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Clostridium difficile is a major causative agent of antibiotic-associated diarrhea and has
become the most common pathogen of healthcare-associated infection worldwide. The
pathogenesis of C. difficile infection (CDI) is mediated by many factors such as coloniza-
tion involving attachment to host intestinal epithelial cells, sporulation, germination, and
toxin production. Bacterial cell surface components are crucial for the interaction between
the bacterium and host cells. C. difficile has two distinct surface layer proteins (SLPs): a
conserved high-molecular-weight SLP and a highly variable low-molecular-weight SLP. Re-
cent studies have shown that C. difficile SLPs play roles not only in growth and survival,
but also in adhesion to host epithelial cells and induction of cytokine production. Sequence
typing of the variable region of the sIpA gene, which encodes SLPs, is one of the methods
currently used for typing C. difficile. SLPs have received much attention in recent years as
vaccine candidates and new therapeutic agents in the treatment of C. difficile-associated
diseases. Gaining mechanistic insights into the molecular functions of C. difficile SLPs will
help advance our understanding of CDI pathogenesis and the development of vaccines
and new therapeutic approaches. In this review, we summarize the characteristics and
immunological roles of SLPs in C. difficile.
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INTRODUCTION

Clostridium difficile was recently shown to be phylogenetically
distant from rRNA clostridial cluster I, located in cluster XI, within
the family Peptostreptococcaceae [1]. Yutin et al [2] proposed
the genus name Peptoclostridium to include all organisms in
cluster XI. However, Lawson et al [3] have proposed that Clos-
tridium difficile be named Clostridioides difficile gen. nov. comb.
nov. based on phenotypic, chemotaxonomic, and phylogenetic
analyses. Thus, although this species may be renamed follow-
ing proper validation [4], in this review, we used the name Clos-
tridium difficile to ensure visibility and readability, as this is the
name conventionally used.

C. difficile is a gram-positive, spore-forming, obligate anaero-
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bic bacterium that is the main causative pathogen of antimicro-
bial-associated colitis. C. difficile infection (CDI) is the leading
cause of infectious diarrhea in hospitalized patients and is in-
creasingly recognized as a common cause of diarrhea in the
community [5-7]. The reported CDI-related mortality rate is 5.7-
14%, and the all-cause mortality within 30 days of CDI onset is
11-38% [8-11]. Although CDI surveillance in Asia remains lim-
ited compared with that in North America and Europe, existing
evidence suggests that CDI occurs at similar rates in Asia and
other regions in the world [12].

CDI pathogenesis involves the following multiple processes: C.
difficile is acquired through ingestion of spores shed into the en-
vironment by infected individuals with or without disease symp-
toms. Once the vegetative cells reach the anaerobic environment
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of the cecum and colon, they proliferate and colonize the intes-
tinal mucosa. Disruption of the intestinal microbiota, for exam-
ple by antibiotic treatment, allows the vegetative cells to pene-
trate the mucus layer and adhere to the surface of the epithelial
cells. It is through this intimate contact with host cells that a num-
ber of virulence factors produced by C. difficile promote intesti-
nal damage and disease [13].

Many prokaryotes express a surface-exposed proteinaceous
layer, termed the surface layer (S-layer), which forms a regular
two-dimensional array visible by electron microscopy [14]. S-
layers are found on both gram-positive and -negative bacteria
and are highly prevalent in archaea; they comprise one or more
types of S-layer proteins (SLPs), which are some of the most
abundant bacterial cell proteins [15]. Our knowledge of SLPs
has increased over the past decade; SLPs play important roles
not only in growth and survival but also in the interaction with
the host and its immune system. All C. difficile strains also ex-
press crystalline or paracrystalline SLPs on the outer cell surface
[16]. Recent studies have shown that C. difficile SLPs are in-
volved not only in adhesion to host intestinal cells but also in the
induction of cytokine production and the recognition of C. diffi-
cile by the immune system [17-19]. In this review, we highlight
recent discoveries in the field of C. difficile SLPs and discuss their
importance in CDI pathogenesis.

SLP STRUCTURE AND LOCUS

Although the S-layer of most bacteria is comprised of one major
protein, which is modified by glycosylation in some species [20],
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C. difficile expresses two distinct SLPs that form two superim-
posed and structurally different S-layer lattices [14, 21, 22], which
are not glycosylated [23]. Of the two distinct C. difficile SLPs, one
is a high-molecular-weight SLP (HMW-SLP; ~40 kDa), and the
other is a low-molecular-weight SLP (LMW-SLP; ~35 kDa) (Fig.
1) [24]. Both SLPs are exposed at the cell surface, as determined
by surface iodination and immunogold labeling and by indirect
immunofluorescence [25]. A single gene, sIpA, that has a con-
served genomic location among all C. difficile strains, encodes
both SLPs. slpA encodes a precursor protein, termed SIpA, that
has three identifiable subdomains: an N-terminal secretion sig-
nal, followed by a highly variable LMW region, and a HMW re-
gion containing three tandem cell wall binding 2 (CWB2) motifs
(Fig. 1A) [26]. The precursor protein is then cleaved by prote-
ase Cwp84 to generate the two mature proteins (HMW-SLP and
LMW-SLP; Fig. 1B) [27-29]. Both HMW- and LMW-SLPs are
linked by non-covalent interactions to form a tightly associated
complex [21]. Although SLPs have been identified in all C. diffi-
cile isolates, there is sequence variability between the PCR ribo-
type strains [30, 311. HMW-SLP is highly conserved in C. diffi-
cile, with up to 97% sequence identity between the strains [14];
it exhibits strong and specific binding to gastrointestinal tissues
and human epithelial cells and is most likely anchored to the
cell wall [32]. LMW-SLP, in contrast, exhibits greater sequence
variation between strains. It is not known how the sequence dif-
ferences in the LMW region influence SLP-host interaction. The
mechanism by which the HMW/LMW-SLP complex assembles
to form the mature S-layer remain unknown.

The C. difficile genome encodes 29 SIpA paralogues that com-
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Fig. 1. Amino acid sequence and schematic rep-

AFVVGGTGLA

SVSKEIEEST resentation of the SIpA precursor protein. (A) Ami-
LVDALAAAPT no acid sequence of the SIpA precursor protein in
NKMKDLLDM Clostridium difficile 630 (GenBank: AJP12540.1).

Amino acids highlighted in black indicate the sig-
nal peptide and those highlighted in gray denote

residues involved in the interaction with the HMW-SLP. The amino acids comprising the LMW-SLP are underlined. The black triangle indi-
cates the cleavage site that results in the generation of the two mature SLPs. (B) Schematic representation of the SIpA precursor protein.
The black section represents the signal peptide, the light gray section denotes the conserved region within LMW-SLP, and the black triangle
indicates the cleavage site of cysteine protease CWP84, which produces mature LMW-SLP and HMW-SLP.

Abbreviations: SLPs, surface layer proteins; HMW, high molecular weight; LMW, low molecular weight; CWP84, cell wall protein 84.
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prise the cell wall protein family. The sIpA gene is located within
a 36.6 kb cell wall protein (cwp) gene cluster; slpA is encoded
within a genomic locus including 11 of these 29 paralogues [22,
271. A previous study using whole-genome sequencing identi-
fied a 10-kb cassette within the S-layer locus, including the sIpA,
secA2, cep2, and cwpb6 genes, that displays higher inter-strain
diversity than the rest of the locus [33]. This suggests that fre-
quent and independent horizontal transfer of the cwp cluster
has occurred throughout the C. difficile population.

MECHANISMS OF SLP-MEDIATED ATTACHMENT

To initiate the C. difficile colonization process in the host, C. dif-
ficile must first adhere to the intestinal cells. Multiple adhesins
have been implicated in the attachment of C. difficile to the mu-
cus layer of the intestine: the flagellar cap protein, FIiD; the fla-
gellin FliC; the surface-associated heat-shock-induced adhesin,
Cwpb6; heat-shock protein, GroEL; fibronectin-binding proteins;
and binary toxin [34-39]. Of these, SLPs constitute a major con-
tributor to bacterial adherence [40]. A study investigating animal
and human C. difficile isolates showed that variation in the S-
layer led to variable adherence to epithelial cells [41]. As dem-
onstrated by in vitro studies, SLPs bind to Hep-2 cells, Vero cells,
and human gastrointestinal tissues [32, 421; furthermore, chemi-
cal removal of the SLPs or treatment of C. difficile bacterial cells
with anti-SLP Fab fragments abolishes C. difficile adherence to
mouse 929 and human Hela cells [25]. Similarly, purified SLPs
bind to intestinal tissues and several proteins of the extracellular
matrix; antibodies against HMW-SLP inhibit this adherence [32].
Merrigan et al [40] have demonstrated that pre-treatment of host
cells with purified SIpA or SIpA subunits abrogates C. difficile-
attachment in a dose-dependent manner in vitro. Conversely,
pre-treatment of viable C. difficile with anti-SIpA antibodies also
abrogates adherence. Collectively, these observations suggest
that C. difficile SLPs may contribute to colonization and infection
persistence. However, the precise host receptor that interacts
with the SLPs has yet to be identified.

IMMUNOREGULATORY ROLE OF SLPS

SLPs have emerged as a second class of C. difficile virulence
determinants, in addition to the large clostridial toxins (toxin A
and toxin B) [42]. Recent studies have begun to characterize
host innate and adaptive responses to C. difficile attachment
(Fig. 2) [13]. SLPs have the ability to activate pro-inflammatory
signaling through toll-like receptor 4 (TLR4) expressed on the
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Fig. 2. The SLPs of Clostridium difficile activate dendritic cells and
macrophages, which in turn produce various cytokines and chemo-
kines.

Abbreviations: SLPs, surface layer proteins; TLR, toll-like receptor; IL, inter-
leukin; IFN, interferon; MIP, macrophage inflammatory protein; MCP, mono-
cyte chemotactic and activating factor; CD, cluster of differentiation; MHC,
major histocompatibility complex; Th, T helper.

surface of host cells [17]. Engagement of TLR4 results in the
subsequent production of inflammatory cytokines by initiating
downstream signaling of nuclear factor-kappa beta and inter-
feron (IFN) regulatory factor 3 [40], leading to immune cell acti-
vation. In vitro studies using mouse bone marrow-derived den-
dritic cells and human monocyte-derived dendritic cells have
shown that purified SLPs induce the production of both pro-in-
flammatory [tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-12, IL-23, and IL-1b] and anti-inflammatory (IL-10) cytokines
[17, 18]. Furthermore, SLPs induce the maturation of dendritic
cells characterized by the production of IL.-12p70, TNF-a, [L-23,
and IL-6 and increased expression of major histocompatibility
complex (MHC) class Il cluster of differentiation (CD) 40, CD&0,
and CD86 [17]. SLP-activated dendritic cells, in turn, drive strong
T helper (Th) 1 and Th17 responses characterized by the pro-
duction of IFN-gamma and IL-17 [17]. Moreover, SLPs can also
activate a clearance response in macrophages. SLPs activate
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macrophages to produce IL-12p40, TNF-a, monocyte chemo-
tactic and activating factor (MCP), and macrophage inflamma-
tory protein 1 (MIP-1); upregulate the expression of cell-surface
markers (TLR2, CD40, CD14, and MHC class Il); and enhance
macrophage phagocytosis and migration [19]. As monocytes
and dendritic cells play important roles in the immune response,
these observations suggest that SLPs are strongly associated with
the activation of host innate and adaptive immune defenses in
response to CDI.

CDI due to hypervirulent strains, such as PCR ribotypes 027
and 078, causes severe and recurrent diseases [43, 44]. There
have been conflicting reports regarding the predictability of in-
fection severity based on C. difficile ribotypes [45]. A previous
study has demonstrated that there is no difference in the immu-
nomodulation of monocytes and monocyte-derived dendritic
cells by SLPs between the hypervirulent (epidemic) or non-hy-
pervirulent (non-epidemic) C. difficile strains [18]. However, a
recent study has shown that sequence differences in C. difficile
SLPs are tightly linked to disease susceptibility and severity [46].
SLPs from PCR ribotypes 027 and 078, which are hypervirulent
strains, induce a more potent inflammatory response, exhibiting
up to two-fold increases in 1L-6, IL-12p40, and IL10 production;
higher levels of CD80, CD40, and MHC class Il; and increased
chemokine production, relative to the SLPs from PCR ribotypes
001 and 014 [46].

MOLECULAR sipa GENOTYPING OF C. difficile

Several typing systems are currently being utilized in epidemio-
logical studies of C. difficile: restriction endonuclease analysis
(REA), pulse-field gel electrophoresis (PFGE), PCR ribotyping,
multiple locus sequence typing (MLST), and multilocus variable
number tandem repeat analysis (MVLA) [47]. Focusing on the
diversity of LMW-SLP among C. difficile strains, Karjalainen et al
[48] investigated whether slpA genotyping could be used as an
alternative to serotyping. They showed that the DNA and de-
duced amino acid sequences of the sIpA variable region were
100% identical within a given serogroup, as confirmed by PCR-
restriction fragment length polymorphism (RFLP) analysis and
nucleotide sequencing, whereas the inter-serogroup identity was
fairly low [48]. Kato et al [31] demonstrated that this typing method
has reliable typability and discriminatory power in comparison
with PCR ribotyping and applied it to strains isolated directly
from stool specimens. Subsequent studies have evaluated this
typing method and applied it to the analysis of various local out-
breaks of C. difficile, especially in Japan and Germany [31, 48-
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61]. slpA typing is reproducible, and the results are easily dis-
seminated. This methodology is relatively low-cost; the overall
cost for generating one sequence is estimated to be less than
10 US dollars [48]. Therefore, slpA typing may be a useful method
for outbreaks occurring in a hospital setting. However, a compar-
ative study of seven C. difficile typing techniques showed that
MLVA exhibits a significantly higher discriminatory power than
sIpA genotyping, PFGE, or PCR ribotyping [62]. The study per-
formed by Huber et al [63], which included a large number of
genomes, demonstrated that isolates of the same ribotype or
MLST type may differ in slpA type. For these reasons, slpA ge-
notyping has not become the global standard for C. difficile typing.

PERSPECTIVES

While SLPs have limited utility in C. difficile typing, active or pas-
sive immunization against SLPs might constitute a viable thera-
peutic strategy in the treatment of C. difficile-associated disease.
Patients with recurrent CDI episodes have significantly lower
anti-SLP IgM levels than patients with a single CDI episode [64].
Sera from CDI patients have been shown to have significantly
higher anti-SLP IgG levels than sera from carriers or healthy con-
trols, indicating that SLPs are targeted by the host immune re-
sponses [65]. Interestingly, the binding of recombinant antibod-
ies to SLPs and their components exhibited strain specificity
[66]. These reagents could potentially be useful for diagnosis.
Passive immunization using anti-SLP antibodies significantly
delays the progression of C. difficile-associated diarrhea and
prolongs survival in C. difficile-infected hamsters [67]. SLPs
have also been tested as vaccine components in hamsters, but
did not fully protect the animals, and antibody production varied
from modest to poor [68]. However, intra-rectal vaccination of
mice using the recombinant SIpA protein resulted in significantly
lower gut colonization by C. difficile in vaccinated mice than in
the control group; vaccinated mice also had a higher level of
SIpA-specific IgA in their feces than the control mice [69]. Al-
though SIpA is being examined as a vaccine candidate, prob-
lems may still arise because of the high slpA sequence variabil-
ity between strains.

As the use of conventional antibiotics is associated with the
risk of developing antibiotic resistance, targeting essential bacte-
rial virulence factors, such as SLPs, provides an alternative anti-
microbial therapeutic strategy. Interestingly, a recent study has
examined the potential of single-domain antibodies against spe-
cific targets as a strategy for enhancing immunity and reducing
infection [70]. SLP-specific single-domain antibodies (VHHs)
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bind the LMW-SLP subunit of the C. difficile hypervirulent-strain
with high affinity. Furthermore, VHHSs inhibit the motility of the
hypervirulent strain in vitro [29]. In contrast to conventional an-
tibodies that are typically comprised of light and heavy chains,
single-domain antibodies isolated from the variable domains of
Camelidae species contain only the heavy chain. Single-domain
antibodies have the advantage of being highly specific, robust,
easy to produce, and flexible [71]. Thus, targeting SLPs with
single-domain antibodies might have a potential therapeutic ap-
plication.

CONCLUSIONS

Although the role of C. difficile toxins in CDI pathogenesis has
been the subject of worldwide investigation for many decades,
the role of SLPs in CDI pathogenesis and the mechanisms of at-
tachment to host cells remain largely unexplored. Mechanistic
insights into the molecular functions of C. difficile SLPs will fur-
ther our understanding of CDI pathogenicity and aid in the de-
velopment of vaccines and novel therapeutic approaches for the
treatment of C. difficile-associated disease.
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