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Potential roles of chitin in mucosal inflammation.
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Chitin, a polymer of N-acetylglucosamine (GlcNAc) and the second most abundant polysaccharide in nature next to
cellulose, is found in many organisms. For example, fungi, crustaceans, insects, amphibians and nematodes include chitin
as structural components. In nature, chitin levels are regulated by the balance of chitin biosynthesis (by synthases) and
degradation (by chitinases). Although chitin and chitin synthase do not exist in mammals, human chitinase family
members (glycosyl hydrolase 18 family) have been identified. It has been well characterized that chitin has a sizedependent effect: Small sized (1-10 μm) but not large (>100 μm) or medium (40-70 μm) sized chitin particles can be
recognized and processed by macrophages and dendritic cells, which subsequently enhance interferon γ as well as IL-10
productions in mesenteric lymph nodes and colon [1]. Interferon γ is a T helper type 1 (Th1) cytokine and has an
immunoregulatory role while IL-10 is classified as an anti-inflammatory cytokine. These cytokines effectively suppress
the over-production of Th2 cytokines such as IL-4/IL-5/IL-13, and appear to have reversed Th2-associated immune
responses in animal models of acute/chronic inflammation. Some patients with immunocompromised conditions are
vulnerable to infections, which are called opportunistic infections. These infections are caused by various pathogenic
organisms, including bacteria, fungi, viruses and parasites. Although bacteria do not contain chitin, it has been previously
reported that bacterial chitin-binding proteins play an important role in host-microbial interactions [2]. In addition, through
the chitin-binding proteins, bacteria may also efficiently interact with chitin-containing organisms such as fungi and
parasites. In particular, bacterial and fungal co-infections sometimes cause chronic inflammation and/or severe septic
conditions in immunocompromised hosts and may play a role in the initiation/exacerbation of inflammatory bowel disease
and other inflammatory conditions. The study of chitin-mediated innate and acquired immune networks may provide the
rational for the development of new therapeutic strategies for infection-based mucosal inflammation.
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1. Introduction
Chitin is a skeletal cell polysaccharide that is a component of the inner cell wall of fungi, and has been the target of
anti-fungal drugs [3, 4]. Host defense against chitin-containing pathogens is mediated by the interaction between chitin
as a pathogen-associated molecular pattern (PAMP) and the host chitin-binding proteins/receptors as pattern recognition
receptors (PRRs), which include mannose receptor family, toll-like receptors (TLRs), and chitinases/chitinase-like
proteins. Furthermore, among commensal bacteria and fungi, these chitin-chitinase interactions would also regulate the
host defense and inflammatory status. Use of purified chitin has significantly contributed to the understanding of not
only the host defense mechanisms against chitin-containing pathogens, but also the development of potential antiinflammatory therapies with selected chitin forms.
In the mid 80s, a series of studies by Azuma and colleagues suggested that some chitin/chitosan derivatives are able
to up-regulate macrophage functions (measured by TNF-α, IL-1, and colony-stimulating factor production) and induce
immunologic adjuvant effects [5-7]. In the late 90s, Shibata and colleagues found that chitin microparticles (CMPs) at
1-10 µm diameters, functioned as “mimetic microbes”, and induced classically activated (M1) macrophages in vitro.
Since the M1 activation is mediated by internalization/phagocytosis of CMP, neither unphagocytosable large chitin
beads at 40 –100 µm (LCBs), chitosan (de-acetylated form of chitin) microparticles at 1-10 µm (CsMPs), soluble
chitosan, nor soluble chitin induce M1 activation in vitro [8-10]. Oral and intranasal administrations of CMPs in
asthma models in experimental animals proved to be effective in suppressing allergic inflammation [11, 12]. Recently,
the oral administration of CMPs ameliorated the histological severity of colitis and increased productions of the Th1
cytokine interferon gamma (IFNγ) in two mouse models of colitis [1]. Mucosal administration by oral gavage of chitin
products is an attractive route of choice for inflammatory disease therapy. However, it is of particular importance that
recent studies [13-18] have suggested that anti-inflammatory efficacy of chitin treatments seemingly depends on forms
of chitin, such as insoluble/soluble, acetylated/de-acetylated, and phagocytosable/non-phagocytosable sizes of particles.
Therefore, appropriate chitin preparations provide many new avenues of study that could lead to new methodologies for
the modulation of various inflammatory diseases including allergic disorders.
In this chapter, we will summarize the significant progress in this field, which has been made since the 90s studies,
and we will update some important findings based on the key publications.
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2. What are chitin and chitinases?
Chitin is the second most abundant biologically synthesized polymer found in nature. It is produced as a structural
component in fungi, mollusks, cephalopods, and arthropods: including insect and crustacean exoskeletons [19]. Chitin
is highly insoluble and forms a hard protective barrier for many organisms. Chitin is a polymer of β-1,4 Nacetylglucosamine, which is a derivative of glucose, and has a chemical structure similar to cellulose. However
functionally, it is more comparable to keratin than cellulose. Figure 1 demonstrates the chemical structure of chitin and
cellulose for comparison.

Fig. 1 Chemical Structure of Chitin and Cellulose

Chitin has a very low immunogenicity even though it is rich in nitrogen [20]. Chitin’s physical properties make it
useful in medicine as a surgical suture as it accelerates wound healing and the high biodegradability allows the sutures
to dissolve over time. Chitin sutures resist degradation by bile, urine, and pancreatic enzymes, which is an issue with
other degradable sutures [21]. Chitin is easily obtained from crab and shrimp shells as well as fungal mycelia at a
relatively low cost, which makes it an attractive compound.
While chitin synthesis is regulated by chitin synthases, its degradation is a result of enzymatic chitinases. These
chitinases break the glycosidic bonds to form monomers of N-acetylglucosamine. Chitinases are used by bacteria to
dissolve the chitin found in fungi or insects [22]. This is useful for bacteria in defense against invading fungi, or as an
active mechanism of infection. Several plants also possess chitinases as a host defense against invading fungi and
herbivorous insects [22].
Although mammals do not possess chitin as a structural component, they can produce several enzymatically active
and inactive chitinases. The enzymatically active chitinases include acidic mammalian chitinase (AMCase) and
chitotriosidase. Mammalian chitinases play important roles in several diseases including malaria, parasitic, and fungal
infections. The enzymatically inactive chitinases, which can attach to chitin but do not possess hydrolytic capabilities,
include the molecule chitinase 3-like 1 (CHI3L1), which has been found to be elevated in plasma in several
inflammatory diseases including inflammatory bowel diseases (IBD), asthma, and rheumatoid arthritis and is used as a
sensitive biomarker in these diseases [23-25]. It has also been found to be elevated in several solid tumors, including
breast cancer, colorectal cancer, glioblastoma and malignant melanoma, extracellular myxoid-chondrosarcoma, and
Hodgkin’s lymphoma and is associated with a poor prognosis [26]. CHI3L1 is quickly becoming an area of research
interest as it is being found to play a key inflammatory role in many disease states in several inflammatory disorders
and malignant tumors [26].

3. Size dependent effect of chitin and its potential receptors
High molecular weight chitin is known to be non-toxic, nonallergenic, non-immunogenic, biodegradable, and
biocompatible. Studies done over 30 years ago demonstrated that preparations of deacetylated chitin and
carboxymethyl-chitin induced cytotoxic macrophages, stimulated anti-tumor effects, and conferred non-specific host
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resistance to E. coli by increasing production of hydrogen peroxide [27]. Chitin was also found to induce inflammatory
cytokines including IL-1β and granulocyte-macrophage colony-stimulating factor (GM-CSF), and IFNγ in vivo [28].
In contrast, other studies have demonstrated exposures to chitin-containing organisms tend to shift to a Th2 dominant
host response. Intrapulmonary administrations of suspended chitin stimulated recruitment of IL-4 positive cells into the
lung [17]. IL-4 is known as an inducer of naïve helper T cells into Th2 cells [17]. This study and others have led to
speculation of the high incidence of asthma among workers with high environmental exposure to chitin, such as
commercial fishers of shrimp and clams [29]. In this regard, larger non-phagocytosable chitin beads (>40 µm) induce
innate immunity supporting Th2/allergic responses, when given intraperitoneally [18]. It is well established that
mucosal or intra-peritoneal administration of Sephadex beads (cross-linked dextran) at similar sizes (>40 μm) also
induces local eosinophilia [30-32]. Since chitin bead- or Sephadex bead- induced innate immune responses are not seen
in macrophages cultures in vitro with these beads, additional cells would contribute to the development of in vivo innate
immune responses. Furthermore, the in vivo innate immune response, which supports Th2/allergic response, can be
induced by >40 µm beads other than chitin (>40 µm); therefore, the chitin chemical composition is not required for this
type of immune response.
This seeming discrepancy has been elucidated through recent studies into different chitin preparations. It has been
shown that large (>100µm) sized pieces of chitin are inert. Intermediate sized (40-70µm) chitin stimulated macrophage
IL-17A production and receptors, and induced inflammation via the TLR2 MyD88 pathway [33]. Small sized chitin
(<40 µm, usually 1-10 µm) induced production of IL-10, an anti-inflammatory cytokine. It was further shown that
intermediate chitin binds to and activates the TLR2 pathway cascading to NF-κB and TNFα, while small chitin binds to
and activates dectin-1 cascading through spleen tyrosine kinase (Syk) to IL-10 [34]. However, there is some coactivation of TLR2 and Syk pathways by both preparations of chitin. TLR2 is one of the PRRs, which binds to many
stimuli including gram positive bacterial lipoteichoic acid (found in the cell wall), fungi, certain viruses including
herpes simplex and varicella zoster, and some endogenous molecules. The specific fungal component recognized by
TLR2 is yet to be discovered, but it is speculated to be a glycolipid. The TLR2 pathway in hematopoietic cells has been
well characterized and is known to be pro-inflammatory, leading to production of NF-κB [35]. Dectin-1 recognizes the
β-glucan in fungal cell walls and leads to activation of Syk kinase and NF-κB as well as small amounts of IL-10 [36].
Studies have also demonstrated that TLR2 and dectin-1 work in conjunction to enhance the signals from each receptor
[36]. These results suggest that intermediate sized chitin produces a Th2 dominant response, while small chitin creates
a Th1-dominant response. However, it is still remained to be studied whether the size-dependent and differential
immunological responses to chitin particles require the chitin chemical composition.
It was recently shown that mouse lacking the gene encoding the dectin-1 had increased susceptibility to chemically
induced colitis [37]. This result demonstrates the necessity of the dectin-1 receptor in modulating immune responses.

4. Chitin-mediated immuno-biological effects in lung
When mice were injected with chitin (presumably unphagocytosable-sized), IL-4-expressing innate immune cells,
including eosinophils and basophils, were induced and had accumulated in lung tissue [17]. This effect was reversed
when the chitin was pre-treated with AMCase or when the mice overexpressed AMCase. Overall, unphagocytosablesized (>40 µm) chitin was described to attract infiltration of innate immune cells involved in immunity to helminth
infection and allergies. In sharp contrast, intravenous injection of fractionated CMPs (1-10 μm) had an immunestimulating effect on alveolar macrophages, inducing production of inflammatory cytokines IL-12, TNF-α, and IL-18,
and natural killer cell productions of IFNγ [8].
A study showed when mice were aspirated with intermediate sized chitin, macrophage production of IL-17A and IL17A receptors was increased in addition to other pro-inflammatory cytokines IL-12p70 and IL-23, which are closely
linked with IL-17, chemokine (C-C motif) ligand 5 (CCL5) which is a chemotactic factor that recruits leukocytes into
areas of inflammation and activates certain natural killer cells, and chemokine (C-X-C motif) ligand 2 (CXCL2) which
is chemotactic for polymorphonuclear leukocytes and hematopoietic stem cells and has been correlated with tumor
metastasis and chemotherapy resistance [33, 38]. When mice were aspirated with large sized chitin, no effect was seen.
Oral administration of CMP was also found to inhibit Th2 immunity including IgE production and eosinophil
infiltration in lungs of mice [11]. Ragweed (an allergic inducer) stimulation unconjugated with CMP stimulation
resulted in significant decreases of Th2-derived cytokines IL-4, IL-5, and IL-10 levels and increased the production of
IFNγ in spleen cells, suggesting that the immune responses were redirected toward a Th1 response [11]. Histologically,
CMP treatment inhibited the peribronchial, the perivascular, and total lung inflammation as compared with saline
control.
While the above study used orally administration method, intranasal administration directly to the lung tissue of
CMPs were found to decrease the symptoms of allergic hypersensitivity to various antigens including
Dermatophagoides pteronyssinus and Aspergillus furmigatus [12]. In this study, CMP treatment also reduced IgE
serum concentrations, lung inflammation, airway hyperresponsiveness, and eosinophilia in peripheral blood. Cytokine
levels of IL-12, IFNγ, and TNFα were increased after CMP treatment while IL-4 was significantly reduced. Chitosan,
which is the deacetylated form of chitin and water soluble, also reduced allergen-induced inflammation [39]. These

© FORMATEX 2013

1855

Microbial
pathogens and strategies for combating them: science, technology and education (A. Méndez-Vilas, Ed.)
____________________________________________________________________________________________

studies demonstrate that CMP can reduce allergic inflammation in lung tissue, and promote a Th1 immune response,
while intermediate sized chitin can induce inflammatory cytokines/chemokines to further promote inflammation.
However, the pro-inflammatory effect of chitin particles would not specifically require the chitin chemical composition,
since similar sizes of particles with other carbohydrates promote Th2 inflammation [17, 18].

5. Chitin-mediated immunoregulation in colon
In the context of IBD, the oral administration of CMPs improved the histological severity of colitis and increased
production of the Th1 cytokine IFNγ in two mouse models of chronic colitis [1]. The dextran sodium sulfate (DSS)
colitis model induces acute epithelial injury and ulceration in the colon while the T cell receptor-alpha chain knockout
(TCRα KO) model causes spontaneous chronic colitis which resembles ulcerative colitis [40, 41]. In both models, mice
were pre-treated with orally gavaged CMPs (1.5 mg/day) once per 3 days, beginning at weaning, for 6 consecutive
weeks. The control group was fed phosphate-buffered saline (PBS). Then, the mice were treated with DSS or PBS for
5 days, and their recovery and bodyweight were recorded for an additional 7 days. Mice receiving CMPs regained more
bodyweight at days 8-12 and showed improved recovery by clinical scores and histology. It was found that mouse
dendritic cells efficiently phagocytosed CMPs after co-incubation and are responsible for their processing. IL-4
production was also significantly reduced when mice were treated with CMPs. The level of TNFα was significantly
reduced in the mesenteric lymph nodes of mice from both models of colitis treated with CMPs [1]. Furthermore, CMPtreated mice showed increased production of IL-10 in the colon and marginally enhanced the recruitment of IL-10producing cells as compared with PBS-treated control. The increase in IL-10-expressing cells was more significantly
increased in non-inflamed areas as compared with inflamed regions of the colon. IL-10 may be partially involved in the
CMP-mediated immunoregulatory functions in acute intestinal inflammation.
The total bacterial load in the proximal colon was reduced after CMP treatment. Clostridiales group of bacteria
including Clostridium, Eubacterium, Epulopicium, Dorea, and Ruminococcus were reduced in mice receiving PBS
while their quantity remained unchanged in CMP-treated mice suggesting an improvement in commensal bacterial
composition. CMP-treatment improved intestinal barrier function as the level of enteric bacteria which translocated
from the colon to various organs, including spleen and liver was much more reduced in the CMP-treated mice as
compared to PBS-treated control mice [1].
Taken together, this study suggests chitin can have immune-protective, anti-inflammatory, and anti-microbial effects
in the intestines depending on the size of the particles ingested.

6. Fungal infection and intestinal inflammation
Most focus in IBD research has been on the specific bacterial strain(s) involved in the pathogenesis and exacerbation of
inflammation. Efforts into identifying fungal pathogens have generally received less attention; however, the topic
appears to have gained recent interest with the works of several publications exploring fungi in IBD. The most
thoroughly studied involvement is with anti-Saccharomyces cerevisiae antibodies (ASCA), which gained considerable
attention as levels are significantly increased in CD patients, and as such makes it a useful diagnostic marker [42].
Patients positive for ASCA’s and negative for perinuclear antineutrophil cytoplasmic autoantibodies (ANCA), which
are used in diagnosing UC, yielded a specificity and positive predictive value of 97% and 96% respectively for CD [43].
Another study showed that ASCA levels differentiate between CD and UC, and correlate with CD disease severity and
the need for surgery [44]. In this same study, ASCAs were shown to have a high specificity for CD. However they
have a low sensitivity, and may not be very useful alone in differentiating IBD’s [44]. While it can be hypothesized that
Saccharomyces cerevisiae is responsible for the development of ASCAs, it was shown that C. albicans is capable of
cross-reacting with ASCAs obscuring the true cause [45]. The presence of ASCA, in conjunction with other
biomarkers, may predict future disease manifestation. Elevated ASCA levels were found 4.5 and 4.4 years before CD
and UC diagnosis respectively [46]. It has been suggested that ASCA’s can trigger auto-immunity, as increased levels
have been found in several auto-immune disorders such as type 1 diabetes and rheumatoid arthritis. A recent study
found a 50%-100% overlap between Saccharomyces cell wall component mannan and other well known auto-immune
inducing molecules using molecular structure analysis [47].
Genetic affinity analysis of oral fungi in IBD patients demonstrated a 100% match with C. albicans found in colonic
mucosal biopsy, colonic aspirate, brush smears, and fecal samples, suggesting oral transmission to lower segments of
the intestine [48]. Normally C. albicans is a commensal fungi when remaining in the yeast form. However, through a
change in secreted factors and molecular pathway activations it can convert to a pathogenic form with filamentous
hyphae. In an experimental model of colitis, DSS-treatment strongly promoted C. albicans colonization compared with
controls which received fungi inoculation only [49]. In addition, C. albicans exacerbated inflammation as assessed by
histology scores and myeloperoxidase/TNF-α productions and TLR-2 expressions in the colon. Interestingly, chitin can
bind to TLR-2 and elicit an inflammatory cascade. C. albicans colonization also led to generation of ASCAs. Mice
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deficient in Galectin-3, which binds to C. albicans glycans, had attenuated inflammatory responses and abolished TNFα and TLR-2 responses in DSS-induced colitis [49].
Other pathogenic fungi including Candida tropacalis which is an opportunistic pathogen that induces inflammation
in mice deficient in Clec7a, which is the gene that codes for the dectin-1 receptor, a receptor that recognizes fungal β1,3-glucans. Polymorphisms of this gene for this receptor have been associated with UC [37]. Other receptors
recognizing fungi include TLR-4 which can bind to O-linked mannan fungal cell components, Galectin-3 receptor that
recognizes β-mannosides also found in fungal cell walls, and TLR-9 which can bind to fungal CpG DNA [50]. C.
glabatra is an opportunistic pathogen found in biofilms in catheters and dentures [51] and has been hypothesized to
play a role in IBD as increased levels were found in UC and CD patients [48]. C. krusei is also an opportunistic
pathogen, causing candidasis and blood infection in immunocompromised and those undergoing chemotherapy [52],
and has been hypothesized to play a role in IBD as levels of this fungi were increased in IBD patients [48].
Trichosporon is another opportunistic pathogen with increased levels found in colitis-induced Clec7a KO mice [37].
We have summarized the fungi that have been associated with IBD in Table 1.
Table 1 Fungal Strains associated with IBD

Fungi

Associated Diseases

References

Candida albicans

UC, CD

48, 49

Candida glabatra

UC, CD

48

Candida krusei

UC, CD

48

Candida tropicalis

UC

37

Saccharomyces cerevisiae

UC, CD

42, 43, 46, 47

Trichsporon

UC

37

7. Bacterial chitinases and chitin-binding proteins
Many bacteria produce chitinases as a way to defend against fungal pathogens, and to digest chitin-containing
organisms for food. Some examples of bacteria which produce chitinases include Serratia marcescens, one of the most
efficient chitin degrading organisms, with different types of chitinases being reported from several strains of this
species, such as ChiA, ChiB, and ChiC and a putative chitin-binding protein (CBPs) named CBP21 which is also a part
of the chitinases [53]. Chitinases are highly expressed in many marine bacteria as this environment contains large
amounts of chitin. Importantly, most chitinase-producing microorganisms contain a gene encoding for the homologue
of CBP21, suggesting the potential binding ability of bacteria to chitin. The chitin-binding domains (CBD) interactions
with chitin-containing organisms are preserved with mammalian chitinase-like proteins including CHI3L1. Therefore,
it is likely that the CBD found within the bacterial chitinase, binds to the human CHI3L1 which then allows for more
intimate interactions and ultimately allows the bacteria to enter the cell cytoplasm [54].
Bacterial chitinases and CBPs seem to play a pathogenic role in certain bacterial infections. Recent studies in Vibrio
cholerae and Pseudomonas aeruginasa indicate that CBPs promote the attachment of bacteria to human cells through
interactions with mucin during the initial stage of colonization [55-57]. The chitinase found in Salmonella
typhimurium, whose role in human infection was unknown, was found to interact with endogenously expressed CHI3L1
and enhanced the invasion of bacteria across the intestinal mucosal layer into host cells [2]. When non-pathogenic E.
coli was substituted with the CBP from S. marcescens, it significantly increased the ability of the E. coli to adhere to
human colon cells, further suggesting this particular CBP is crucial for bacterial pathogenicity [58]. In general for IBD,
the microbiome in the gut is shifted to promote more pathogenic bacteria (e.g. E. coli and S. marcescens) with a
reduction in commensal bacteria (e.g. bifidobacteria), this phenomenon is also known as dysbiosis [59]. It is likely that
the pathogenic bacteria express chitinases, and may increase their expression under favorable conditions to further
promote infection. Adherent invasive E. coli (AIEC), which has been associated with IBD and produces a chitinase
named ChiA, was also found to bind to colonic epithelial cells, which expressed CHI3L1, and promotes the attachment
to those cells [54]. It was also shown that there are 5 critical amino acids necessary for proper ChiA function in
interacting with CHI3L1 and disruptions in the amino acid sequence alters the invasion capabilities of AIEC [54]. This
suggests that a specific 5 amino acid sequence in ChiA-CBD is partially involved in adhesiveness following
invasiveness on/into colonic epithelial cells.
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8. Fungal and bacterial co-infections in oral mucosal tissues.
A novel topic in infectious immunology is the presence of fungal-bacterial co-infections in which the two organisms
produce a more effective and resistant infection. These infections can evade immune cells and standard anti-biotic
treatments by forming a thick impenetrable biofilm. In this mixed environment, anti-biotics can only target exposed
bacterial cells, as well as leaving fungal cells unaffected. Streptococcus gordonii, which is a normal colonizer of the
oral cavity, augments C. albicans survival, which contributes to a persistent fungal infection. In the oral cavity, S.
gordonii adheres to host cells by expressing the conserved SspA and SspB (antigen I/II family) cell wall-anchored
proteins that recognize a range of host tissue proteins and cellular receptors [60]. Interestingly, one of the
polysaccharides involved in binding of S. gordonii and Streptococcus oralis to C albicans includes Nacetylglucosamine, a monomer of chitin [61]. After the bacteria attach to host cells, C. albicans then can adhere to the
host-bound bacteria by means of protein-protein interactions [61] or by direct interaction of salivary proteins (basic
proline-rich proteins, bPRPs) which had previously attached to S. gordonii cells [62]. This aggregation of bacteria and
C. albicans enhances biofilm formation and consequently the two organisms increase in proximity promoting bacteriafungal cell communication.. Through a diffusible signal molecule, S. gordonii prevents the inhibition of hyphae, which
are filamentous formations associated with virulence, therefore altering the phenotype to an invasive form through
enhancing biofilm formation of C. albicans [59]. In addition, S. gordonii promotes C. albicans growth by releasing
metabolic by-products that can be used as a food source by C. albicans [63]. Likewise, C. albicans enhances the
survival and colonization of S. gordonii by reducing the oxygen concentration to more preferable levels and by
providing bacterial growth stimulatory factors. [62, 63]. This mutually beneficial environment promotes the formation
of mature fungal-bacterial biofilms surrounded by an extracellular matrix. Interestingly, additional bacteria and fungi
can attach to this extracellular matrix further promoting infection. We have summarized these interactions in the oral
cavity in Figure 2. Interestingly, co-incubation of S. gordonii and C. albicans also led to the activation of mitogenactivated protein kinase Cek1p, which is involved in morphogenesis [60] demonstrating activation of this pathway
which may lead to a more invasive form. These interactions may make oral infections more persistent and harder to
treat. [64]

Fig. 2 Demonstration of bacterial fungal co-infection in the oral cavity
First Bacteria such as S. gordonii attach to host cells through the use of bacterial cell surface polypeptides which bind to host cellular
proteins and receptors (shown as black dots). Next, the bacteria adsorb host salivary proteins (basic pro-line rich proteins, shown as
blue dots) which then allow fungi such as C. albicans to attach to the bacterial cell forming a chain. Through intimate interactions
involving release of diffusible molecules, S. gordonii mediates C. albicans hyphae formation and subsequent phenotypic changes to
an invasive form. This aggregation of bacterial and fungal cells forms a protective layer of extra-cellular matrix which then has the
potential to bind other micro-organisms (shown as orange dots). Bacteria are represented by the red circles and fungi by the green
circles.

It was also shown in the oral cavity that greater numbers of Streptococcus mutans cells bound to C. albicans cells
with glucans present on their surface than to yeast cells without surface glucans, demonstrating this component as
playing a key role in attachment. Surface-bound glucosyltransferases promote the formation of a glucan-rich matrix in
situ and may enhance the accumulation of S. mutans on the tooth enamel surface, thereby enhancing the development of
infectious biofilms. [65]
Overall, fungal-bacterial infections may play a prominent role in persistent infections of the oral cavity and may
require anti-fungal/anti-biotic treatments.
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9. Fungal and bacterial co-infections in digestive tract and the other organs and a
potential involvement of fungal and bacterial co-infections during the development of
inflammation.
Fungal-bacterial co-infections have also been implicated in several other mucosal tissues including the lungs,
esophagus, urinary tract, and intestines/digestive tract. According to a 2012 review, there have been no in vivo models
of bacteria-fungi co-infections so this is a research topic that has been minimally investigated. [66]
The presence of Streptococci oralis/sanguinis/gordonii increased the ability of C. albicans to invade organotypic
models of the oral and esophageal mucosa under conditions of salivary flow. The authors developed a novel oral
mucosal analogue that was created to simulate the biology of the oral/esophageal cavity. It was observed that C.
albicans and streptococci formed a synergistic partnership where C. albicans promoted the ability of streptococci to
form biofilms on abiotic surfaces or on the surface of an oral/esophageal mucosa analogue. [67].
Fungal-bacterial co-infections have also been implicated in the lung tissue. Critically ill patients receiving
mechanical ventilation for > 2 days were assessed for presence of candida in lung tissue, and it was found to be
associated with prolonged Intensive Care Unit and hospital stays, longer time on mechanical ventilation, and with an
increased risk of P. aeruginosa ventilator-associated pneumonia. Extra-pulmonary candida colonization was also
significantly increased in patients exposed to the fungi versus unexposed. The presence of candida in lung predisposes
the patient for pseudomonas associated pneumonia suggesting the use of anti-fungals in this population [68]. While this
study did not prove the presence of co-infection or co-aggregation it strongly supports the notion, although another
study did find P. aeruginosa, and S. marcescens did coaggregrate when added to a C. albicans preformed biofilm and
increased in number in a polystyrene tube model to simulate patient ventilators [69].
In the context of the colon, it was shown that oral C. albicans can travel from the oral cavity to the colonic mucosa
and possibly disseminate fungi to sites favorable for multiplication, and may increase colonization in active phase of
IBD [48]. Interestingly, it was proven that the candida in both oral cavity and colon were genetically identical,
therefore it is possible transformed-invasive C. albicans can travel from oral cavity through the GI and invade colonic
tissues.
It was shown that prior urinary tract infection with E. coli, which was found to agglutinate C. albicans in vitro, was
found to enhance adhesion of inoculated C. albicans to bladder mucosa of rats and increased the likelihood of ascending
infection by C. albicans [70]. This interaction was demonstrated as an adherence of C. albicans to preattached E. coli.
C. albicans Als1, Als3, and Als5 (Agglutination like Sequence 1,3,5) which are cell surface proteins that are
classified as adhesins and play a critical role in biofilm formation [71]. They also are attachment site proteins that
mediate aggregation with bacteria and yeasts [72]. Interestingly, these proteins have also been associated with C.
albicans aggregation and fungal attachment to human embryonic endothelial cells, as well as fungal filamentation, and
virulence as assessed by a murine model of haematogenously disseminated candidiasis. To prove the critical function of
Als1, mice infected with candida containing a defect in Als1 had a significantly higher survival for the first 5 days [73].
Furthermore, in S. Cerevisae that were cloned to express Als1 from candida, it was proven to mediate cell attachment to
oral epithelial cells [74] as well as fungal endocytosis into umbilical endothelial cells [75]. Therefore these attachment
proteins may be critical for fungal-bacterial-host cell attachments.
While this chapter has focused on synergistic relationships between fungi and bacteria, it is also likely that
adversarial chemical warfare between candida and lactobaccili occurs in various tissues including in the female
reproductive tract, which the lactobaccili produce factors such as surfactants, lactic acid, bacteriocin-like substances
which inhibit microbial growth, and hydrogen peroxide to combat the fungi [76] these and other secretions may lead to
increased toxin production and host inflammation in human disease [64]. Overall, the study of fungal-bacterial coinfections in mucosal tissues has been deficient and its role in human infection and disease unappreciated.
Although fungal-bacterial co-infections have yet to be implicated in IBD, due to the large amount of casual and
correlative evidence, it is very likely that they play a role in either the initiation and/or exacerbation of IBD and
inflammation. Within this chapter, we have defined the individual fungi and bacteria that have been shown to play a
role within IBD, and explained how some of these microorganisms aggregate and form co-infections within other
mucosal tissues. Studies in this field have been dampened by the lack of an effective in vivo model of co-infections
which could be used to investigate their presence within the intestinal tract. To date, the investigation of the role of
fungi into IBD has also been lacking. The recent paper by Illiev et al demonstrated the crucial role of Dectin-1 receptor
in IBD and characterized some fungi strains including C. albicans and C. tropicalis that increased under DSS treatment.
However in-depth mechanistic studies of fungi interactions in the intestinal mucosa under inflammatory conditions have
yet to be performed.
The pathogenesis of IBD is still not completely clear, but is thought to result partially from altered host responses to
antigens and gut dysbiosis. A study done on rats demonstrated that mixed lysates of P. aeruginosa and Candida
promoted a Th1 dominant response, which consisted of cell-mediated immunity and a lack of antibody/B cell response,
which was associated with neutrophilia and diminished mucus production in the lungs. It was also demonstrated that
alone, fungi infection promotes a Th2-response and bacteria promote a Th1-response, so this demonstrates mixed
infection also causes a deviation in immune response [77].
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Since fungi contain chitin as a structural component it is also likely that this allows for interaction via chitinases and
chitinase-like-proteins such as CHI3L1 which is induced through inflammation/cancer and was shown critical in
bacterial attachment to host cells. Upregulated expression of CHI3L1 in host may mediate increased interactions with
fungi-bacterial biofilms. It is also possible that bacterial chitin-binding proteins can also bind directly with fungi and
this plays a role in their interactions.
Two bacteria that have been associated with IBD, E. coli and S. marcescens, have both been shown to strongly
interact with candida. Although these studies were done in another mucosal tissue and in vitro, these interactions are
likely possible to exist within the intestinal tract, too.
No direct link between fungi-bacterial co-infections currently exists for IBD, however circumstantial evidence points
to a strong possibility. Further studies in this area including clinical trials would shed light on the prevalence and
mechanisms of this complex microbial infection.

10. Current and future clinical utilization of chitin in inflammatory diseases.
Chitin is similar in structure to cellulose comprising the horny substance in the exoskeletons of crabs, shrimp, and
insects as well as fungi. Because some of its derivatives are proved to be nontoxic, biodegradable, biocompatible and
inexpensive, prostheses (artificial skin matrix, contact lens, and surgical stitch) produced from the chitin derivatives
have been developed and widely used in medical practice. For centuries, chitin has been safely used as an effective
ingredient in Chinese anti-inflammatory medicine [78, 79]. Chitin has been tested as gel and scaffold forms for tissue
engineering [80] and as a carrier for drug delivery [15], and is readily available in health food stores in the US. Global
chitin sales are anticipated to exceed $63 billion in the next 3 years based on the information of the Global Industry
Analysts in June, 2012. Clinical trials have tested intranasal CMP on allergic rhinitis, intranasal CMP on immunologic
effects, and chitin-glucan in cardiovascular diseases (NCT00443495, NCT01508039, and NCT01232309).
Dietary glucosamine supplements (N-acetyl-glucosamine, glucosamine sulfate, glucosamine hydrochloride, and
glucosamine), products from which chitin is derived, are occurring anti-inflammatory substances that have been used
for arthritis, cardiovascular disease, and cancer prevention [81-83], although the treatment has been reported to cause
damage in pancreatic β-cells and increase risk for diabetes [84]. Dietary glucosamine has begun to be measured for its
efficacy in IBD [85, 86].
A high rate of asthma is reported in those who work with crabs and shrimps [87]. However, chitin is used in sutures,
and soldiers with demonstrated allergies to shellfish had no allergenic response to chitosan bandages applied directly to
wounds [88]. It is proposed that the allergy to shellfish is due to meat proteins attached to the shell, rather than to
ingested chitin in the shell. Previous studies have shown that CMPs induce an immune response that suppresses allergic
responses [11, 89]. Therefore, CMPs treatment may be a potentially safe therapeutic strategy in clinical setting.

11. Conclusions/Future Prospective
Mammalian chitinase and chitin interactions seem to play one of the central roles in the pathogenesis of inflammatory
diseases in mucosal tissues. Potentially pathogenic bacteria, which express chitin-binding proteins, can efficiently
interact with host cells as well as fungal chitin. Fungal and bacterial co-infections are likely to continue/enhance the
solid adhesion of these two distinct organisms on the mucosal surfaces in digestive tract and the other organs. CMPmediated anti-bacterial and anti-inflammatory effects will be beneficial to suppress the harmful interactions in allergic
responses. Fungal infections have been shown to play a role in IBD. So far, fungal-bacterial co-infections have been
proven in several epithelial tissues but not yet proven in the intestines. Future in vivo studies will enable us to further
understand the importance of chitin-chitinase interactions in innate and adaptive immune responses during the
development of inflammatory disease and allergic disorders.
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