 2013

PPEP-1/Zmp1 Pro-Pro
 

endopeptidase
 

1 i.m. Mice, hamsters, NHP Mice Alameh
 

and
 

Semon
 

et al, 
64
 2024

CdeM Cysteine-rich
 

exosporium
 

protein i.m., i.g., i.p. Mice, hamsters, NHP Mice, hamsters Alameh
 

and
 

Semon
 

et al, 
64
 2024, 

Ghose
 

et al, 
65
 2016

CdeC Cysteine-rich
 

exosporium
 

protein i.p. Mice, hamsters Mice, hamsters Ghose
 

et al, 
65
 2016

CotA, SleC, BclA1 Spore-associated
 

proteins i.p. Mice Mice Ghose
 

et al, 
65
 2016

BclA2 Exosporium
 

glycoprotein i.n. Mice Mice Maia
 

et al, 
66
 2020

BclA3 Exosporium
 

glycoprotein i.n., s.c. Mice, rabbits Mice Maia
 

et al, 
67
 2020, 

Aubry et al, 
68
 2020

Abbreviation: NHP, non-human
 

primates.
a
 i.p., intraperitoneal; i.r., intrarectal; i.g., intragastric; i.n., intranasal; s.c., subcutaneous; i.v., intravenous; i.d., intradermal; i.m., intramuscular.
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SlpA immunization decreased C difficile colonization in mice, potentially through anti-

SlpA IgA in stool. 44 The success of SlpA as a vaccine antigen may be hindered by its 
high sequence variability across strains. 73 Cwp84, the cell wall-associated protease 
that cleaves SlpA into high-molecular and low-molecular weight forms, has also 
been tested as an antigen and increased survival in hamsters, although C difficile colo-

nization was not measured. 46,47 Another cell wall protein, Cwp2, increased survival 
and decreased C difficile colonization in intraperitoneally immunized mice. 48 Overall, 
targeting the S-layer and cell wall may be a viable vaccination strategy to reduce C 
difficile colonization. While the C difficile cell wall proteins exhibit higher conservation 
among strains than SlpA, further investigation is needed to determine whether target-

ing Cwp84 impacts C difficile colonization.

Other major components of the C difficile outer layer are the cell-surface polysac-

charides PS-I, PS-II, and PS-III/LTA. All three C difficile polysaccharides are immuno-

genic in small animal models when conjugated to various carrier proteins. 49,52–55,51 

Two studies evaluated the efficacy of glycoconjugate vaccines and demonstrated 
that all three major polysaccharides conjugated to diphtheria toxoid reduced coloni-

zation with C difficile and clinical signs of CDI. 50,56 While each polysaccharide resulted 
in similar protection in mice, PS-II is the most promising candidate as antibodies 
against PS-III/LTA cross-react with commensal Clostridia, and PS-I production is var-

iable across strains. 52,56,74

Cell-surface molecules implicated in the adherence of C difficile to host cells may be 
suitable vaccine targets to prevent colonization. Immunization using CD0873, a lipo-

protein and adhesion factor, improved C difficile clearance and provided modest 
protection from lethality in animal models. 57,58 C difficile encodes nine type IV pilin 
or pilin-like proteins, six of which were immunogenic in mice 61 ; however, this immuni-

zation strategy garnered no protection against CDI. 62 The membrane-bound heat 
shock protein GroEL has been implicated in C difficile adherence, and vaccination us-

ing recombinant GroEL decreased intestinal colonization in mice. 63 In summary, tar-

geting C difficile adherence factors generally promotes intestinal clearance of C 
difficile.

While the majority of non-toxin targets studied are present on the vegetative cell, 
targeting antigens on the transmissible spore form of C difficile is likely important 
for blocking colonization and transmission. Ghose and colleagues 65 immunized 
mice with five spore coat and exosporium proteins: CdeM, CdeC, CotA, BclA1, and 
SleC. Despite all five proteins being immunogenic in mice, only CdeM, CdeC, and 
CotA immunization increased survival during CDI and reduced fecal shedding of C 
difficile. Another exosporium glycoprotein, BclA3, was tested by multiple groups as 
a vaccine target using a glycoconjugate formulation, recombinant BclA3 C-terminal 
domain, or heterologous expression on Bacillus subtilis spores. 67,68 The glycoconju-

gate vaccine and transgenic spores did not show any benefit during C difficile chal-

lenge, but the BclA3 C-terminal domain protected mice against weight loss and 
initial colonization. 67 Similarly, immunization using the C-terminal domain of the 
paralog BclA2 delayed diarrhea onset and promoted C difficile clearance in mice. 66 

These studies demonstrate the utility of including spore-specific targets in a compre-

hensive C difficile vaccination strategy.

Several non-toxin vaccine formulations reduce C difficile colonization, yet no single 
antigen completely prevents colonization and disease. Members of our team recently 
developed a multivalent nucleoside-modified mRNA-lipid nanoparticle vaccine target-

ing TcdA and TcdB, the adhesion-associated protease PPEP-1/Zmp1, and CdeM. 64 

By targeting multiple stages of the C difficile lifecycle (sporulation, colonization, and 
toxin production), this vaccine fully protected mice from lethal infection with the highly
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virulent VPI 10463 strain, and inclusion of PPEP-1 and CdeM reduced initial coloniza-

tion levels and accelerated C difficile clearance. Antibody production was increased 
compared with traditional recombinant protein vaccines, but the non-toxin antigens 
were less immunogenic than toxins in the mucosal compartment. 64 As a multivalent 
strategy is likely needed to prevent both colonization and disease, this vaccination 
platform represents a major advancement in the field. Optimizing mucosal responses 
to non-toxin antigens or including additional antigens may be needed to prevent C 
difficile colonization using this strategy.

Improving Mucosal Immune Responses to C difficile Vaccines

No clinical trials have assessed the production of C difficile vaccine-elicited antibodies 
in the intestine. Additionally, few preclinical studies have investigated the mucosal im-

mune response to C difficile vaccines, despite the restriction of C difficile to the GI 
tract. Although systemic anti-toxin antibodies protect against mortality and severe 
CDI symptoms, vaccinated mice still become colonized with C difficile and exhibit in-

testinal pathology, 64 underscoring the importance of mucosal immune responses. 
Vaccine administration through mucosal routes such as oral, nasal, and rectal sites 

can enhance local antibody responses. Rectal immunization of mice with recombinant 
FliD induced both robust systemic antibodies and anti-FliD sIgA. 42 Similarly, rectal im-

munization with SlpA induced both systemic and mucosal antibody production in 
mice. 44 Other studies in mice have found a role for intranasal inoculation, with 
improved systemic and mucosal antibody responses over intragastric and subcutane-

ous inoculation. 68,75 Indeed, many preclinical vaccination models have used the intra-

nasal route for both toxin and non-toxin targets. 43,45,63,66,67 Several of these studies 
used antigen display on B subtilis spores, which increased sIgA production over re-

combinant protein when co-expressed with IL-2. 43

Oral vaccination, while known to enhance immunogenicity in the GI tract, requires an-

tigen passage through the harsh gastric environment. To combat this, cargo can be 
encapsulated in polymers and nanoparticles, allowing gastric transit and enhancing an-

tigen uptake. Sandolo and colleagues 46 encapsulated Cwp84 in pectin beads for oral 
delivery, which increased efficacy in a hamster survival model compared with Cwp84 
alone. Similarly, display of CD0873 on liposomes improved systemic and mucosal 
neutralizing antibody responses during oral delivery. 57,59 Several groups have devel-

oped live-attenuated vaccines using bacteria expressing TcdA and TcdB fragments 
for oral delivery. 75–80 Notably, Hong and colleagues 78 demonstrated protection from 
C difficile colonization in hamsters using a B. subtilis spore vaccine, which correlated 
with sIgA levels but not systemic IgG.

Non-toxigenic C difficile (NTCD) has been used as an oral vaccine vector, which has 
the advantage of containing naturally occurring cell surface antigens. Indeed, immu-

nization with NTCD expressing TcdA/TcdB fusion proteins elicited mucosal anti-toxin 
antibodies and antibodies recognizing FliC, FliD, SlpA, and Cwp2. 81,82 NTCD can also 
protect against colonization without heterologous toxoid expression due to competi-

tion with toxigenic strains for intestinal niches. 83,84 Clinical trials of the NTCD strain M3 
have demonstrated safety and prevention of CDI recurrence in patients. 85 One major 
safety consideration in using NTCD as a therapeutic is the ability of toxigenic C difficile 
to transfer toxin genes to NTCD. 86 More studies must be done to evaluate the safety of 
using NTCD in patients.

New Approaches and Future Considerations for C difficile Vaccines

While many vaccine strategies have been investigated, future efforts should focus 
on optimizing and combining current and novel strategies to enhance clinical
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translatability. Using recombinant TcdA and TcdB with traditional adjuvants is insuf-

ficient to reach the goals of a comprehensive C difficile vaccine. To this end, multiva-

lent strategies targeting toxins and non-toxin targets should be further investigated 
and prioritized.

Several non-toxin antigens may not be ideal vaccine candidates due to heteroge-

neous expression, variation between strains, low immunogenicity, or cross-reactivity 
with commensal bacteria. Thus, the discovery of novel targets or immunogenic epitopes 
on existing targets is a focus of current research. Epitope mapping has been used to 
identify novel epitopes of FliC and FliD involved in immunogenicity and neutralization 
with minimal cross-reactivity to other bacteria. 87 Bioinformatic approaches have also 
revealed candidate epitopes predicted to be immunogenic, conserved among C difficile 
isolates, and distinct from human and microbiome sequences, although many remain to 
be empirically tested. 88

Disparities among animal studies have created challenges in prioritizing candidate 
targets for further development. The hamster model of CDI has provided critical in-

sights during early C difficile pathogenesis studies; however, hamsters succumb to 
CDI within hours of colonization. In contrast, mice exhibit a range of disease and im-

mune responses that better reflect the progression of human CDI. We strongly 
recommend mice be used as the preferred rodent model for preclinical vaccine 
and therapeutic studies. Additional disparities between vaccine studies include a 
lack of robust CDI metrics. While multiple C difficile antigens were tested using sur-

vival models, colonization was often not assessed. Similarly, most studies have 
measured systemic antibody production, but few have investigated mucosal anti-

body responses. Despite the significant clinical problem of recurrent CDI, the ability 
of vaccines to prevent recurrence has not been thoroughly examined. It is also 
crucial that preclinical vaccines be tested for cross-protection against multiple C 
difficile strains, given the diversity of clinical C difficile isolates and the known differ-

ences in TcdB subtypes. A comprehensive approach will help the field prioritize tar-

gets for multivalent vaccine formulations and ultimately facilitate translation to 
humans.

EXOGENOUS TOXIN-BASED THERAPIES

Vaccines are promising for CDI prevention, but exogenously administered therapeu-

tics remain necessary for at-risk individuals, particularly the elderly and immunocom-

promised. Numerous efforts have been made to exploit TcdA and TcdB as therapeutic 
targets, including using small molecules or biologic agents to neutralize toxin 
function. 5

The use of mAbs for toxin neutralization has been well established. 5 Bezlotoxumab 
binds to two epitopes in the TcdB CROPS, located near the “hinge” region (Fig. 2B). 
In binding this site, bezlotoxumab blocks the TcdB conformation that can interact 
with chondroitin sulfate proteoglycan 4 (CSPG4), blocking cellular entry via this re-

ceptor (Fig. 2B,C). 89 Another well-characterized neutralizing mAb, PA41 (now called 
AZD5148), binds to a single site on the GTD (Fig. 2D), which allows TcdB uptake but 
prevents the formation of the toxin pore and GTD translocation into the cytosol. 90 

Increased available tcdB sequences have revealed sequence variability across 
TcdB subtypes. 91 This is concerning because there is substantial amino acid varia-

tion in the bezlotoxumab binding sites, and one key amino acid change in the 
AZD5148 binding site between TcdB subtypes. 89–91 Such variations reduce the bind-

ing and neutralizing capabilities of mAbs in vitro, 90,91 emphasizing the need to identify 
conserved neutralizing epitopes across TcdB subtypes.
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Research groups have used nanobody libraries to identify novel neutralizing anti-

bodies. 92–94 Nanobodies are small (12–15 kDa) single-domain antibodies from camel-

ids that can bind epitopes inaccessible to larger Fab fragments (∼50 kDa). The 
characterization of anti-toxin neutralizing nanobodies has identified novel neutralizing 
epitopes in the GTD, DD, and CROPS. 92,93,95 While nanobodies can be fused to an 
IgG-Fc backbone, microbes have been engineered to deliver them directly to the co-

lon. The Feng laboratory engineered Saccharomyces boulardii to secrete a tetra-

specific antibody that neutralized TcdA and TcdB and protected against primary 
and recurrent CDI in mice. 95 Local therapeutic delivery circumvents the need for intra-

venous administration and could be a prophylactic measure to prevent CDI during 
outbreaks.

Structural studies have identified the TcdB residues necessary for binding the 
cellular receptors CSPG4, Frizzled-1/2/7 (Fzd1/2/7), and tissue factor pathway inhib-

itor (see Fig. 2C). 89,96,97 This has allowed the development of small proteins that inhibit 
those binding sites. Two studies used artificial intelligence algorithms to predict se-

quences of “minibinder” proteins (30–70 amino acids) that can undergo preferred 
chemical interactions with TcdB receptor-binding epitopes. 98,99 These minibinders 
neutralize clinically relevant TcdB subtypes, making them promising candidates for 
therapeutic development.

Conceptually, a better understanding of the mechanisms underlying protection 
conferred by neutralizing mAbs (ie, systemic vs mucosal protection) is necessary. 
This understanding can help determine the most effective route for delivery, whether 
intravenous or rectal administration, or sustained dosing in the intestines via engi-

neered probiotics. Finally, future inhibitors must be tested to ensure their efficacy 
across diverse C difficile strains and toxin sequences.

SUMMARY

CDI therapeutics have focused on targeting the toxins due to their crucial role in 
driving disease symptoms, intestinal inflammation, and pathology. However, these 
therapies have demonstrated limited clinical success due to their inability to prevent 
C difficile colonization. Impeding C difficile colonization is critical for preventing trans-

mission and recurrence. Harnessing our current knowledge of C difficile pathogenesis, 
the intestinal immune response, and novel immunization strategies will be paramount 
for designing vaccines that target all stages of the C difficile lifecycle and induce 
robust mucosal immune responses against this pathogen.

CLINICS CARE POINTS

• TcdB is considered the primary therapeutic target. Its sequence varies between clinical 

isolates, indicating that vaccine formulations and neutralizing antibodies may not be equally 

effective against different C difficile strains.

• Leukocytosis is a hallmark of CDI and a prognostic marker for fulminant disease. Recently, 

peripheral eosinopenia upon hospital admission has been identified as a predictor of 

inpatient mortality.

• The neutralizing mAb Zinplava (bezlotoxumab) was discontinued in January 2025; however, 

a promising antibody candidate, AZD5148 (formerly PA41), is currently in early clinical trials 

(NCT06469151).

• Past vaccine clinical trials did not meet their primary endpoints. Pfizer and GSK have new 

vaccine formulations in early clinical trials.
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• Vaccination regimens tested in humans have not prevented C difficile colonization. 

Preclinical testing of a multivalent mRNA vaccine has shown promise for protecting against 

primary CDI and clearing the pathogen from the gut.
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47. Pé chiné S, Denè ve C, Le Monnier A, et al. Immunization of hamsters against 
Clostridium difficile infection using the Cwp84 protease as an antigen. FEMS Im-

munol Med Microbiol 2011;63(1):73–81.

48. Wang S, Heuler J, Bullock J, et al. Cell wall protein 2 as a vaccine candidate pro-

tects mice against Clostridioides difficile infection. Vaccines 2025;13(1):21.

49. Martin CE, Broecker F, Oberli MA, et al. Immunological evaluation of a synthetic 
Clostridium difficile oligosaccharide conjugate vaccine candidate and identifica-

tion of a minimal epitope. J Am Chem Soc 2013;135(26):9713–22.

50. Broecker F, Wegner E, Seco BMS, et al. Synthetic oligosaccharide-based vac-

cines protect mice from Clostridioides difficile infections. ACS Chem Biol 2019; 
14(12):2720–8.
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63. Pé chiné S, Hennequin C, Boursier C, et al. Immunization using GroEL decreases 
Clostridium difficile intestinal colonization. PLoS One 2013;8(11):e81112.

64. Alameh M-G, Semon A, Bayard NU, et al. A multivalent mRNA-LNP vaccine pro-

tects against Clostridioides difficile infection. Science 2024;386(6717):69–75.

Glover et al18 

Downloaded for Anonymous User (n/a) at VANDERBILT UNIVERSITY MEDICAL CENTER from ClinicalKey.com by Elsevier on 
August 15, 2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0891-5520(25)00071-6/sref47
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref47
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref47
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref48
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref48
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref49
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref49
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref49
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref50
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref50
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref50
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref73
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref73
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref73
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref51
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref51
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref51
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref52
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref52
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref52
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref53
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref53
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref53
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref53
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref54
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref54
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref54
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref55
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref55
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref55
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref56
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref56
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref57
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref57
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref57
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref58
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref58
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref58
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref59
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref59
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref59
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref60
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref60
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref60
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref61
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref61
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref61
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref62
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref62
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref63
http://refhub.elsevier.com/S0891-5520(25)00071-6/sref63


65. Ghose C, Eugenis I, Edwards AN, et al. Immunogenicity and protective efficacy 
of Clostridium difficile spore proteins. Anaerobe 2016;37:85–95.

66. Maia AR, Reyes-Ramı́rez R, Pizarro-Guajardo M, et al. Induction of a specific hu-

moral immune response by nasal delivery of Bcla2 ctd of Clostridioides difficile. Int 
J Mol Sci 2020;21(4):1277.

67. Maia AR, Reyes-Ramı́rez R, Pizarro-Guajardo M, et al. Nasal immunization with 
the C-terminal domain of Bcla3 induced specific IgG production and attenuated 
disease symptoms in mice infected with Clostridioides difficile spores. Int J Mol 
Sci 2020;21(18):6696.

68. Aubry A, Zou W, Vinogradov E, et al. In vitro production and immunogenicity of a 
Clostridium difficile spore-specific BclA3 glycopeptide conjugate vaccine. Vac-

cines (Basel) 2020;8(1):73.
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