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Abstract

The etiology of Crohn’s disease (CD), an autoimmune, inflammatory bowel disease (IBD) which
affects approximately one million people in Europe, is still unclear. Nevertheless, it is widely
accepted that CD could result from an inappropriate inflammatory response to intestinal
microorganisms in a genetically susceptible host. Most studies to date have concerned the
involvement of bacteria in disease progression. In addition to bacteria, there appears to be a
possible link between the commensal yeast Candida albicans and disease development. In this
review, in an attempt to link the gut colonization process and the development of CD, we
describe the different pathways that are involved in the progression of CD and in the host
response to C. albicans, making the yeast a possible initiator of the inflammatory process
observed in this IBD.
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Introduction

Crohn’s disease (CD) is an autoimmune, inflammatory bowel

disease (IBD) which affects approximately 100 000 individuals

in France and one million in Europe. CD incidence rates

increased from 5.2 cases/100 000 persons in 1988–1990 to 6.7

in 2006–2007 (Chouraki et al., 2011; Nerich et al., 2006). The

etiology of CD is unclear although significant advances have led

to the hypothesis that it could be the result of an inappropriate

inflammatory response to intestinal microorganisms in a

genetically susceptible host (Abraham & Cho, 2009). Thus,

genetic susceptibility leads to dysregulation of the normally

controlled immune response towards a commensal or infectious

agent (Cho, 2008; Macfarlan et al., 2009; Sartor, 2008).

Several studies have suggested that the gut microbial flora

may play a key role in the development and progression of

CD. Among these studies was the interesting observation of

antibodies in CD patients directed specifically against anti-

gens presented by intestinal microorganisms (Ferrante et al.,

2007). Parallel studies revealed alterations in the genes

involved in the recognition of microorganisms or in the

regulation of innate immunity, predisposing patients to CD

and highlighting a possible link between microorganisms and

a deregulated response (Hugot et al., 2001; Van Limbergen

et al., 2009).

Evidence for a role of yeast in CD

The presence of antibodies directed against Saccharomyces

cerevisiae mannan in sera from CD patients suggested the

possible involvement of yeasts in CD (McKenzie et al., 1990;

Quinton et al., 1998). Indeed, anti-S. cerevisiae antibodies

(ASCA) are present in 50�60% of CD patients (Quinton et al.,

1998). Although the exact relationship between fungi and CD

has not been clearly established, some evidence points to the

possible role of Candida albicans in the processes leading to, or

maintaining, inflammation in CD (Jawhara et al., 2008).

Candida albicans is a common commensal of the human

digestive tract. During colonization or infection, it is able to

induce the production of anti-glycan antibodies such as ASCA

(Sendid et al., 2009; Standaert-Vitse et al., 2006). Interestingly,

CD patients are more frequently and more heavily colonized by

C. albicans than healthy subjects (Standaert-Vitse et al., 2009).

Together, these observations suggest the possible role of this

yeast in the inflammatory processes leading to CD in a

particular genetic context.

Genes involved in CD and in response to yeast
colonization

The genes involved in the response to glycans have mainly

been identified in the context of fungal infections.

Interestingly, these genes have also been identified for their

impact in chronic inflammatory diseases, including CD

(Figure 1). This is notably the case for Nucleotide-binding

oligomerization domain-containing protein (NOD)1 and
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NOD2 (Vasseur et al., 2012), and NOD-like receptor family,

pyrin domain containing 3 (NLRP3) (Roberts et al., 2010) but

also for genes encoding cytokines, or their receptors, such as

interleukin-23 (IL-23) or IL-17, that directly affect the

inflammatory response (Rehaume et al., 2010; Zelante

et al., 2009). More recently, the genes involved in the

regulation of autophagy and infectious processes, but also in

inflammatory diseases, have been highlighted (Deretic, 2012).

Autophagy is induced by formation of the immunologic

synapse. This mechanism negatively regulates T-cell activa-

tion and adaptive immunity. It represents an important

mechanism involved in susceptibility to C. albicans infection

(Nicola et al., 2012) and variants in genes affecting autophagy

have been shown to be associated with the development of

CD (Wildenberg et al., 2012).

Under conditions that affect autophagy, pathogens stimu-

late inflammasome leading to enhanced production of pro-

inflammatory cytokines (Saitoh et al., 2008). A link between

microbial sensing by pattern recognition receptors (PRRs)

and autophagy has been proposed since Nod proteins are

involved in the recruitment of proteins responsible for

autophagy (Travassos et al., 2010). Conversely, autophagy is

able to regulate inflammasome activity (Shi et al., 2012).

The anti-glycan antibodies, bio-markers of CD

Following the demonstration of ASCA in sera from CD

patients in the 1990s, ASCA have been recognized as useful

markers for helping clinical practice to distinguish CD and

ulcerative colitis (UC). Determining ASCA and anti-neutrophil

cytoplasm autoantibodies (pANCA) is of interest in the case of

severe indeterminate colitis because of the high capacity of

these markers for discriminating CD and UC (Ferrante et al.,

2007; Sendid et al., 1996, 1998): ASCA are specific for CD

(90.4%) with a sensitivity of 56.4%, whereas pANCA are

specific for UC (90%) (Quinton et al., 1998). In addition to

markers derived from antibodies recognizing bacteria-derived

epitopes, Dotan et al. (2006), by screening sera with different

synthetic glycans, subsequently demonstrated the presence of

other anti-glycan antibodies in sera from CD patients. This

approach allowed the description of new bio-markers com-

monly referred to as anti-glycan antibodies (Figure 1).

Anti-glycan antibodies include anti-mannobioside

(AMCA), anti-laminaribioside (ALCA) and anti-chitobioside

(ACCA) antibodies directed against glycan epitopes corres-

ponding to Man(a1,3)Man(a), Glc(b1,3)Glc(b) and

GlcNAc(b1,4)GlcNAc(b), respectively. In CD patients, the

prevalence of these markers is approximately 28% for AMCA,

19–38% for ALCA and 21–40% for ACCA (Li et al., 2008).

In contrast to the immune response to C. albicans observed

during the infectious process, the levels of anti-glycan

antibodies are relatively stable over time in sera from CD

patients although some fluctuations have been observed in

subgroups of patients (Rieder et al., 2011). Moreover, these

antibodies have been shown to be associated with more

severe disease, in patients presenting a high risk of surgery

(Rieder et al., 2011).

In addition to the specific epitopes present within

C. albicans mannan, which are the targets of antibodies in

patients with invasive candidiasis (Sendid et al., 2008), all of

the epitopes recognized by anti-glycan antibodies are also

present in the C. albicans cell wall. The C. albicans cell wall

is a complex structure composed of 60% glucan recognized

by ALCA, 30% mannan recognized by ASCA and approxi-

mately 4% chitin recognized by ACCA (Gow et al., 2012).

Fungal flora, a potential origin for CD

The gut microflora, particularly the bacterial composition, has

been extensively examined in relation to CD (Darfeuille-

Michaud et al., 2004; Seksik et al., 2003). Bacterial compos-

ition in CD compared with healthy controls has been the

subject of several investigations and several potentially

disease-associated bacteria have been identified, most notably

adherent-invasive Escherichia coli strains, which have been

isolated in both adult and pediatric CD patients (Darfeuille-

Michaud et al., 2004). Similarly, a decreasing diversity of

bacterial species has been observed, namely from the

Clostridium leptum group, and more generally, from the

Firmicutes phylum (Sokol et al., 2009).

Intriguingly, the fungal flora, which is rich and diverse in

the normal human gut, has not been addressed (Bernhardt &

Knoke, 1997). Among the fungi colonizing the human gut,

Candida species are the most prevalent in the digestive tract.

Candida albicans is considered to be the most important

commensal yeast in the human intestine although other

subspecies can also cause mucocutaneous or systemic

candidiasis under conditions that alter the immune system

of the host, such as those encountered in immuno-compro-

mised patients (Perlroth et al., 2007).

Some evidence exists for a link between yeast colonization

and inflammation. In murine models of CD, such as that

based on the induction of inflammation by dextran sulfate

sodium (DSS), it has been shown that colonic inflammation

promotes C. albicans colonization (Jawhara et al., 2008).

Colonization of the gut of mice was accompanied by an

immune response revealed by antibodies directed against

C. albicans antigens, but also by ASCA synthesis.

Meanwhile, gut colonization with C. albicans in mice

Figure 1. Linking C. albicans to Crohn’s disease. The C. albicans cell
wall is composed of several glycans which are the targets of antibodies
known as anti-glycan antibodies, biomarkers of Crohn’s disease.
In parallel, these glycans are recognized by the immune system as
pathogen associated molecular patterns interacting specifically with
different PRRs. This interaction stimulates different signaling pathways
which initiate the inflammation process at the origin of the disorders
observed in Crohn’s disease.

2 R. Gerard et al. Crit Rev Microbiol, Early Online: 1–5
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increases secondary inflammation primarily induced with

DSS. This was revealed by histologic scores, myeloperoxidase

activity, and tumor necrosis factor-a (TNF-a) and Toll-like

receptor-2 (TLR-2) expression in tissues of colonized mice.

Glycan conjugates and glycans themselves are considered

as fungal pathogen associated molecular patterns. They are

recognized by receptors belonging to innate immunity, such as

PRRs presenting lectin activity, the C-lectin receptors (Jouault

et al., 2009). These peculiar PRRs are mainly localized at the

surface of host cells and act alone or in combination with other

receptors or TLRs (Gantner et al., 2005; Jouault et al., 2006,

2009). These receptors are present within phagosomes in

which they can meet yeasts and interact with newly exposed

components resulting from the digestion of yeasts by enzym-

atic processes and pH (A. Sarazin, in preparation).

Galectin-3 is one of the receptors demonstrated to be

specific for C. albicans. It only recognizes epitopes that are

present at the surface of this yeast (Jouault et al., 2006). In the

mouse model of colonization and DSS-induced inflammation,

inflammation in galectin-3 knock-out mice was reduced and

expression of both TLR-2 and TNF-awas abolished in response

to C. albicans colonization (Jawhara et al., 2008). Similarly,

lack of dectin-1, another receptor dedicated to the recognition

of b-glucans whose importance in yeast recognition by the host

has been well established (Brown & Gordon, 2001; Brown

et al., 2003), leads to an altered response to endogenous fungi,

but also to susceptibility to chemically induced colitis (Iliev

et al., 2012). In humans, dectin-1 polymorphism has been

shown to be associated with more severe CD and a higher risk

of surgery in patients presenting with UC. Both galectin-3 and

dectin-1 are present within phagosomes containing yeasts

(Gantner et al., 2005; Jouault et al., 2006).

An increased fungal burden and diversity of yeasts species,

but also modifications of the fungal spectrum have been

observed in CD patients colonized with Candida species

(Ott et al., 2008). A potential causal relationship between

C. albicans colonization and the ASCA immune response is

suspected. Colonization by Candida species is correlated with

ASCA levels in patients with candidiasis. In healthy relatives

of CD patients, this is also the case, demonstrating a direct

relationship between the adaptive response and presence of

the yeast. However, in CD patients, this relationship does not

exist, the level of anti-yeast antibodies being independent of

colonization. This suggests a potential relationship between

C. albicans colonization and the ASCA response, highlighting

a dysregulation in CD patients in which the response to fungal

glycans becomes independent of the fungal burden. Such an

observation may provide an explanation for the high preva-

lence of ASCA in healthy relatives of CD patients (34%

versus 4% in controls) who would present dysregulation of

C. albicans detection, leading to abnormal ASCA synthesis.

In patients with CD, this antibody response becomes stable

and at high levels over time, but is independent of any

colonization (Poulain et al., 2009).

The TH17 response, a link between yeast and
inflammation

The mechanisms that initiate the processes leading to IBD

have not been established. Although UC was considered to be

mainly mediated by a Th2 cytokine profile, CD was

associated with an immune response leading to a Th1

cytokine profile, with increasing levels of cytokines such as

interferon-g and/or IL-12 in sera from CD patients. The

Th1/Th2 paradigm has been revisited with the discovery of

Th17 cells, a sub-population of lymphocytes characterized by

the expression of the transcription factor Retinoid-related

orphan receptor gt (RORgt) (McGovern & Powrie, 2007).

Differentiation of Th17 cells is induced in the presence of IL-

6 and transforming growth factor-b. It is amplified and

stabilized by IL-23 secreted by macrophages after they have

been activated through PRRs. Th17 lymphocytes are

characterized by their ability to produce IL-17, but also the

pro-inflammatory cytokines IL-6 and TNFa (Brand, 2009).

In the presence of IL-23, Th17 lymphocytes play a key role

in innate and specific mucosal immune responses, particularly

in the initiation of mechanisms such as those leading to

chronic intestinal inflammation. A key role has been

demonstrated for the IL-23/IL-17 axis in candidiasis

(Gladiator et al., 2012; Milner et al., 2008). Patients

presenting with chronic mucocutaneous candidiasis have an

altered Th17 response and, as a consequence, have the

inability to control C. albicans infection at the mucosae

(Eyerich et al., 2008). Inflammasome alteration results in a

decreasing expression of IL-17, thus linking inflammasome

activation with the Th17 response (Cheng et al., 2011;

Rehaume et al., 2010). Interestingly, an association between

an aberrant response to C. albicans and increased production

of Th1/Th17 cytokines has been demonstrated in patients with

CD (Jyonouchi et al., 2010). In addition, genes encoding

proteins involved in downstream signaling of IL-23 or in

Th17 cell differentiation are associated with susceptibility to

CD (Barrett et al., 2008; Franke et al., 2010). Recently, a link

between the Th17 response to Candida infection and CD was

revealed through the observation of enhanced C. albicans

colonization after treatment of CD patients with an anti-

IL-17 A monoclonal antibody used in an attempt to reduce

inflammation in these patients (Colombel et al., 2013; Hueber

et al., 2012).

Conclusion

In conclusion, it appears that several links exist between

C. albicans colonization and CD. From antigens presented by

yeasts to genes of the host, the links involve several pathways

engaging major components of yeasts and major receptors of

the innate immune response. Such a relation may depend on

PRRs, genes encoding membrane receptors and the capability

of the host to respond. Taken together, it is intriguing that any

of the genes examined are linked with the response to

C. albicans and inflammation observed in CD. This is the

case for PRRs, for the pro-inflammatory response and the

interleukin response, but also for autophagy which is involved

in the host response to infection or inflammation. Whether a

link actually exists remains unclear, but the sum of evidences

gained to date lead to the question of ‘‘what is the role of

C. albicans in the process leading to CD?’’ Addressing this

question is therefore of major importance considering the

possible effect of yeast colonization on gut inflammation in

the context of a genetic disorder.

DOI: 10.3109/1040841X.2013.810587 Candida colonization and Crohn’s disease 3
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