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Abstract

The oral cavity is a unique niche where Candida albicans infections occur in immunocompetent as well as immunosuppressed individuals.
Here we critically review the significance of human innate immune response in preventing oral candidiasis. One important line of
defense against oropharyngeal candidiasis is the oral microbiota that prevents infection by competing for space and nutrients as well as
by secreting antagonistic molecules and triggering local inflammatory responses. C. albicans is able to induce mucosal defenses through
activation of immune cells and production of cytokines. Also, saliva contains various proteins that affect C. albicans growth positively by
promoting mucosal adherence and negatively through immune exclusion and direct fungicidal activity. We further discuss the role of
saliva in unifying host innate immune defenses against C. albicans as a communicating medium and how C. albicans overgrowth in the oral
cavity may be a result of aberrations ranging from microbial dysbiosis and salivary dysfunction to epithelial damage. Last we underscore
select oral diseases in which C. albicans is a contributory microorganism in immune-competent individuals.
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Introduction

The oral cavity is a complex ecosystem lined by various types
of mucosal epithelia, and it is constantly being bathed in saliva
secreted by major and minor salivary glands. The mouth har-
bors an extensive microbiota that includes beneficial microor-
ganisms along with potentially harmful commensals and
transient pathogens. Candida albicans is normally a commen-
sal fungus that colonizes saliva and the oral mucosa, which can
transition into a pathogen causing oropharyngeal candidiasis
(OPC) or oral thrush.

The genus Candida belongs to the kingdom Fungi, which
consists of approximately 150 species. Candida species are
found in diverse environments, such as air, soil, water, plants,
and animals, but only a select few are able to colonize and cause
disease in humans. C. albicans, Candida glabrata, Candida
parapsilosis, Candida tropicalis, Candida krusei, and Candida
dubliniensis are the most common Candida species associated
with human disease (Muadcheingka and Tantivitayakul 2015).
Most of these Candida species grow as unicellular yeast forms,
while C. albicans is also able to form hyphal or pseudohyphal
morphologies that allow it to form complex biofilms (Fig. 1)
and contribute to its pathogenicity in humans.

OPC most frequently occurs in individuals whose immune
system is compromised by use of immunosuppressant drugs,
chemotherapy, or AIDS. The clinical manifestations of OPC are
geographically extensive thick white plaques formed on the
tongue, buccal mucosa, soft palate, and pharynx (Fig. 2).
Although OPC does not typically progress to life-threatening
fungemia, it can result in significant patient morbidity through

dysphagia, dehydration, and malnutrition. HIV patients repre-
sent a distinct group of people highly susceptible to OPC, and
the severity of oral symptoms as well as the frequency of isola-
tion of C. albicans is positively correlated with AIDS staging
(reviewed in de Repentigny et al. 2004). Perturbations in host
immune status allow C. albicans to progress from commensal-
ism to virulence; however, our understanding about other pre-
disposing factors that tip this balance is incomplete. These may
include disruption of the bacterial component of the oral micro-
biota, alterations in salivary quantity or quality, or breach of
host epithelial barriers (as a result of burns, catheters or ventila-
tion tubes, or use of oral prosthesis). However, C. albicans is
also capable of producing disease in an otherwise healthy host
when it enters the dental pulp or colonizes tooth surfaces along
with Streptococcus mutans in early childhood caries. The focus
of this review is to discuss various host salivary and innate
immune factors that contribute toward protection from OPC.

Interaction of Oral Microbiota
with C. albicans

The oral cavity harbors a complex microbiome consisting of
both bacteria and fungi, and as a community, they influence
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2007), allowing both C. albicans and its
bacterial partners to grow more efficiently.
Streptococcus  of the viridans group
(including  Streptococcus  gordonii,
Streptococcus oralis, and Streptococcus
sanguinis) was found to have increased
colonization and biofilm formation in the
presence of C. albicans, while C. albicans
was shown to invade the oral mucosa
more efficiently in the presence of
S. oralis (Diaz et al. 2012), most likely a
result of hyphal induction through Cek1
signaling, which contributes to tissue
invasion. This signaling pathway also was
activated during C. albicans—S. gordonii
physical interactions (Bamford et al.
2009). Coinfection of C. albicans with

Figure |. Candida albicans morphologies involved in oropharyngeal candidiasis. C. albicans
can exist in the yeast form (left, top) that can transition into a more virulent hyphal form (left,
bottom). Both morphologies are present in biofilms (right) that are found on mucosal surfaces in

oropharyngeal candidiasis.

Streptococci also increased the severity
and frequency of oral candidiasis lesions
and was mediated in part by amplification
of mucosal inflammatory responses—
specifically, a result of enhanced signal-

ing through Toll-like receptor 2, resulting
in amplification of neutrophilic response
(Xu et al. 2014). Furthermore, S. gordo-
nii promoted C. albicans hyphae forma-
tion when both species were present in a
mixed biofilm, and it was mediated by
the interspecies signaling molecule auto-
inducer 2, which potentially represses
farnesol-mediated hyphal inhibition
(Bamford et al. 2009).

Antagonistic Interactions

Figure 2. Oral manifestations of oropharyngeal candidiasis. White plaques comprising Candida
albicans yeast and hyphal forms can be seen on the tongue (left) and the buccal mucosa and soft

palate (right) during oropharyngeal candidiasis.

each other’s growth (Krom et al. 2014; Oever and Netea 2014).
C. albicans forms polymicrobial biofilms with many oral bacte-
ria, including Lactobacillus, Enterococcus, and Staphylococcus
species, as well as oral streptococci (reviewed by Harriott and
Noverr 2011). These bacteria can have synergistic or antago-
nistic influences on C. albicans by multiple mechanisms, such
as promoting coadhesion to increase biofilm biomass, releas-
ing quorum-sensing molecules and metabolites to reduce fun-
gal growth, affecting virulence-related gene expression, and
modulating mucosal immune inflammatory responses (Oever
and Netea 2014; Xu et al. 2014).

Synergistic Interactions

C. albicans is known to coaggregate with itself and with other
oral bacteria through expression of cell surface adhesins, par-
ticularly the agglutinin-like sequence proteins (Klotz et al.

Interestingly, use of broad-spectrum anti-
biotics is a factor that likely predisposes
an otherwise immune-competent host to
oral candidiasis (Soysa et al. 2008; Yang
et al. 2010), underscoring the antagonistic role of some com-
mensal bacteria in C. albicans proliferation in the oral cavity.
However, there is a gap in our knowledge regarding this rela-
tionship in the oral environment, since most data about human
commensals preventing Candida infection are from nonoral
niches, including the vagina, respiratory tract, and gut. For
example, Pseudomonas aeruginosa, a human airway pathogen
that is also a transient bacterium in the oral cavity, was shown
to kill C. albicans hyphae as well as prevent hyphal formation
by the secretion of a quorum-sensing molecule, 3-0x0-C12
homoserine lactone (Hogan et al. 2004). Vaginal lactobacilli
have been shown to inhibit C. albicans growth by production
of H O, as well as by lowering pH and production of short
chain fatty acids to prevent yeast-to-hypha transition (reviewed
in Oever and Netea 2014). Furthermore, there is evidence from
murine intestinal models that bacteria induce mucosal immu-
nity to strengthen the epithelial barrier and prevent tissue
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invasion by C. albicans (Oever and
Netea 2014). This is largely mediated by
short chain fatty acids secreted by bacte-
ria that in turn induce the production of
cathelicidin LL-37 (by intestinal epithe-
lial cells), an antimicrobial peptide with
a role in maintaining epithelial integrity
(Oever and Netea 2014).

Several oral bacteria markedly
reduced the formation of C. albicans
biofilms on polystyrene surfaces, sug-
gesting that oral bacteria may also play
an inhibitory role in C. albicans coloni-
zation in the oral cavity (Thein et al.
2006). It has been shown in vitro that the
cariogenic bacterium S. mutans secretes
signaling molecules, trans-2-decenoic acid
(Vilchez et al. 2010), and competence-
stimulating peptide (Jarosz et al. 2009)
to suppress yeast-to-hyphae transition in
C. albicans. Based on the role of vaginal
lactobacilli in preventing candidiasis, a
probiotic approach in treatment of oral

“efe | ®

candidiasis has beentested. Lactobacillus

acidophilus decreased oral colonization
in mice after 2 d of administration and
completely eliminated oral yeast by day
6 (Elahi et al. 2005). It was further dem-

Figure 3. Role of salivary proteins in oropharyngeal candidiasis. Salivary proteins (proline-
rich proteins [PRPs], statherins, mucins) and oral epithelial transglutaminase (Tgase) can aid
Candida albicans growth by promoting adherence to oral tissues or inhibiting growth through
immune exclusion by binding and aggregating fungal cells (mucins and secretory IgA [slgA]) to

onstrated that probiotic bacteria such as
Lactocobacillus  species present in
cheese could decrease the colonization of C. albicans in an
elderly population (Hatakka et al. 2007).

Besides oral commensal bacteria, the commensal mycobi-
ome has been shown to modulate oral candidiasis. Our recent
work (under review) found that prior colonization with C. albi-
cans is essential for infection with C. glabrata, since this yeast
does not form hyphae and it utilizes C. albicans for tissue colo-
nization. Also, the synergy between these 2 Candida species
has been shown in a reconstituted human vaginal epithelium
model in which C. albicans promoted both enhanced C. glabrata
colonization and increased expression of virulence genes,
together leading to greater tissue invasion and damage (Alves
et al. 2014). Also, changes in the oral mycobiome of HIV-
infected patients, including a decrease in Pichia (a commensal
fungus in healthy patients), occurred simultaneously with an
increase in the levels of C. albicans (Mukherjee et al. 2014).

Influence of Salivary Function
on C. albicans

Saliva is the medium that facilitates interactions among the
oral microbiome, host innate immune cells, and their secreted
immune modulators, and it is a carrier for salivary proteins,
thus unifying host defenses against C. albicans (Fig. 3).
Salivary gland hypofunction and xerostomia can be a result of
autoimmune diseases affecting the salivary glands, such as

facilitate their clearance by swallowing. Antifungal proteins, including salivary histatin 5 (Hst 5) or
calprotectin and B-defensins (secreted by oral tissues), prevent C. albicans growth.

Sjogren’s syndrome (SS), or as a consequence of medical treat-
ments or medications. Salivary deficiency leads to oral fungal
infections as illustrated by SS patients, many of whom suffer
from oral candidiasis (Radfar et al. 2003).

Reduction in salivary secretions may cause dysbiosis,
favoring C. albicans overgrowth (Leung et al. 2008). One
study found that 79 of 103 patients with hyposalivation were
positive for C. albicans in oral rinse samples with an inverse
correlation of salivary flow rate and Candida load (Radfar
et al. 2003). Furthermore, SS patients with oral candidiasis
were found to have elevated levels of salivary calprotectin, an
antimicrobial peptide, possibly due to mucosal transudation
from inflamed mucosa (Sweet et al. 2001). Thus, salivary dys-
function can disarm host defenses in the oral cavity to cause
OPC as a result of changes in levels of salivary proteins or due
to loss of the protective coating of saliva on mucosal surfaces,
reducing epithelial barrier function (Linden et al. 2008).

C. Albicans Adhesion/Aggregation-
Promoting Salivary Proteins

Salivary proteins form a salivary-derived pellicle both on tooth
surfaces (acquired enamel pellicle; Mann and Dickinson 2006)
and on oral epithelia (bound mucosal pellicle; Gibbins et al.
2014). Mucins are large glycoproteins that are major compo-
nents of this pellicle and cover the mucosal surface with a
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highly hydrated mucus gel protecting the epithelium against
microbially secreted enzymes and mechanical damage (Linden
et al. 2008). Pellicle components also include sIgA, cystatin S,
basic proline-rich proteins (PRPs), statherins, and carbonic
anhydrase (Hannig et al. 2005). It has been shown that circulat-
ing salivary mucins and sIgA can aggregate C. albicans cells,
and these aggregates are then cleared from the oral cavity by
swallowing (Hoffman and Haidaris 1993). However, this
aggregation as a part of mucosal pellicle can also promote
adherence to oral epithelia (Holmes et al. 2002).

Statherins were also shown to promote C. albicans adher-
ence to salivary pellicles as well as oral epithelial cells, con-
firming the role of these proteins in promoting oral surface
colonization (Johansson et al. 2000). Membrane-bound trans-
glutaminase from buccal oral epithelial cells plays an impor-
tant role in linking PRPs to the oral epithelia (Bradway and
Levine 1993). Interestingly, C. albicans cell surface Hwp1 pro-
tein (which is highly expressed on the hyphal wall) has been
shown to have homology with PRPs and can therefore function
as a transglutaminase substrate (Staab et al. 1999). Thus, by
harboring a PRP-like Hwp1 protein on its cell surface, C. albi-
cans has evolved to exploit buccal oral epithelial transgluta-
minase to promote its adherence to the oral surfaces (Fig. 3).
This is of great significance since adhesion to oral epithelia is
the primary event that promotes proliferation of fungal cells on
mucosal surfaces leading to OPC.

Salivary Proteins Involved in Clearing
or Killing C. Albicans

Salivary sIgA is an abundant antibody produced by salivary
glands and secreted in saliva (Brandtzaeg 2013), and it has
multifaceted roles in mucosal immunity. Unlike antibodies in
systemic sites in which bacteria are opsonized and cleared by
immunoglobulin Fc-mediated uptake by macrophages and
neutrophils, sIgA functions through immune exclusion by
binding and aggregating microorganisms within saliva that are
then cleared through swallowing (Brandtzaeg 2013).
Furthermore, sIgA inhibits the adhesion of C. albicans to poly-
styrene by binding fungal cell wall mannoproteins (San Millan
et al. 2000), and it reduces C. albicans adherence to epithelial
cells in vitro (Holmes et al. 2002). Like salivary sIgA, mucins
can also bind and aggregate C. albicans to clear it from the oral
cavity by swallowing (de Repentigny et al. 2000; Fig. 3). Mucins
can further negatively affect C. albicans growth by suppressing
expression of its virulence genes (Kavanaugh et al. 2014).
Besides promoting clearance, saliva itself possesses candi-
dacidal activity, since it contains various antifungal proteins;
among these, salivary histatin 5 (Hst 5) is the most potent for
killing C. albicans (reviewed previously; Puri and Edgerton
2014). Hst 5 is the main antifungal protein synthesized by
human salivary glands and has multiple targets within yeast
cells. It is taken up by C. albicans cells through polyamine
transporters; it then causes oxidative and osmotic stress and
affects mitochondrial functions. However, it ultimately kills by
inducing nonlytic release of K' ions and ATP from the cell.

Other antifungal proteins within the oral cavity include LL-37
and the defensins (produced by neutrophils or mucosal tissues)
that kill C. albicans by disrupting the cell membrane or by
increasing membrane permeability (reviewed in Swidergall
and Ernst 2014).

Calprotectin, another antifungal protein, is a Ca®"- and
Zn*"-binding protein belonging to the S-100 family of proteins,
and it is produced by mucosal keratinocytes as well as a variety
of host immune cells, such as PMNs, monocytes, and macro-
phages (Sohnle et al. 1996). Calprotectin has been shown, in
vivo and in vitro, to be a part of neutrophil extracellular traps
that may contribute to its antifungal functions (Urban et al.
2009). Reduction in calprotectin levels has been implicated in
increased incidence of oral candidiasis among HIV+ patients
(Sweet et al. 2001). Calprotectin activity has also been shown
to increase synergistically in the presence of lactoferrin (an
iron-binding protein ubiquitous in all human exocrine secre-
tions, also produced by neutrophils at the site of infection;
Okutomi et al. 1998). Both of these proteins reduce fungal
growth by withholding essential metal nutrients from C. albi-
cans. Saliva also contains the proteolytic enzyme lysozyme,
produced by oral neutrophil leukocytes, and antileukoprotease,
a secretory leukocyte protease inhibitor, both with potential
candidacidal activities (reviewed in de Repentigny et al. 2004).
Although early workers found conflicting results with regard
to changes in salivary antimicrobial proteins (histatins, lacto-
ferrin, and lysozyme) in HIV infection (reviewed in de
Repentigny et al. 2004), perhaps as a result of different patient
characteristics, these observations underscore the importance
of salivary proteins in relationship to oral fungal burden.

Oral Diseases in Immunocompetent
Hosts in Which C. albicans Is an
Etiologic Microorganism

Denture Stomatitis

Denture stomatitis (DS) is a common mucosal infection of tis-
sues underlying the maxillary denture-bearing surfaces of
healthy individuals who wear dentures, with xerostomia also
being a risk factor (Campisi et al. 2008). C. albicans was
20-fold more likely to be recovered from the denture surfaces in
DS versus non-DS patients (Altarawneh et al. 2013). Differences
in the proteome of pooled whole unstimulated saliva from DS
patients compared with healthy denture wearers were also
found; for example, increased levels of cystatins, immunoglob-
ulins, and lactotransferrin were observed (Byrd et al. 2014).
Increased levels of cystatins and immunoglobulins were sug-
gestive of a host defense response to inflammation and presence
of Candida in DS patients, while the increase in lactotransfer-
rin, which has both antifungal and antibacterial properties,
highlights the microbial component of DS etiology. Plastic den-
ture surfaces or denture liners serve as a “culture plate” for fun-
gal infections; however, bacterial species found within denture
biofilms differ in healthy patients versus DS patients (Campos
etal. 2008), illustrating the complex interplay between Candida
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and bacterial species in this polymicrobial disease. Presence or
absence of natural dentition in DS patients further modified the
associated microbiota and the severity of symptoms (O’Donnell
et al. 2015). A rat denture model was developed to study in vivo
biofilm formation on dentures placed in immunosuppressed rats
(Nett et al. 2010). Interestingly, both bacilli and cocci bacteria
were found associated with C. albicans within the denture bio-
film and matrix and were often associated with fungal hyphae.
Furthermore, C. albicans cells in the denture biofilm showed
increased transcription of genes encoding the cell wall adhesion
protein Alsl and secreted aspartyl protease Sap5 (Nett et al.
2010).

Early Childhood Caries

S. mutans is the major pathogenic organism causing dental car-
ies (Loesche 1986); it is also involved in early childhood caries.
Clinical studies found that large numbers of C. albicans were
isolated along with S. mutans in plaques from carious lesions in
children with early childhood caries (de Carvalho et al. 2006).
It was initially surprising to discover this co-colonization, since
no evidence of coadhesion between C. albicans and S. mutans
was known. However, recent elegant work showed that cocul-
ture of these 2 organisms with sucrose resulted in production of
the S. mutans exoenzyme (GtfB) that bound to mannans and
B-1,3 glucans found on the fungal outer cell wall (Falsetta et al.
2014). In the same study, it was shown that coinfection in rats
with both C. albicans and S. mutans increased the severity and
number of smooth-surface caries lesions by 2-fold in the pres-
ence of sucrose. This striking result was attributed to the syner-
gistic ability of these 2 organisms to form a denser and more
polysaccharide-rich biofilm matrix, perhaps creating foci that
are more acidic, closely overlaying the enamel.

These caries studies also highlight the importance of co-
colonization of C. albicans with other oral microorganisms in
the formation of biofilm extracellular matrices. C. albicans
secretes insoluble B-1,3-glucans that are delivered to the extra-
cellular matrix by glucan transferases (encoded by BGL2 and
PHRI) and an exoglucanase (encoded by XOGI; Taff et al. 2012);
these glucans have been shown to be a major factor in contrib-
uting to the architecture and stability of the 3-dimensional
matrix scaffold (Xiao et al. 2012). While it is known that these
matrices inhibit inward diffusion of antifungal drugs protecting
fungi from killing (Taff et al. 2012), the matrix also likely
serves to protect cells from host innate immune factors by col-
lectively encasing microbial cells in a protective and poten-
tially impenetrable medium.

Periodontal Disease

Despite being an aerobic fungal pathogen, C. albicans has
been isolated in periodontal pockets in 15% to 17% of indi-
viduals, suggesting that it might have a role in the development
and progression of periodontal disease (Reynaud et al. 2001).
Patients with chronic periodontitis had an increase in preva-
lence of subgingival colonization of C. albicans that was

correlated with increased severity of periodontal disease
(Canabarro et al. 2013). It is unclear whether periodontitis cre-
ates an environment favorable for Candida colonization or
whether C. albicans colonization itself promotes disease pro-
gression. Anaerobic conditions within the periodontal pocket
favored higher hemolysin and phospholipase activity of
C. albicans recovered from these sites (Sardi et al. 2012); fur-
thermore, invasion of anaerobic bacteria, including P. gingiva-
lis, into epithelial cells and fibroblasts was augmented by the
presence of C. albicans, suggesting that C. albicans contrib-
utes to the progression of periodontal disease (Tamai et al.
2011). Alternatively, C. albicans may be a passive bystander in
periodontal disease when partnered with a periodontal patho-
gen such as Fusobacterium nucleatum. F. nucleatum has been
considered a linker of early- and late-colonizing species in
periodontal disease and can establish a physical association
with C. albicans facilitating its colonization (Jabra-Rizk et al.
1999). Coaggregation of F. nucleatum and C. albicans hyphae
has also been confirmed (Wu et al. 2015).

Endodontic Lesions

The primary cause of pulpal inflammation and endodontic
lesions is microorganisms that reach the pulp through dental
caries. These infections are usually polymicrobial and are pre-
dominantly composed of anaerobic and facultative bacteria
that differ from bacteria recovered from enamel caries (Rocas
et al. 2015). Although fungi were not commonly recovered in
early studies of root canal infections, C. albicans was found in
20% of endodontic lesions in patients with cellulitis or
abscesses and periapical radiolucencies (Baumgartner et al.
2000). C. albicans is remarkably resilient in its ability to
acquire nutrients so that the hyphae found in dentinal tubes
associated with these endodontic lesions may be a marker for
its secretion of hyphal-specific proteases that allow digestion
of dentinal collagen as a source of nutrition. This may allow
C. albicans to have a selective survival advantage over other
bacteria in this niche.

Concluding Remarks

Although largely considered a disease of immune-compro-
mised people, oral C. albicans infections are common among
denture wearers and individuals with hyposalivation or SS.
Thus, there is a large population of immune-competent indi-
viduals that are susceptible to oral fungal infections.
Maintaining C. albicans at commensal levels in these healthy
people likely involves the antagonistic action of healthy oral
microbiota and salivary proteins along with appropriate muco-
sal inflammatory response, and dysfunction or changes in any
of these factors (Table) may contribute to C. albicans—associ-
ated oral diseases. Although the Centers for Disease Control
and Prevention lists broad-spectrum antibiotic usage as a pre-
disposing factor for OPC, extensive epidemiologic studies are
needed to gather data for the incidence of OPC caused by anti-
biotic use in immunocompetent hosts, when encountered in
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Table. Contribution of Host Factors and Microbiome to Oral Diseases Associated with Candida albicans.

Loss of Oral Epithelial
Integrity

Immune Dysfunction

Changes in Salivary Flow

Oropharyngeal candidiasis v
Denture stomatitis

Childhood caries

Periodontitis

Endodontic lesions

Sjdgren’s syndrome v

and Constituents Oral Microbial Dysbiosis
v )
v ?
v
v
v ?

dental clinics and other health care settings. Particularly of
interest would be to determine how the oral microbiome is
altered in immune-competent people with salivary dysfunc-
tion or SS. Such studies would identify crucial groups of
microorganisms that might contribute to commensalism or
virulence attributes of C. albicans.

Furthermore, many predisposing factors for oral candidiasis
are interconnected, as seen in SS patients where disruption of
salivary flow not only reduces amounts of clearing salivary
proteins but also alters oral commensal microbiota and pro-
motes disruption in oral epithelia as a result of dry mouth and
loss of lubrication. Thus, the overall severity of C. albicans
infection is a result of these cumulative effects. Therefore, an
ideal treatment strategy should involve utilizing or strengthen-
ing multiple immune aspects to bolster the host’s assault on
C. albicans. For example, use of probiotics and salivary anti-
fungal proteins such as Hst 5, together with antifungal drugs,
could provide an efficient strategy to treat OPC.

Likewise, some recent studies point to a role of interspecies
association between endodontic, cariogenic, and periodontal
pathogenic bacteria and C. albicans. However, more research
is needed to understand whether this identified coassociation
of C. albicans with specific bacterial pathogens has an etio-
logic role in the disease process. This knowledge would be of
significance in selection of therapeutic options if C. albicans is
indeed a pathogen; for example, addition of antifungal drugs as
a part of an antimicrobial regimen for periodontal or endodon-
tic infections might improve outcomes.
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