
Summary. The small and large intestines contain an
abundance of luminal antigens derived from food
products and enteric microorganisms. The function of
intestinal epithelial cells is tightly regulated by several
factors produced by enteric bacteria and the epithelial
cells themselves. Epithelial cells actively participate in
regulating the homeostasis of intestine, and failure of
this function leads to abnormal and host-microbial
interactions resulting in the development of intestinal
inflammation. Major determinants of host susceptibility
against luminal commensal bacteria include genes
regulating mucosal immune responses, intestinal barrier
function and microbial defense. Of note, it has been
postulated that commensal bacterial adhesion and
invasion on/into host cells may be strongly involved in
the pathogenesis of inflammatory bowel disease (IBD).
During the intestinal inflammation, the composition of
the commensal flora is altered, with increased population
of aggressive and detrimental bacteria and decreased
populations of protective bacteria. In fact, some
pathogenic bacteria, including Adherent-Invasive
Escherichia coli, Listeria monocytogenes and Vibrio
cholerae are likely to initiate their adhesion to the host
cells by expressing accessory molecules such as
chitinases and/or chitin-binding proteins on themselves.
In addition, several inducible molecules (e.g., chitinase
3-like 1, CEACAM6) are also induced on the host cells
(e.g. epithelial cells, lamina proprial macrophages) under

inflammatory conditions, and are actively participated in
the host-microbial interactions. In this review, we will
summarize and discuss the potential roles of these
important molecules during the development of acute
and chronic inflammatory conditions.
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Introduction

A large number of microorganisms exist in the
intestine of a human, which include approximately 10-
100 trillion bacteria belonging to 15,000~36,000 species.
(Frank et al., 2007; Xu et al., 2007). An interaction
between enteric microorganisms and host cells,
including both immune and non-immune cells, plays a
crucial role in maintaining the homeostasis of large as
well as small intestines. Inflammatory bowel disease
(IBD), including Crohn’s disease (CD) and ulcerative
colitis (UC), is a group of chronic inflammatory
disorders that affect individuals throughout life.
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Inappropriate host-microbial interactions initiate the
disregulation and disruption of intestinal immune
balance, which result in intestinal disorders (Mizoguchi
et al., 2003; Sadlack et al., 1993; Rath et al., 1996). In
the intestinal mucosa of IBD patients, in particular CD
patients, a tremendous number of microorganisms
generate a thick aggregate, called biofilm formation,
which is composed of extracellular DNA, proteins and
polysaccharides in various configurations (Swidsinski et
al., 2002). Of note, pathogenic bacteria called Adherent-
Invasive E. coli (AIEC) was found to have a relatively
increased rate (30-50%) compared to other bacteria in
the inflamed mucosa (Baumgart et al., 2007; Martinez-
Medina et al., 2009a). Although AIEC has been detected
with high frequency in the ileum biopsy of CD patients,
it has also been found in approximately 6% of healthy
individuals, suggesting that AIEC is an opportunistic
pathogen, which is associated with in the development
of CD in genetically predisposed hosts (Darfeuille-
Michaud et al., 1998; Martinez-Medina et al., 2009a). In
those hosts, it has been predicted that an abnormal
expression of specific receptor(s) which are expressed
on host intestinal epithelial cells (IECs) under
inflammatory conditions might interact with a bacterial
lectin-like component (Barnich et al., 2007).

IECs, together with specialized lymphocytes and
other mononuclear cells, play an important role in host-
microbial interaction. An alteration of IECs may be
involved in the initiation and/or perpetuation of disease,
IECs not only perform a barrier function, but also
actively participate in the induction of innate as well as
acquired immune responses. Our group previously
identified that a gene encoding chitinase 3-like 1
(CHI3L1, also known as YKL-40) was significantly
upregulated during the recovery phase of acute colitis as
well as chronic colitis in animal models of colitis.
Furthermore, the expression of CHI3L1 was
significantly upregulated in the active phase, but not
inactive phase, of CECs and lamina proprial
macrophages in UC and CD patients compared to the
healthy individuals (Mizoguchi, 2006). Of note, the
induction and overexpression of CHI3L1 on CECs
significantly enhances the bacterial adhesion and
invasion on/into CECs. Based on this result, it was
predicted that the overexpression of CHI3L1 could be
one of the leading causes of the enhancement of selected
bacterial adhesions to the mucosal surface in IBD
patients (Mizoguchi, 2006). 

It has been reported that the increased rate of
bacterial invasiveness causes serious damage in the host
cells during the development of IBD (Nell et al., 2010).
The invasiveness of bacteria is regulated by many
factors including: 1) the ability of bacterial colonization
on/into the host cells, 2) the secretion of extracellular
proteins to facilitate invasion, and 3) the ability to
combat host defense systems. The virulence factors of
pathogenic bacteria seem to play a central role in host-
microbial interactions, which include pyelnephritis-
associated pili, fimbriae, Dr-binding adhesions, type 1

fimbria, arobactin, toxins, and arobactin (Johnson, 1991;
Martinez-Medina et al., 2009b). 

In general, invasive bacteria produce bacterial
chitinases to allow them to invade into and to survive in
host cells (Chaudhuri et al., 2010). For example, Listeria
monocytogenesis, a major food-borne pathogen,
produces two chitinases and a chitin-binding protein
(CBP), which have been implicated in the enhancement
of bacterial infectious rate in human intestinal cells
(Chaudhuri et al, 2010). L. monocytogenes actively
produce a CBP, which exhibits an affinity toward chitin
and chito-oligosaccharide. The biological role of those
bacterial chitinases and CBPs has been well
characterized: L. monocytogenes can utilize chitin as a
source of energy and nutrition by digesting it with
chitinases. As a result, the bacteria can live on or invade
into the chitin-containing host promptly and efficiently.
Therefore, it has been predicted that both chitnases and
CBP play a critical role in degrading chitin and/or
adhering to the chitinous surfaces of host cells (Vaaje-
Kolstad et al., 2005a; Bhattacharya et al., 2007). We will
further discuss the biological function of chitinases and
CBP of L. monocytogenes.

Interestingly, gene encoding chitinases and CBPs
were also identified in microorganisms that were unable
to use chitin as a sole source of carbon, suggesting that
they might have biological/physiological functions other
than binding to chitinous material or breaking down
chitin. A growing number of reports indicate that
bacterial chitinases and CBPs play a role as virulence
factors. In this review article, we will summarize and
discuss some potential roles of bacterial chitinases and
CBPs in the pathogenesis of inflammation. We will also
discuss selected molecules which may regulate the
interactions between IECs and pathogenic as well as
potentially pathogenic bacteria under inflammatory
conditions, including IBD.
Definition/classification of chitin, chitinases and
CBPs 

Chitin, a linear ß-1,4-linked polymer of N-acetyl-D-
glucosamine (GlcNAc), is the second most abundant
polysaccharide in nature after to cellulose. It is found in
the microfibrial sheaths of helminthes and the
exoskeletons of insects and crustaceans (e.g. crab,
shrimp). The major role of chitin is to protect the
organism from harsh conditions and host anti-
parasite/pathogen immune responses. So far, no
endogeneous chitin has been identified in mammals.
Chitin plays an important role as a nutrient source for
microorganisms that could utilize colloidal chitin as a
source of carbon and nitrogen. Many organisms contain
chitinases and CBPs genes, which encode proteins that
can break and bind to chitin, respectively. Both
chitinases and CBPs have diverse functions, depending
on the species. 

Chitinases (EC 3.2.1.14) are glycosyl hydrolases that
catalyze the hydrolysis of the 1,4-beta-linkages in chitin.
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Chitnases are found in a wide range of species from all
kingdom of life (Kasprzewska, 2003; Arakane and
Muthukrishnan, 2010; Lee et al., 2010), including those
that are known not to synthesize chitin, such as bacteria,
viruses, higher plants as well as mammals. Based on the
site on chitin where the chitinolytic enzymes act,
chitinases are divided into exo-chitinases and endo-
chitinases (Dahiya et al., 2006; Henrissat and Davies,
1997). Endo-chitinases cleavage chitin randomly at
internal sites, generating soluble oligomers such as
(GlcNAc)2-4. Exo-chitinases act on the non-reducing end
of chitin, which are digested into chitobiosidases (or
chitin-1,4-ß-chitobiosidases) and chitobiases (or ß-(1,4)-
N-acetyl-Glucosaminidases). Endo-chitionases break
down chitin progressively from the non-reducing end to
produce (GlcNAc)2 with no monomer GlcNAc, while
exo-chitinases are enable to split further the products of
endo-chitinases and chitobiosidases in order to generate
GlcNAc monomers (Dahiya et al., 2006, Henrissat and
Davies, 1997). Both chitinases are required for the
efficient breakdown of chitin into the metabolizable
monomer GlcNAc, which can generate energy, CO2, and
NH3, required for other organisms. 

Based on amino acid sequence similarity of the
catalytic domain, chitinases are classified into family-18
and -19 glycosyl hydrolases in the Carbohydrate-Active
enZymes CAZy databases (http://www.cazy.org)
(Henrissat and Davies, 1997; Fukamizo, 2000). The
chitinase 18 family is found in a wide variety of

organisms, including bacteria, archaea, fungi, some
plants, insects, animals as well as viruses. In contrast,
chitinase 19 family is only present in some plants and
bacteria (e.g. Streptomyces species). Chitinase families
18 and 19 share no significant similarity in terms of
amino acid sequences and 3-D structure and are believed
to have evolved from different ancestors (Suzuki et al.,
1999). The Chitinase 18 family can be further divided
into 3 subfamilies: A, B and C based on the similarity in
the amino acid sequence of their catalytic domain
(Watanabe et al., 1993). While subfamily A chitinase has
a small insertion of the α+ß fold region between the 7th
and 8th (α/ß)8 barrel of the catalytic domain, subfamily
B and C chitinases do not have this insertion (Watanabe
et al., 1993). Serratia marcescens chitinases are a good
example of bacterial chitnases with different subfamilies.
The chitinase classification of other bacterial species is
most frequently referred to as S. marcescens.

Chitinases may contain only the catalytic domain or
associated with other domains (Fig. 1). 2 domains that
are commonly found in chitinases are fibronectin type III
domain (Fn3) (Watanabe et al., 1994) and chitin-binding
domain type III (ChtBD3) (Hashimoto et al., 2000).
Other domains in chitinases include polycystic kidney
disease (PKD) domain (Orikoshi et al., 2005), cadherin-
like domains (Morimoto et al., 1997), and cystein-rich
domain (CRD) (Suarez et al., 2001; Iseli et al., 1993).
Bacterial Chitin-binding Domain and PKD have been
found to bind directly to chitin, and therefore promote
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Fig. 1. Domain architecture of
bacterial chit in binding
proteins and chit inases
discussed in this review.
Abbreviations used in this
table are as follows: ChtBD3
or Pfam Chitin_bind_3, Chitin-
binding domain type 3; FN3,
Fibronectin type 3 domain;
Glyco_hydro_18 or Glyco_18,
Glycosyl hydrolase family 18;
PKD, polycystic kidney dise



interaction between the substrate and enzyme and
increase the enzyamatic activitie of chitinases
(Hashimoto et al., 2000; Orikoshi et al., 2005). Although
cadherin-like domain and Fn3 are unable to bind to
chitin directly, their presence also enhances the
enzymatic activities of chitinases (Watanabe et al., 1994;
Morimoto et al., 1997). 

Chitin-binding domain has a binding ability to
chitin, and plays a pivotal role in enhancing the chitinase
activity of breaking down chitin. In addition to being
attached to enzymes as domains, chitin-binding domain
has also been found as an independent, non-catalytic,
CBP (Henrissat and Davies, 1997, Vaaje-Kolstad et al.,
2005a; Vaaje-Kolstad et al., 2005b). In the CAZy
databases (http://www.cazy.org) these independent CBPs
are categorized as three families: 14, 18 and, 33 (CBM
14, CBM18, and CBM33). Families 14 and 18 CBPs are
found in insect, fungi, and yeast, whereas family 33
CBPs is found mostly in bacteria and viruses (Vaaje-
Kolstad et al., 2005b). Family 33 CBPs are called
Chitin-bind-3 in the PFAM database (http://pfam.
sanger.ac.uk/family?id=Chitin_bind_3), and is called
ChtBD3 in SMART database http://smart.embl-
heidelberg.de. Bacterial CBPs have been studied
extensively in species that can use chitin as a sole source
of carbon. CBPs play an important role, together with
chitinase, to degrade chitin efficiently, or to bind to
environmental surface containing chitin (Vaaje-Kolstad
et al., 2005a). In a recent work, Vaaje-Kolstad et al have
elegantly shown that CBP21 has also enzymatic activity
which enables it to degrade crystal chitin (Vaaje-Kolstad
et al., 2010). As we will discuss later, besides having a
role in degrading chitin and binding to chitinous material
to survive in the environment, bacterial CBPs also play a
role as a virulence factor.

Most of the previously performed studies focus on
the association between the chitinase domains and their
chitinase activities. It is quite possible that such chitinase
domains may play a role in interacting with other
molecules within the cell or from other cells with
biological significance instead of chitinolytic activities.
In fact, CRD has been shown to bind chitin, but it has no
effect on enzymatic activity or anti-fungal activity of
tobacco class I chitinase (Iseli et al., 1993), suggesting
that CRD regulates the cellular processes rather than the
catalytic activity within the chitinase.
Biological roles of chitinases in normal conditions

Chitinases have diverse physiological and biological
roles depending on the organisms. They also play an
important part in maintaining the chitin balance in the
natural environment as well as having potential
applications in agricultural, biological and
environmental controls (Kasprzewska, 2003; Dahiya et
al., 2006; Duo-Chuan, 2006). Chitinases are utilized by
many bacteria and Archaea to degrade chitin for C and N
sources to support their growth (Gao et al., 2003;
Bhattacharya et al., 2007). In fungi and insects,

chitinases are needed to break down chitin components
of cell walls and old cuticle respectively; these processes
are essential for molting, growth and development of
cell walls and cuticle (Duo-Chuan, 2006, Arakane and
Muthukrishnan, 2010). Plant chitinases are also
associated with stress responses and regulate their
growth and development (Kasprzewska, 2003). In
mammals, chitinases are believed to play a role in
digesting the chitinous material or defending mammals
from any chitin-contained pathogens including fungi and
insects (Boot et al., 2001).
Biological roles of bacterial chitinases and CBPs in
pathogenic conditions 

In addition to the functions of regulating cellular
growth and proliferation, chitinases also play an
important biological role in defending the host cells or
by increasing interaction with pathogens due to their
ability to hydrolyze and/or interact with chitin present in
pathogens or host cells. The roles of plant chitinases in
defending from the infectious pathogens have been well
understood (Duo-Chuan, 2006; Arakane and
Muthukrishnan, 2010; Kasprzewska, 2003). Plant
chitinases efficiently defend against pathogens including
viruses, bacteria, fungi and insects (Kasprzewska, 2003).
Fungi use chitinases to hydrolyze chitin, a major
component of insect cuticle which allows the fungus to
penetrate and invade the insect efficiently, is considered
one of the virulence factors of fungi (Duo-Chuan, 2006).
Chitinases are produced by various bacteria which are
unable to use chitin as a sole carbon source. Of note,
numerous reports suggest that bacterial chitinases seem
to be involved in the pathogenesis of bacteria. Therefore,
we will summarize the potential role of some selected
bacterial chitinases in the following section.
Listeria monocytogenes

Listeria monocytogenes, a Gram-positive bacteria
found in soil, water, and decaying vegetation, is the
causative effect of a severe food-borne infection (so
called listeriosis) that can lead to meningitis, meningo-
encephalitis, septicemia, perinatal infections and
gastroenteritis (Vazquez-Boland et al., 2001). This
bacteria has two genes, which encode chitinases (ChiA
and ChiB) and a CBP (Leisner et al., 2008). L.
monocytogenes is able to hydrolyze chitin, and it was
found that both ChiA and ChiB contribute to this
function (Leisner et al., 2008). Chitinases and CBP
appear to play an important role in the pathogenesis of L.
monocytogenes in mice models of infection. Deletion of
chiA, chiB or cbp genes in L. monocytogenes leads to the
reduction in bacterial translocation to the liver and
spleen in infected mice (Chaudhuri et al., 2010). ChiA
expression of L. monocytogenes, but not of non-invasive
bacteria, was upregulated in the cytosol of L-
monocytogenesis-infected macrophages (Chatterjee et
al., 2006). This result suggests that ChiA is required for
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bacterial survival and growth in the host cells. In
contrast, ChiB and CBP may play a role in the initial
colonization of the host cells. These studies suggest that
chitinases and CBP of L. monocytogenes seem to have
dual functions: 1) to help the bacterium live in the
natural environment and 2) to help the bacterium to
colonize and survive in the host cells. With respect to the
host cell pathogenesis, it is speculated that since chitin
was not synthesized by the mammals that L.
monocytogenes chitinases and CBPs may have been
interacting with chitin-like components such as
glycoproteins or other carbohydrate moieties expressing
on the surface of host cells (Chaudhuri et al., 2010).
Vibrios 

Vibrios are Gram-negative marine bacteria, which
are often associated with chitinous exoskeleton of
copepods, can utilize chitin as the sole source of carbon
and nitrogen (Colwell and Sprira, 1992). Chitinases and
CBPs play an important role in V. cholerae and other
Vibrionaceae during the process of chitin utilization
(Nalin et al., 1979; Svitil et al., 1997; Meibom et al.,
2004). V. cholerae causes cholera, a severe disease
associated with large amounts of watery diarrhea, in
humans upon ingestion. This symptom is caused by a
cholera toxin secreted by the infected V. cholerae after it
has colonized in the intestinal epithelium (Kaper et al.,
1995). Therefore, the attachment of V. cholerae to the
surface of host to the intestinal epithelia is essential for
their pathogenesis. The genome of V. cholerae harbors 4
gene encoding chitinases and CBP (Bhowmick et al.,
2007; Kirn et al., 2005). CBP and chitinases were
induced when V. cholerae was grown in a medium
containing the chitin monomer (GlcNAc), oligomers
(GlcNAc)2-6 or chitin (polymer of GlcNac) suggesting
that CBP and chitinases can efficiently bind to and
hydrolyze these glycans, respectively (Meibom et al.,
2004). The CBP of V. cholerae, named as GbpA, was
demonstrated to be an essential factor for bacterial
binding to sugar components of environmental chitinous
surfaces as well as human intestine. Furthermore, GbpA
is considered to play an important role in bacterial
colonization in the environment and in human epithelial
cells for bacteria (Kirn et al., 2005). Bhowmick et al
demonstrated that (Bhowmick et al., 2008) there was a
coordinated interaction between GbpA and mucin both
in vitro and in vivo (in an infectious mouse model).
Recombinant protein GbpA can specifically bind to
mucin in a concentration dependent manner. In addition,
mucin and GbpA appear to have a mutual effect on up-
regulateing their expressions in each other: mucin
upregulates the expression of GbpA, and also mucin
expression was increased after infection with V.
cholerae. The result strongly suggests the important role
of bacterial CBPs in the processes of pathogenesis (e.g.
adhesion, colonization) to the host cells. It also indicates
that CBPs not only bind to hydrolyzed chitin products

(e.g GlcNAc1-6), but that it also binds to GlcNAc, a
component in mucin and other N-glycosylated proteins,
presumably.

According to a recent study, bacterial gene
regulation in response to bacterial cell-population
density (so called quorum sensing) plays a key role in
regulating GbpA expression and biofilm formation of V.
cholerae (Hammer and Bassler, 2003; Jude et al., 2009).
The data showed that GbpA was upregulated in low- as
compare to high-density of V. cholerae (Jude et al.,
2009). It is predicted that GbpA may be involved in the
initial attachment to the host cells but may not be
required for biofilm formation. 

Although there is no data available for the biological
function of the four chitinases produced by V. cholerae, a
study from Vibrio harveyi, a close relative of V.
cholerae, demonstrated that V. harveyi chitinases
expression was also regulated by quorum sensing
(Defoirdt et al., 2010). The data showed that quorum
sensing negatively regulates the expression of chitinases
in V. harveyi. Therefore bacterial chitinases may
contribute during the initial steps of bacterial attachment
to the host cells.
Legionella pneumophila 

L. pneumophila, a Gram-negative aquatic bacterium,
is often found in fresh waters, protozoan hosts, potable
water systems and cooling towers. L. pneumophila is the
major Legionella species that causes Legionnaires'
disease, a severe pneumonia particularly affecting
immunocompromised hosts (Fields et al., 2002). In
humans, the disease may be transmitted by inhaling
aerosole containing L. pneumophila. The bacterium then
colonizes in the respiratory tract, and invades alveolar
macrophages, which eventually induces significant
tissue-damage in the infected lungs (DebRoy et al.,
2006). By the blast analysis for genome of L.
pneumophila, it has been identified that this bacteria
contains a chitinase (ChiA), and a CBP (gi|54296231). 

Deb Roy et al. reported that deletion of the chiA
gene in L. pneumophila had no effect on growth in an
intracellular cell culture, but it did reduce the bacterial
persistence in the lungs of infected mice (DebRoy et al,
2006). The study strongly suggests that chitinase
enhances bacterial survival in mammalian host cells.
Furthermore, it was also speculated that ChiA may
breakdown chitin-like components in the lung (e.g. N-
acetylated chitinous proteins) that promote bacterial
persistence and survival in the host cells (DebRoy et al,
2006). Alternatively, ChiA-mediated bacterial
persistence in the lung may be not due to the chitinolytic
activity of ChiA but due to the host response against
ChiA. The compromised host along with the presence of
bacteria with ChiA enables bacterial survival within the
host cells, whereas the hosts can exert more effective
immune responses to exclude the bacteria without the
existence of ChiA (DebRoy et al., 2006).
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Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic
pathogen in humans, and is the major cause of infection
in patients with cystic fibrosis (CF) (Stover et al., 2000).
Although P. aeruginosa is unable to use chitin as a sole
carbon source (Folders et al., 2001; Jagmann et al.,
2010), CBP and chitinase were isolated and
characterized in some clinical isolates of P. aeruginosa.
However, these proteins were not identified in the
strains, which were isolated from soil (Folders et al.,
2000; Folders et al., 2001). A CBP of P. aeruginosa,
called CbpD, appears to be differently expressed at
distinct stages of diseases. CbpD was highly produced in
strains that caused initial and acute infection as
compared to strains isolated from the chronic phases in
the patients with CF. This result suggests that CBP may
play an important role in the initial adhesion of bacteria
to the lung epithelial cells but not the later chronic phase
of pulmonary infection mediated by P. aeruginosa. This
finding is consistent with our recent finding that non-
pathogenic E. coli overexpressed CBP21 (derived from
Serratia marcescens) has an increased rate of adhesion
to colonic epithelial cells (Kawada et al., 2008).
Although there is no direct evidence showing that CBP
and chitinase of P. aeruginosa play a role as virulence
factors during pulmonary infection, the above findings
strongly suggest that P. aeruginosa utilizes these
proteins during the initial phases of pulmonary
infections in CF patients.

The DNA microarray analysis by Salunkhe et al
revealed that the expression of CBP in P. aeruginosa
was significantly upregulated in the CF-associated
strains as compared to the laboratory strain, suggesting
the potentially pathogenic role of CBP as a virulent
factor of the P. aeruginosa infection in CF patients
(Salunkhe et al., 2005). Since the P. aeruginosa strain,
isolated from the affected areas with burn-wounding,
shows significantly less CBP expression as compared to
the strain isolated from the lungs with CF patients, CBP
in P. aeruginosa may play a distinct and specific role in
the types and/or areas of disease and inflammation
(Sriramulu et al., 2005).

Mucin was considered to be one of the factors that
could regulate gene expression in P. aeruginosa: the
expression of ChiC (one of chitinases in P. aeruginosa)
was significantly upregulated when the bacteria was
grown in a medium containing CF-like sputum (which
contains mucin) as compared to growth in a medium
without CF sputum (Fung et al., 2010). This result is
consistent with data that mucin significantly upregulated
CBP expression on V. cholerae (Bhowmick et al., 2008).

A recent study revealed that both CBP and chitinase
in the CF-related strain of P. aeruginosa have higher
transcriptional level compared to the non-CF-related
strain when they are grown with planktonic cells (Manos
et al., 2009), suggesting that both proteins play a pivotal
role in the pathogenesis of P. aeruginosa infection.
Furthermore, the study showed that chitinase and CBP in
CF-related P. aeruginosa strains are significantly down-

regulated in the biofilm compartment compared to
planktonic cells. This data suggests that CBP and
chitinase are likely to play an important role in the initial
biofilm formation of P. aeruginosa rather than
maintaining the biofilm as a stable condition.
Escherichia coli

E. coli, a Gram-negative, rod-shaped bacteria, which
is a commonly found resident in the human intestine,
and is unable to use chitin as a sole carbon source. Our
group recently found that chitinase ChiA has been
encoded in the genome of 13 groups strains of E. coli
strains, including both pathogenic and non-pathogenic
strains. The ChiA protein in E. coli strain contains a
catalytic domain belong to the family 18 glycoside
hydrolase, and the 7 chitin-binding domains (Fig. 1).
Although the physiological regulation of ChiA protein
was previously studied (Francetic et al., 2000), the
biological function of this gene is still understudied. Our
laboratory is currently investigating the biological
function of chiA gene in AIEC by generating a deletion
mutant of chiA in AIEC reference strain LF82. Our
preliminary and unpublished data suggests that the chiA
deletion in the AIEC LF82 strain significantly reduces
their adhesion to IECs as compare to that of wild-type
AIEC LF82 bacteria. This data indicates that ChiA plays
a role as a virulence-factor in AIEC, and may promote
bacteria adhesion to mucosal tissues.

Bacterial chitinases and CBPs seem to play a
pathogenic role in certain strains of bacterial infection.
Recent studies in V. cholerae and P. aeruginasa indicate
that CBPs promote the attachment of bacteria to the host
cells through the interaction with mucin during the initial
stage of colonization (Kirn et al., 2005; Bhowmick et al.,
2008; Jude et al., 2009). The microarray and proteomics
analyses of P. aeruginosa show that CBP is differently
regulated, depending on the growing environment
conditions and the state of disease. CBPs may play a
crucial role in the initial attachment process to the host
cells not only in P. aeruginosa but also in V. cholera
(Salunkhe et al., 2005; Sriramulu et al., 2005; Manos et
al., 2009; Fung et al., 2010). Data from L. pneumophila
and L. monocytogenes also support that bacterial
chitinases are involved in the process of bacterial
infection (Leisner et al., 2008; Chaudhuri et al., 2010).
However, it is still unknown whether the chitinase-
mediated bacterial infection is mediated by the catalytic
domain and/or the other associated domains of bacterial
chitinases. It is possible that chitinases use their
glycohydrolase activity to break down chitin-like
components (which contain GlcNAc) in the host cells. It
might be possible also that associated domains,
including Fn3 or ChtBD3, act as an adherent molecule to
enhance the accessibility of bacteria to the host cells. At
this stage, the possibility that bacterial chitinases may
affect the immune responses of the host cells to make a
better condition for the bacteria as seen in the
upregulated expression of ChiA during the infectious
process of L. monocytogenes in the host macrophages
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cannot be ruled out (Chatterjee et al., 2006).
The selected candidate molecules which play key
roles in host-microbial interactions in IBD

Bacterial adhesion to IECs is the first step in the
pathogenesis of many bacteria involved in gut infectious
diseases. Adhesion enables the bacteria to colonize in
the gut, thus limiting clearance from the intestine. In this
section, we will summarize some key molecules, which
effectively enhance the potentially pathogenic bacterial
adhesion to IECs during the inflammatory conditions.
Bacterial chitinases and CBPs

To identify host components, which enhance
bacterial adhesion and invasion provide us a great
opportunity to understand the mechanisms in host-
microbe interactions and the pathogenesis of intestinal
inflammation. As described in the above section, CBP in
V. cholerae plays an important role in the initial adhesion
process to the host cells (Kirn et al., 2005). Other groups
also demonstrated that CBP plays an important role as
an adhesion molecule that enables bacteria to initiate
their attachment to the intestine, which is an essential
step for bacterial colonization (Bhowmick et al., 2008;
Jude et al., 2009). Bhowmick et al showed that the
presence of CBP lead to a quicker and better chance of
bacterial adhesion to intestinal mucin, which was
identified as a host molecule interacting with CBP-
expressed in V. cholerae (Bhowmick et al., 2008).
Interestingly, in vivo data indicates that infection with
CBP-expressing V. cholera significantly enhances mucin
production as well as fluid secretion of host cells, which
were characteristic features of cholera disease
(Bhowmick et al., 2008). In contrast to cholera disease,
which commonly generates the formation of a thick
mucous layer, IBD generally shows the disrupted
mucous layer of the intestine. Thus, mucin is unlikely to
be the major factor leading to the bacterial accumulation
in the intestine during the development of IBD.
Inducible molecules under inflammatory conditions,
other than mucin, may play a key role in interacting with
luminal bacteria adhesion to IECs. As described
previously, CBP-expressed V. cholera specially enhances
the production of mucin by host cells, and the CBP has
also been known to bind with mucin (Bhowmick et al.,
2008). Therefore, it must be worthwhile to examine
whether bacterial CBPs/chitinases in the bacterial flora
of IBD patients also stimulate the production of mucin
or any other molecules in the hosts.
Mammalian chitinases 

Our group previously identified that CHI3L1 is
significantly upregulated in the animal models of colitis
and in human IBD (Mizoguchi, 2006). CHI3L1, an N-
glycosylated chitin-binding protein, contains a conserved
catalytic domain, which is classified as a member of
family 18 glycosyl hydrolases. However, unlike

enzymatic-active mammalian chitinases (e.g. acid
mammalian chitinase, chitotriosidase), CHI3L1 has no
chitinolytic enzyme activity, due to point mutations in
selected amino acids in the catalytic domains
(Kzhyshkowska et al., 2007). Crystal structure revealed
that CHI3L1 is N-glycosylated with two molecules of
GlcNAc at the 60th asparagine residue (Fusetti et al.,
2003). It has been speculated that glycosylated CHI3L1
may play a crucial role in interacting with bacterial
components including chitinases and CBPs, but the exact
mechanisms have not been completely revealed.

Our group also showed that CBP of S. marcescens
(CBP21) promotes bacterial adhesion to CHI3L1-
expressing in CECs (Kawada et al., 2008). This data
indicates that bacterial CBP potentially may be the
molecule directly or indirectly interacting with CHI3L1,
probably in a similar manner as observed in V. cholera
(Bhowmick et al., 2008).

Enzymatic-active mammalian chitinases, such as
acidic mammalian chitinase and chitotriosidase, may be
potential proteins also which enable to interact with
bacterial CBPs and/or chitinases. In fact, it has been
previously reported that the increased expression of
chitotriosidase in neonates is detected after bacterial
infection (Labadaridis et al., 2005). Of note, the bacteria
generally do not contain chitin as a structural
component. Thus the induction of chitotriosidase in host
cells may not due to the need for chitionolytic activity of
this protein. In addition, Hartl et al reported that the
biological function of acidic mammalian chitinase is
independent of chitinolytic activity (Hartl et al., 2009).
Unlike CHI3L1, chitotriosidase is not N-glycosylated
but contains sites for O-glycosylation (Boot et al., 1995).
Therefore N- or O-glycosylation of mammalian
chitinases may act as one of the binding factors for
interaction with bacterial CBPs or chitinases.
Carcinoembryonic antigen-related cell-adhesion
molecules

Members of the CEACAM family serve as receptors
for a variety of Gram-negative bacteria that live on
mucosal surfaces of the human body. In an example of
convergent evolution, these microbes have evolved
distinct CEACAM-binding adhesins that seem to
promote the colonization of the mucosa. CEACAM-
binding adhesins from pathogenic bacteria display a high
selectivity for human CEACAMs and do not associate
with orthologues from non-primate mammalian species.
The carcinoembryonic antigen (CEA) gene family may
represent a paradigm for such gene families since it is
highly divergent in humans, mice and dogs, and its
members have functions in both immune regulation and
reproduction (Zebhauser et al., 2005; Kammerer et al.,
2007). The CEA family is a member of the immuno-
globulin superfamily (IgSF), which consists of the CEA-
related cell adhesion molecule (CEACAM) and the
pregnancy specific glycoprotein (PSG) subgroups. They
are composed basically of a leader, one N-terminal
immunoglobulin variable (IgV)-like domain (N domain),
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followed by a variable number of two different types of
Ig constant (IgC)-like domains (named A and B) with a
few notable exceptions. Homotypic and heterotypic
adhesion is the most prominent function of these
extracellular domains. CEACAM family members are
typically cell membrane associated glycoproteins and are
part of the immunoglobulin superfamily. CEACAM1
(BGP), CEACAM5 (CEA) and CEACAM6 (NCA) are
expressed on IECs. CEACAM1 contains a hydrophobic
transmembrane domain followed by either a short or
long cytoplasmic domain, whereas CEACAM5 and
CEACAM6 attach to the cell membrane via a GPI-
anchor. In humans, CEACAM1 is the target of several
Gram-negative pathogenic bacteria that inhabit the
nasopharyngeal, intestinal or urogenital mucosa. In
particular, Neisseria gonorrhoeae, N. lactamica, N.
meningitidis, N. subflava, Haemophilus influenzae,
Moraxella catarrhalis, and E. coli strains have been
found to associate with the protein core or carbohydrate
structures of this glycoprotein (Sauter et al., 1993; Virji
et al., 1993; Chen and Gotschlich, 1996; Hill et al.,
2001; Toleman et al., 2001; Hill and Virji, 2003). These
bacterial species utilize distinct surface proteins
(adhesins) to engage CEACAMs. For example, the
neisserial colony opacity associated (Opa) proteins allow
gonococci and meningococci to bind several CEACAM
family members.

AIEC that persist within macrophages and epithelial
cells selectively colonize the ileum of CD patients
(Darfeuille-Michaud et al., 2004) Barnich et al., 2007).
Such pathogenic strains are achieving increasing
relevance since various studies performed in France
(Darfeuille-Michaud et al., 2004), the United Kingdom
(Martin et al., 2004), Spain (Martinez-Medina et al.,
2009b) and the USA (Sasaki et al., 2007; Eaves-Pyles et
al., 2008; Baumgart et al., 2007) have reported them to
be more prevalent in CD patients than in controls. The
presence of AIEC in healthy subjects suggests that AIEC
strains are facultative pathogens that cause disease in
susceptible hosts. AIEC strains were found to be highly
associated with ileal mucosa in CD patients (Darfeuille-
Michaud et al., 2004). CD-associated AIEC strains
adhere to the brush border of primary ileal enterocytes
isolated from CD patients but not controls without IBD
(Barnich et al., 2007), suggesting that there are specific
alterations of the ileal epithelial cells in patients with CD
which allow AIEC strains to adhere to a greater extent.
AIEC adhesion is dependent on type 1 pili expression on
the bacterial surface, organelles that are critical for
mediating the colonization of epithelial surfaces. Among
the various candidate proteins known to enable bacterial
adhesion, both CEACAM6 and CEACAM5 are
overexpressed in the ileal epithelial cells of patients with
CD, as compared with those of controls. Interestingly,
several pathogens in humans and mice exploit these
domains to adhere to and infect their target cells. An
example, CD-associated AIEC colonize and induce
strong gut inflammation in transgenic mice expressing
human CEACAM (Carvalho et al., 2009) and

CEACAM6 acts as a receptor for AIEC adhesion and
colonization and plays a key role in the development of
gut inflammation. Indeed pre-treatment of primary ileal
enterocytes isolated from CD-patients with an anti-
CEACAM6 monoclonal antibody strongly decreased
AIEC adhesion and intraperitoneal administration of
anti-CEACAM6 monoclonal antibody prevented
colonization and clinical symptoms of colitis in AIEC-
infected CEABAC10 transgenic mice (Barnich et al.,
2007; Carvalho et al., 2009). The presence of AIEC
induces an increase in CEACAM6 expression by
cultured IECs, as does with interferon-γ (IFN-γ) or
tumor necrosis factor α (TNF-α), two pro-inflammatory
mediators of which increased levels are typically found
in the intestine of patients with CD. Thus, AIEC may
directly, by adhering to host cells and indirectly via
increased secretion of TNF-α from AIEC-infected
macrophages (Glasser et al., 2001; Bringer et al., 2006),
induce IECs to up-regulate CEACAM6, thereby
enabling their own adhesion to these cells. Patients
expressing a basal level of CEACAM6 in ileum would
be predisposed to develop ileal CD, and the presence of
AIEC bacteria would lead to a secretion of IFN-γ or
TNF-α amplifying a loop of colonization and
inflammation. Since AIEC are critical to the initiation
and/or maintenance of inflammation in CD, blocking of
the interaction between the type 1 pili (on AIEC) and
CEACAM6 expressed by epithelial cells (e.g. with the
use of monosaccharides, oligosaccharides, or anti-
CEACAM6 antibodies) might serve as a specific and
effective strategy to disrupt the inflammatory
amplification loop in patients with CD in the 
future.
Others molecules involved in host-microbial interaction 

Numerous others molecules are described to allow
bacteria/host cell interactions. In this review, we will
introduce two other examples: 1) concern that bacteria
which make their own receptors and 2) the concern is M
cells (microfold cells), which can be a portal entry for
gut pathogens.

In the 1990s it was believed that the binding of
enteropathogenic E. coli (EPEC) to epithelial cells
triggered tyrosine phosphorylation of a protein in a host
cell intimin receptor of 90 kDa, termed Hp90. However,
Hp90 was not a host cell protein but was a LEE (the
locus of enterocyte effacement)-encoded type III
secretion system effecter protein termed Tir (translocated
intimin receptor) (Kenny et al., 1997). This discovery,
which introduced a revolutionary concept of a bacterium
that makes its own receptor, appears to be unique to
attach effacing bacteria. Following translocation,
cytosolic Tir spontaneously inserts into the plasma
membrane of the eukaryotic cell in a hairpin loop
topology, which is presented on the external face of the
plasma cell membrane and functions as the receptor for
intimin (Garmendia et al., 2005).

Since the initial lesions in CD occur at Peyer’s
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patches and lymphoid follicles (Fujimura et al., 1996),
knowledge of the interaction of M cells with bacteria is
particularly important. The apical microfold membranes
of M cells facilitate adherence and uptake of
microorganisms and microbial antigens for presentation
to lymphoid or antigen-presenting cells in the sub-
epithelial tissue. M cells are an epithelial cell phenotype
of the follicle-associated epithelium (FAE) that
translocate ‘foreign’ material from the gut lumen to
lymphoid tissue within the intestinal mucosa. There is
evidence that M cells represent the portal of entry for
most gut pathogens (Neutra et al., 1999). Overtly
invasive pathogens such as Shigella and Salmonella are
unable to invade via normal colonic cells and enter via
M cells (Phalipon and Sansonetti, 1999; Sansonetti and
Phalipon, 1999). Recent studies have reported that
glycoprotein 2 (GP2), specifically expressed on the
apical plasma membrane of M cells among enterocytes
(Terahara et al., 2008), is recognized by FimH, the
adhesin of type 1 pili on bacteria (Hase et al., 2009).
Entry of type 1 piliated bacteria, such as E. coli and
Salmonella typhimurium, into M cells could occur by
means of the GP2-FimH recognition. More recently, we
have reported that AIEC bacteria could interact with M
cells located in human Peyer’s patches via long polar
fimbriae (LPF), demonstrating that CD-associated AIEC
bacteria by expressing LPF can use Peyer’s patches as an
open gate to induce early stages of the disease
(Chassaing et al., 2011).
Conclusions 

Bacterial CBPs and chitinases are found in the
various kinds of bacterial species. Previous reports
suggest that bacterial CBPs and chitinases have a
biological function as virulence factors. The expressions
of these proteins are regulated by the host bacteria
themselves and/or their environment, and have been
predicted to be involved in the biofilm formation or
colonization of bacteria to the host. In addition, they
seem to play an important role for bacterial survival in
the host cells, suggesting their potential to modify the
host immune responses. 

Bacterial CBPs may play a critical role in enhancing
the bacterial adhesion to host cells, which express
mammalian chitinases and chitinase-like proteins
including CHI3L1. In addition, CEACAM6 on CECs is
one of the key molecules to contribute host/microbial
inteactions under inflammatory conditions. It is also
worthwhile to further examine other key molecules on
host cells, which may be induced to initiate and
perpetuate interactions with bacterial CBPs/ chitinases. 
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