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Abstract: Oral candidiasis, commonly referred to as “thrush,” is an opportunistic fungal infection
that commonly affects the oral mucosa. The main causative agent, Candida albicans, is a highly
versatile commensal organism that is well adapted to its human host; however, changes in the host
microenvironment can promote the transition from one of commensalism to pathogen. This transition
is heavily reliant on an impressive repertoire of virulence factors, most notably cell surface adhesins,
proteolytic enzymes, morphologic switching, and the development of drug resistance. In the oral
cavity, the co-adhesion of C. albicans with bacteria is crucial for its persistence, and a wide range of
synergistic interactions with various oral species were described to enhance colonization in the host.
As a frequent colonizer of the oral mucosa, the host immune response in the oral cavity is oriented
toward a more tolerogenic state and, therefore, local innate immune defenses play a central role in
maintaining Candida in its commensal state. Specifically, in addition to preventing Candida adherence
to epithelial cells, saliva is enriched with anti-candidal peptides, considered to be part of the host
innate immunity. The T helper 17 (Th17)-type adaptive immune response is mainly involved in
mucosal host defenses, controlling initial growth of Candida and inhibiting subsequent tissue invasion.
Animal models, most notably the mouse model of oropharyngeal candidiasis and the rat model of
denture stomatitis, are instrumental in our understanding of Candida virulence factors and the factors
leading to host susceptibility to infections. Given the continuing rise in development of resistance to
the limited number of traditional antifungal agents, novel therapeutic strategies are directed toward
identifying bioactive compounds that target pathogenic mechanisms to prevent C. albicans transition
from harmless commensal to pathogen.
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1. Introduction

1.1. Candida and Candidiasis Etymology and Historical Perspective

Oral candidiasis (OC), commonly referred to as “thrush” encompasses infections of the tongue
and other oral mucosal sites and is characterized by fungal overgrowth and invasion of superficial
tissues [1–3]. The colloquial term “thrush” refers to the resemblance of the white flecks present in some
forms of candidiasis with the breast of the bird of the same name. The etymology of oral thrush dates
back to the time of Hippocrates (around 400 Before Christ (BC)) who, in his book “Of the Epidemics,”
described OC as “mouths affected with aphthous ulcerations” [4]. The early descriptions of the disease
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predated the concept of “contagion” and, therefore, as recently as the early 1900s, it was thought that
the disease was of host origin.

Approximately 200 years were required before the etiological agent of thrush was correctly
identified as a fungal pathogen. In 1771, Rosen von Rosenstein defined an invasive form of thrush;
however, in 1839, Langenbeck was credited with first documenting a fungus associated with thrush in
a patient with typhoid fever [5,6]. In 1846, Berg presented observations that thrush was caused by
a fungus, which was classified in 1847 by the French mycologist, Charles Philippe Robin as Oidium
albicans, the first use of albicans which means “to whiten” [6,7]. In 1923, Berkhout reclassified the
fungus under the current genus Candida, a name derived from the Latin word toga candida, referring to
the white toga (robe) worn by Roman senators of the ancient Roman republic, a probable reference to
the whitish colonies on agar or white lesions [6–8]. However, it was not until 1954 that the binomial
Candida albicans was formally endorsed. In the 1980s, there was a clear surge of interest in oral
candidal infections largely due to the increased incidence of OC because of the escalation in the
acquired immune deficiency syndrome (AIDS) epidemic, and, to date, OC remains the most common
oral opportunistic infection in human immunodeficiency virus (HIV)-positive individuals and in
individuals with weakened immune systems [9–13]. In fact, the opportunistic nature of the infection
was first highlighted by Hippocrates, who referred to this malady as “a disease of the diseased” [14].

1.2. Candida albicans: An Opportunistic Pathogen

C. albicans is by far the main causative agent of OC accounting for up to 95% of cases. Although
considered a pathogen, C. albicans is a ubiquitous commensal organism that commonly colonizes the
oral mucosa and is readily isolated from the oral cavities of healthy individuals. In fact, up to 80% of
the general population are asymptomatic carriers, and simple carriage does not predictably lead to
infection [15–19]. Similar to the oral cavity, C. albicans asymptomatically colonizes the gastrointestinal
tract and reproductive tract of healthy individuals where its proliferation at these various sites is
controlled by the host immune system, and other members of the microbiota [20,21]. Uniquely, C.
albicans is a highly versatile commensal organism that is well adapted to its human host, and any
changes in the host microenvironment that favor its proliferation provide this pathogen with the
opportunity to invade virtually any site. This can manifest with superficial mucosal infections to
invasive disseminated disease with involvement of multiple organs [10,14,15,22–26]. Notwithstanding,
however, is the impressive repertoire of virulence factors that C. albicans possesses, enabling it to
rapidly transition to a pathogen, the most notable of which are listed in Table 1 [27,28].

Table 1. Candida albicans pathogenic attributes relevant to oral infection.

Adherence to Oral Epithelial Surface

• Cell surface hydrophobicity (reversible adherence)
• Expression of cell surface adhesins (Als3, Hwp1, etc.)

Biofilm Formation

• Development of denture stomatitis (DS)
• Failure of antifungal therapy

Evasion of Host Defenses

• Phenotypic switching
• Binding to complement
• Resistance to phagocytic stresses (oxidative and nitrosative stress response)
• Proteolytic degradation of host immune factors (antibodies, antimicrobial peptides, etc.)

Invasion and Destruction of Host Tissue

• Hyphal development and thigmotropism (tissue penetration)
• Secretion of hydrolytic enzymes: secreted aspartyl proteinases (SAPs), phospholipases, lipases (tissue degradation)
• Secretion of the hypha-specific toxin candidalysin
• Degradation of E-cadherin
• Induced endocytosis
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First and foremost, in order for Candida to cause infection, it has to be retained within the mouth.
However, removal of loosely attached Candida cells from mucosal surfaces via the effects of salivary
flow and swallowing is an important factor in host defense against Candida overgrowth [14]. Therefore,
the ability to circumvent these removal mechanisms can be regarded as a key virulence attribute.
Although, during its commensal yeast state, C. albicans reversibly adheres to oral epithelial cells through
electrostatic interactions, attachment to oral epithelial surfaces is mediated by cell-wall receptors such
as the agglutinin-like sequence (ALS) family of glycoproteins [15,16,29–32]. Most notable among the
members of the family is the hyphal-specific adhesin Als3p, which was also shown to act as a receptor
for bacterial adherence to C. albicans hyphae [33,34]. Similarly, the hyphal wall protein (Hwp1) is
another major adhesin, and deletion of either ALS3 or HWP1 genes was shown to result in attenuated
virulence [35,36].

Once attached to host surfaces, C. albicans can switch morphology to the invasive filamentous
form which facilitates epithelial penetration [14,37]. In fact, core to C. albicans pathogenesis is its
ability to undergo morphologic switching between yeast and hyphal forms [38–43]. Yeast-to-hypha
transition is triggered in response to a variety of host environmental stimuli that activate multiple
regulatory signaling pathways, eventually leading to the expression of master activators of hyphal
formation [13,44]. The distinct morphological states of C. albicans dictate phases of colonization, growth,
and dissemination, where the yeast form is associated with both initial attachment and dissemination,
while the hyphal form enables C. albicans to invade host tissue [23,27,42,45]. In fact, hypha formation
is associated with the expression of hypha-associated virulence factors that aid in adhesion to and
invasion into host cells. One important property of hyphal cells is their ability of directional growth
in response to contact with a surface (thigmotropism), allowing the fungus to specifically invade
intercellular junctions [27,37]. In addition to active penetration which is a fungal-driven process,
another complementary mechanism utilized by C. albicans for host cell invasion is endocytosis, a
passive fungal-induced but host cell-driven process whereby lytic enzymes and invasins expressed on
hyphae bind to and degrade E-cadherin and other inter-epithelial cell junctional proteins, enabling the
organism to penetrate between epithelial cells [27,31,35].

Aside from the physical effect of filamentous growth, destruction of host tissue by C. albicans is
augmented by extracellular hydrolytic enzymes released by the fungus into the local environment.
Most notable of the extracellularly secreted enzymes frequently implicated in the virulence of C. albicans
are secreted aspartyl proteinases (SAPs) and secreted phospholipases (PL), which are involved in
host tissue invasion and nutrient acquisition [23,35,46,47]. Importantly, in addition to digesting and
destroying cell membranes, SAPs also allow C. albicans to evade host defenses by degrading molecules
of the host immune system, including antibodies and antimicrobial peptides [14,46]. Interestingly,
recently it was discovered that hyphae-induced epithelial damage was mainly mediated through
the secretion of a cytolytic peptide toxin called candidalysin, encoded by the hyphal-specific gene
ECE1. The importance of this newly identified virulence factor was clearly established when C. albicans
mutants were found to be incapable of inducing tissue damage, and were highly attenuated in a mouse
model of oropharyngeal candidiasis [35,48,49].

The major biological feature of C. albicans with significant clinical implications resides in its
ability to form biofilms [38,41,50]. In fact, the majority of C. albicans infections are associated with
formation of biofilms on a variety of surfaces, and the transition of C. albicans from budding yeast to
a filamentous hyphal is central to its ability to form pathogenic biofilms [38,40–42,51–53]. Biofilms
are structured communities of surface-associated microbial populations embedded in an extracellular
matrix which are described to have a multifaceted role [42,54–57]. The C. albicans biofilm matrix is
largely composed of the polysaccharides β-1,3-glucan, β-1,6-glucan, and mannans which form the
mannan–glucan complex (MGCx) [58–61]. In the oral cavity, hyphae formation and adherence to oral
epithelial cells and other abiotic surfaces such as dentures promotes the development of monomicrobial
and polymicrobial biofilms [62,63]. Once a biofilm is established, the expression of Candida virulence
factors increases, and susceptibility to antimicrobials and phagocytosis decreases drastically [23,41,64].
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Importantly, in addition to Candida pathogenic factors and interactions with the host immune system,
it is now acknowledged that the bacterial component of the oral microbiome plays an important role in
the development and exacerbation of OC [14,65,66].

2. Clinical Manifestations of Oral Candidiasis

As the primary reservoir for oral Candida carriage, the tongue dorsum is the initiating point
of infection for the majority of the clinical forms of oral candidiasis (OC) [67]. This includes
oropharyngeal candidiasis (OPC) (Figure 1A), characterized by invasion of the epithelial cell lining of
the oropharynx, which often occurs as an extension of OC. There are multiple clinical presentations
and several classification systems for OC; however, the most simplistic classification encompasses
oral manifestations that can generally be classified into three main broad categories, namely, (1) acute
manifestations, (2) chronic manifestations, and (3) chronic mucocutaneous candidiasis syndromes.
It is important to note that several clinical forms can occur in the oral cavity and in multiple oral sites
at one time [67]. Additionally, although other non-albicans Candida species can cause OC, the oral
manifestations are identical, irrespective of the causative species.
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Figure 1. Clinical manifestations of oral candidiasis. (A) Oropharyngeal candidiasis characterized by
diffuse thick curdy white plaques that could be wiped off with gentle scraping, with extension from
the soft palatal mucosa (oral candidiasis) to the oropharynx (oropharyngeal candidiasis). (B) Acute
pseudomembranous candidiasis in a human immunodeficiency virus (HIV)-positive individual.
Multiple coalescing raised white plaques on the hard palatal mucosa on a background of underlying
diffuse erythema and hyperplasia. (C) Newton’s class II denture stomatitis clinically manifesting as
diffuse erythema of the mid hard palatal mucosa in a partial denture wearer. (D) Angular cheilitis
presenting as bilateral erythema and maceration of the angles of the mouth. Clinical images of consented
patients attending the University of Maryland School of Dentistry.

2.1. Acute Manifestations of Oral Candidiasis

2.1.1. Acute Pseudomembranous Candidiasis

Acute pseudomembranous candidiasis, often referred to as “thrush”, usually presents as multifocal
curdy yellow-white plaques throughout the oral mucosa (Figure 1A,B). A diagnostic feature of this
infection is that these plaques, consisting of desquamated epithelial and immune cells together with
yeast and hyphae, can be removed by gentle scraping, leaving behind an underlying red erosive
base [1,3,14]. The diagnosis of pseudomembranous candidiasis is essentially a clinical diagnosis based
on the presence of distinctive clinical features. Alternatively, a swab from the white patches can be sent
for microscopic identification of Candida or for culture to identity the Candida species present [68,69].
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Although the pseudomembranous candidiasis form is common in neonates and the vast majority of
cases are due to the use of inhaled steroids, there is a direct relationship with immunodeficiency. In
fact, pseudomembranous candidiasis is considered the main opportunistic infection in patients with
AIDS and cancer, and in patients receiving immunosuppressive therapies. In the case of AIDS, chronic
and recurrent infection is frequent, which can subsequently progress to esophageal candidiasis leading
to difficulties in swallowing and nutrition.

2.1.2. Acute Erythematous Candidiasis

Acute erythematous candidiasis is historically referred to as “antibiotic sore mouth” as it
frequently occurs as a consequence of the reduction in levels of the bacterial oral microflora following
broad-spectrum antibiotics which facilitates overgrowth of Candida. Cessation of antibiotic therapy
restores the normal homeostatic balance of the microbial community, which subsequently resolves
the infection without the need for therapeutic intervention [14]. This form of OC presents as painful
reddened lesions throughout the oral cavity; lesions can either arise de novo or subsequent to shedding
of the pseudomembrane from of acute pseudomembranous candidiasis [3,14,70].

2.2. Chronic Manifestations of Oral Candidiasis

2.2.1. Chronic Erythematous Atrophic Candidiasis

Chronic erythematous atrophic candidiasis presents similarly to the acute form and usually occurs
as an extension of it. This form is also often encountered in HIV+ individuals. The most prevalent form
of chronic erythematous/atrophic candidiasis is Candida-associated denture stomatitis (DS), which
most commonly presents as erythema of the denture-bearing palatal mucosa (Figure 1C). DS is seen
in up to 75% of denture wearers and, often, there are no clinical symptoms [23,71–73]. Inadequate
denture hygiene, ill-fitting dentures, or continuous wearing of dentures (especially nocturnal use) are
the main host predisposing factors to DS [74,75]. Under these conditions, coupled with the limited
flow of saliva at this location, the stagnant area beneath the denture provides an ideal environment
for the growth of Candida. Frictional irritation by ill-fitting dentures can damage the mucosal barrier,
allowing infiltration of colonizing Candida into the tissue causing infection [15,23]. Additionally, the
abiotic acrylic material acts as a chronic reservoir allowing continuous seeding of Candida onto the
palatal tissue; this in turn elicits a robust local inflammatory response that clinically manifests as tissue
erythema and hyperplasia [14,23]. Given the propensity of Candida to adhere to and colonize the
denture, this condition is considered a classic Candida biofilm-associated infection. In fact, C. albicans
is recovered more frequently from the denture surface than from the associated palatal mucosa and,
therefore, clinical management is primarily focused on eradication of the biofilm formed on the denture
to prevent re-colonization and relapse [73,76].

2.2.2. Angular Cheilitis

Angular cheilitis, as the term implies, affects the angles or commissures of the mouth and presents
with erythema, maceration, fissuring, crusting, or a combination thereof (Figure 1D). The presentation
may be unilateral but is more often bilateral. Angular cheilitis is commonly associated with DS or
another pre-existing primary form of OC where the elevated numbers of Candida in the oral cavity
result in direct spread and auto-inoculation of the angles of the mouth [3,14]. Furthermore, it is not
uncommon for these lesions to be co-infected with Staphylococcus aureus and, therefore, the exact role
that Candida itself plays in the infection is difficult to ascertain. One important predisposing factor
is the reduced vertical occlusal dimension in elderly edentulous patients, predisposing individuals
to exuberant redundant folds and maceration. Importantly, angular cheilitis can be secondary to
hematinic deficiencies warranting further investigation with blood tests.
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2.2.3. Cheilocandidiasis

Cheilocandidiasis is a recently recognized form of chronic candidiasis that features crusting and
ulcerations of the lips [70]. Candida thrives in moist environments and, therefore, cheilocandidiasis
occurs as a consequence of continuous applications of petrolatum-based products, chronic lip-licking,
or thumb-sucking. These and other factors that promote moist environments can cause pre-existing
angular cheilitis to extend into the perioral skin [77].

2.2.4. Chronic Hyperplastic Candidiasis

Chronic hyperplastic candidiasis, also referred to as candidal leukoplakia, usually arises on the
anterior buccal mucosa proximal to the anterior commissures (retrocommissural area), but may also
occur on the lateral tongue which is the second most common site of occurrence [78]. Patients present
with well-demarcated leukoplakias or raised fissured white plaques that cannot be removed by gentle
scraping. The highest prevalence of this rare form of OC is in middle-aged male smokers. An important
consideration of chronic hyperplastic candidiasis is its association with an increased risk of malignant
transformation (up to 10%) to oral squamous cell carcinoma, although the exact mechanism is currently
unknown [79].

2.2.5. Median Rhomboid Glossitis

Median rhomboid glossitis, also referred to as atrophic glossitis or central papillary atrophy,
presents as a central elliptical or rhomboid area of atrophy and erythema of the midline posterior
tongue dorsum, anterior to the circumvallate papillae [3,78]. This lesion was historically attributed
to a developmental origin; however, this is unlikely as pediatric cases are seldom encountered. This
condition is often associated with frequent use of steroid inhalers or tobacco smoking [14].

2.3. Chronic Mucocutaneous Candidiasis Syndromes

Chronic mucocutaneous candidiasis syndromes represent a group of several very rare
heterogeneous immunologic disorders characterized by underlying immune deficiencies. Clinically,
affected patients suffer from chronic and sometimes life-long persistent or recurrent mucocutaneous
candidiasis involving the skin, nails, and genital mucosa; however, greater than 90% of patients
present with oral involvement [80,81]. It is thought that the severity of the clinical manifestation
correlates with the severity of the underlying immune defect. Many types of chronic mucocutaneous
candidiasis syndromes exist that include the sporadic form, forms secondary to immunosuppressive
therapies, diabetes, T-cell deficiency or HIV infection, inherited familial genetic forms, and autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy (APECED) [80,81]. These patients are often
refractory to standard antifungal therapies and have an increased susceptibility to developing oral
squamous cell carcinoma [70,81].

3. Predisposing Factors to Oral Candidiasis

The transition of C. albicans from a harmless commensal state to a pathogenic state is heavily
reliant on many predisposing factors. The continued rise in the incidence of candidiasis is reflective
of the increased use of broad-spectrum antibiotics, immunosuppressive agents, indwelling medical
devices and catheters, and the increase in solid organ and hematopoietic cell transplantations [15].
The non-exhaustive list in Table 2 details the various predisposing factors and/or conditions that are
involved in the development of many of the clinical forms of OC [15,23,82,83].
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Table 2. Predisposing factors to oral candidiasis.

Local Factors

• Salivary dysfunction (quantitative and qualitative reductions in saliva and diminished salivary
antimicrobial factors)

• Poor denture hygiene and prolonged wear
• Ill-fitting dentures (mucosal trauma)

• Topical corticosteroid therapy (steroid rinses or topical gels for management of oral mucosal disease,
steroid inhalers)

• Smoking

Systemic Factors

• Age-related immunosenescence (infants and elderly)
• Broad-spectrum antibiotics (alteration in local oral flora)

• Immunosuppressive therapy (systemic corticosteroids, biologic immunomodulating agents,
immunosuppressive therapies)

• Chemoradiation (head-and-neck cancer)

• Immunocompromising conditions (thymic aplasia, hyper-immunoglobulin E (IgE)/Job’s syndrome, chronic
mucocutaneous candidiasis syndromes, Sjogren’s syndrome, graft-versus-host disease, human
immunodeficiency virus (HIV)/acquired immune deficiency syndrome (AIDS), leukemia)

• Nutritional deficiencies (iron, zinc, magnesium, selenium, folic acid, vitamins A, B6, B12, and C)
• Endocrine dysfunction (diabetes, Addison’s disease, hypothyroidism)

3.1. Local Factors

3.1.1. Salivary Hypofunction

Saliva is enriched with antimicrobial proteins that aid in limiting C. albicans attachment to the oral
epithelia, and this biofluid is largely responsible for the maintenance of C. albicans in its commensal
state [84]. Therefore, quantitative and qualitative reductions in saliva are common factors implicated
in the development of OC [85]. The incidence of salivary hypofunction is increasing due to the aging
population and the increase in polypharmacy. Additionally, weakened immune states (e.g., HIV)
and other iatrogenic therapies such as chemotherapy and head-and-neck radiation therapy result in
profound insult to the salivary glands and contribute to the development of OC [86,87].

3.1.2. Denture Wearing

Prolonged denture wearing, poor denture hygiene, and mucosal trauma are important local
factors that contribute to OC development, as a breach in the oral epithelium creates a portal of entry
for Candida. An important contributing factor to the development of DS is the favorable environment
for Candida growth that is created beneath the dentures. The micro-environment of the denture-bearing
palatal mucosa is of low oxygen, largely devoid of saliva, and is of low acidic pH, which promotes SAP
activity [46]. DS affects both immunocompetent and immunocompromised patients but is invariably
more common in elderly and immunocompromised individuals in which recurrent episodes are
frequent. In fact, it was reported that at least 40% of elderly denture wearers do not adequately disinfect
or remove their dentures at night, and life-threatening pneumonia events are twice as likely to occur
in these patients [88]. Newton’s classification, introduced in 1962, is currently the most widely used
clinical classification system for DS. The classification system is composed of three main clinical types:
(I) pin-point erythema of the palatal mucosa, (II) diffuse erythema of the palatal mucosa, and (III)
granular-type inflammatory papillary hyperplasia [89]. Studies demonstrated that patients who harbor
mixed Candida species biofilms have an approximate five-fold increased risk of more severe disease
(Newton’s type III DS), whereas patients solely colonized by C. albicans are three times as likely to
manifest with less severe disease (Newton’s type I DS) [90]. Importantly, the type of denture material
strongly influences biofilm development with acrylic dentures incurring a five-fold increase risk of DS
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as compared to metallic dentures [91]. Clinical findings similar to DS were also reported in patients
wearing obturators or patients wearing orthodontic appliances [78].

3.1.3. Topical Corticosteroid Therapy

Topical corticosteroid therapy is the mainstay for the management of chronic inflammatory oral
mucosal diseases. It is important to note that severe oral mucosal disease, especially with extension
to extra-oral sites, usually warrants systemic corticosteroid therapy. Patients may be managed with
topical and systemic corticosteroids for long periods of time, often necessitating anti-fungal prophylaxis.
Incorrect steroid inhaler use may also predispose to the development of OC as a consequence of
suppressing cellular immunity and phagocytosis; however, the local mucosal immunity reverts to
normal on discontinuation of the inhaled steroids. Local alterations in the oral environment arise from
the immunosuppressive effects of these therapies and consequently give rise to secondary OC [92].

3.1.4. Smoking

Tobacco cigarette users are known to have significantly higher oral candidal carriage levels
and, therefore, are at an increased risk of developing OC [93]. However, newer non-conventional
tobacco substitutes such as electronic nicotine delivery systems (ENDS) and the role they play as an
etiologic factor in the development of OC are currently unknown [94]. Moreover, studies are needed
to characterize the oral mycobiome and to determine if ENDS users are colonized with potentially
carcinogenic Candida strains. Interestingly, a recent in vitro study indicated that ENDS can induce
the expression of C. albicans virulence factors such as SAP2, SAP3, and SAP9 genes [95]. The exact
mechanism via which conventional tobacco cigarette smoking predisposes to OC development is yet
to be definitively established, but a plausible theory suggests that the decreased salivary flow rate in
cigarette smokers and, consequently, the lowered pH may result in an acidic environment that is likely
to favor Candida colonization and growth [96]. Additionally, it was suggested that cigarette smoking
may cause a decrease in salivary immunoglobulin A (IgA) and a depression of neutrophil function,
encouraging oral colonization of Candida [80]. Intriguingly, it was further theorized that cigarette
smoking can provide nutrition for Candida to produce carcinogens [80,97].

3.2. Systemic Factors

3.2.1. Age-Related Immunosenescence

Elderly patients were shown to have significantly lower activity levels of protective salivary innate
defenses [98,99]. Moreover, infants at the other extreme of age are at increased risk for the development
OC [70].

3.2.2. Broad-Spectrum Antibiotics

Broad-spectrum antibiotics are responsible for the overwhelming majority of acute OC cases [100].
Dysbiosis by bacterial depletion due to the use of broad-spectrum antibiotics can alter the local oral
flora, creating a favorable environment for Candida to proliferate.

3.2.3. HIV Infection and AIDS

It is well established that HIV+ patients harbor increased levels of Candida colonizing the oral
cavity and are significantly predisposed to OC [101]. Specifically, C. dubliniensis was recognized
to have a strong proclivity for causing OC in HIV+ patients [101] with the corollary that cluster of
differentiation 4 (CD4) T-cell levels are directly proportional to the severity of OC in this patient
population [102]. Furthermore, HIV+ patients have significantly lower protective levels of antimicrobial
peptides, namely, histatin-5 (Hst-5); thus, these patients are reported to have increased rates of OC
compared to matched healthy controls [87]. Interestingly, linear gingival erythema was identified as a
specific Candida-associated clinical finding in HIV+ patients [70]; linear gingival erythema clinically
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presents as a localized or generalized well-demarcated linear band of erythema along the free gingival
margins [80]. Both antifungal therapy and adequate oral hygiene practices are required to eliminate
this condition [78].

3.2.4. Systemic Immunocompromise

Aside from HIV disease, any systemic disease that results in systemic immunocompromise,
whether the underlying etiology is developmental, iatrogenic, immune-mediated, autoimmune,
endocrine, or associated with a malignancy state, may give rise to OC. A brief non-exhaustive list
includes systemic immunocompromise as a result of thymic aplasia, chronic mucocutaneous candidiasis
syndromes, chemoradiation, cytotoxic therapies, immunomodulating agents, graft-versus-host
disease, Sjogren’s syndrome, agranulocytosis, leukemia, diabetes mellitus, Addison’s disease, and
hypothyroidism [70].

3.2.5. Nutritional Deficiencies

Malnutrition, malabsorption, and eating disorder states are reported to predispose to OC.
Specifically, hematinic deficiencies and a high-carbohydrate diet are said to contribute to OC
development [70]. The following deficiencies were attributed to this increased risk: iron, zinc,
magnesium, selenium, folic acid, and vitamins (A, B6, B12, and C) [80].

4. Host Immune Response

As C. albicans is a frequent commensal colonizer of the oral mucosa, the host immune response in the
oral cavity is oriented toward a more tolerogenic state, to avoid an excessive inflammatory response that
could be damaging to the oral tissue [103]. However, the polysaccharide-rich cell wall makes C. albicans
highly immunogenic and easily recognized by the host pattern recognition receptors (PRRs) [18,104–106].
Epithelial cells, upon Candida recognition, induce the secretion of several antimicrobial peptides with a
direct killing effect on the fungal cell, which aid in controlling local colonization [16,107,108]. Secretion
of proinflammatory mediators such as cytokines and chemokines (G-CSF, GM-CSF, IL-1α, IL1β, IL-6,
IL-8, and CCL5) by epithelial cells, signal the recruitment of phagocytic cells, including neutrophils,
macrophages and dendritic cells (DCs) to the site of infection [109–114]. Several comprehensive
reviews on C. albicans and host cells and the immune response during C. albicans mucosal infection
were recently published [27,108,115]. Here, we focus on highlighting oral local innate immune defenses
that play a crucial role in maintaining Candida in its commensal state in the oral cavity.

Oral epithelial cells are the first line of defense against C. albicans, functioning as a physical barrier.
However, the constant flow of saliva also acts as an important mechanical clearance mechanism by
preventing adherence of Candida to the epithelial cells and, therefore, saliva secretion is important
for maintenance of the commensal state of C. albicans in the mouth [66,116]. Additionally, saliva
is highly enriched in antimicrobial peptides (AMPs), which play a vital role in innate immunity
and defense against microbial colonization [84,85,117–120]. While most AMPs are produced by
several cell types, the histatins, a family of 12 histidine-rich cationic peptides with broad-spectrum
antimicrobial activity, are unique in that they are exclusively produced by the salivary glands [121,122].
Among the members, histatin-5 specifically possesses potent antifungal activity, primarily against C.
albicans [121]. The anticandidal mechanism of histatin-5 is described to involve binding to specific
receptors on the fungal cell wall and intracellular uptake where it targets the mitochondria, disrupting
cell homeostasis [123–126].

Given the importance of saliva, it is not surprising that salivary hypofunction is considered a
predisposing factor to OC. This state of absent or diminished saliva is often a side effect of conditions
that cause salivary gland dysfunction, such as head-and-neck radiation or Sjögren’s syndrome, a
chronic inflammatory autoimmune disorder [86,127]. Salivary gland function was also reported to be
affected in HIV+ and AIDS individuals who often suffer from recurrent episodes of OC; interestingly,
a clinical study demonstrated significantly reduced salivary histatin-5 levels in an HIV+ patient
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population [87,128]. Another condition, hyper-IgE syndrome, a rare congenital immunodeficiency
state, was also shown to cause impairment in the production of AMPs, including salivary histatins [129].
Although vastly different in etiology, individuals affected with all the aforementioned conditions are
known to be highly predisposed to OC, underscoring the importance of saliva and its effectors in
protection against C. albicans proliferation.

In terms of adaptive immunity, the importance of T cells in mediating immune response to Candida
is clearly illustrated by the high proportion of AIDS patients with low CD4+ T-cell counts who develop
OPC [23,130]. Naive CD4+ T helper (Th) cells can differentiate into three types of effector T helper
cells, namely, Th1, Th2, and Th17, each secreting a different set of cytokines with specific final response
outcomes [131]. Within the context of OC, a dual CD4+ Th1-type phagocyte-dependent response
and CD4+ Th17-type response are the main Th subsets involved [132,133]. However, although the
Th1 subset plays a pivotal role during Candida established and systemic infections, Th17 cells are
mainly involved in mucosal host defenses, controlling initial growth of Candida and inhibiting tissue
invasion [132,134].

The initial phases of OC are defined by a prototypical neutrophil response; Th17 cells recognize
pathogen-associated molecular patterns (PAMPs) via several C-type Lectin Receptors (CLRs) and the
inflammasome, releasing IL-23, IL-1β, IL-6, and TGF-β, which direct the Th17 cells to the mucosal
areas. Released cytokines (IL-17A, IL-17F, IL-22) at the site of infection recruit neutrophils, amplifying
the secretion of proinflammatory cytokines and chemokines [129]. Noteworthy, IL-17 and IL-22,
co-expressed by Th17 cells, also cooperatively enhance the expression of AMPs such as β-defensins,
calprotectin, and histatins [135–137].

Additionally, a subset of Th17 cells called CD4+ “natural” Th17 cells (nTh17) residing in the
mucosal tissue secrete IL-1, thus mediating antifungal protective immunity in the beginning of infection,
since priming of naïve Th cells into effector Th17 cells and recruitment to the site of infection take
time [135,138,139]. Interestingly, proliferation of the mucosal resident nTh17 was shown to be induced
by the recently identified C. albicans secreted toxin candidalysin, which was shown to be essential for
the development of OC in mice [140]. Thus, as a component of the innate immune mucosal response,
nTh17 responds to the secreted candidalysin, signaling synergistically with IL-17 via induction of IL-1
family members from epithelial cells, augmenting expression of proinflammatory cytokines [140]. The
importance of the Th-17 subset of cells in the protective immunity against C. albicans mucosal infection
is well illustrated by the excessive growth of Candida on the skin and mucosa of patients with chronic
mucocutaneous candidiasis (CMC); these patients exhibit an autosomal recessive deficiency in the
IL-17 cytokine receptor IL-17RA or an autosomal dominant deficiency of IL-17F [141]. In addition,
patients with hyper-IgE syndrome (HIES) have a mutation in the transcription factor STAT3, which is
important in several steps along the Th17 development pathway [142]. In all these cases, the inability
to induce a Th17 response and deficient IL-17 secretion lead to insufficient recruitment of neutrophils
from the bloodstream and failure in containing fungal growth on the mucosa [113].

It is important to stress the importance of a healthy oral microbiota in preventing C. albicans
shift from a harmless commensal to an invasive pathogen, as well as the key role C. albicans plays in
maintaining homeostasis in the oral cavity. Over the past two decades, we advanced our understanding
of the complex host–C. albicans interactions and many of the mechanisms via which Candida is able to
evade host immunity. Nevertheless, there remain considerable gaps in our knowledge and, therefore,
in order to greatly contribute to the conception of novel therapeutic strategies, we must further enhance
our understanding of our host defenses.

5. Candida albicans–Bacterial Interactions in the Oral Cavity

The oral cavity is an exceptionally complex habitat harboring unique and diverse microbial
communities that co-exist in an equilibrium crucial for maintaining oral health [143–146]. Any
disturbances in this ecosystem that result in dominance of one pathogenic species (dysbiosis) may
lead to the development of oral disease [66,145,147,148]. Within the microbial communities, extensive
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inter-species interactions take place that can be synergistic, in that the presence of one organism
may provide a niche for others, enhancing colonization [144,149,150]. Additionally, metabolic
communications among the microbial consortia also occurs; for example, excretion of a metabolite by
one organism can be used as a nutrient by other organisms [151,152]. In the oral cavity, the co-adhesion
of C. albicans with bacteria is essential for C. albicans persistence and, therefore, these interactions may
enhance colonization in the host [145,153–155].

Among the oral bacterial flora, streptococci are considered to be the primary colonizers of the
oral cavity important in establishing C. albicans colonization. Therefore, the interaction between
C. albicans and streptococci, largely considered synergistic in nature, is the best studied of the oral
fungal–bacterial interactions. Specifically, the interactions with Streptococcus oralis, Streptococcus mitis,
Streptococcus gordonii, and Streptococcus mutans were shown to avidly adhere to the hyphae of C.
albicans [154,156–163]. In addition to providing adhesion sites for C. albicans to persist within the oral
cavity, streptococci were described to provide C. albicans with a carbon source for growth [145]. In
return, by utilizing lactic acid produced by streptococci, C. albicans lowers oxygen tension to levels
advantageous to facultative streptococci [153,164–166].

Although mutually beneficial, the interactions between C. albicans and streptococci in the oral
cavity may have repercussions to the host [161,167]. One area that gained considerable interest in
recent years is the interaction between C. albicans and the cariogenic bacteria S. mutans, within the
context of dental caries (or tooth decay), the most common oral disease [168,169]. Caries development
is mediated by the metabolic interactions between the microbial species that make up dental plaque,
the biofilm formed on the tooth surface, causing fluctuations in pH, ultimately resulting in irreversible
destruction of the tooth [163,169–172]. S. mutans is long considered to be the main cariogenic species
responsible for development of dental caries; however, there is growing evidence attributing a role for
C. albicans in mediating dental caries development via interactions with S. mutans [163,165,173–175]
(Figure 2). In fact, several studies have reported high S. mutans prevalence in dental biofilms where C.
albicans resides, and more importantly, clinical studies are increasingly reporting the isolation of C.
albicans from patients with caries [176–179]. Interestingly, high levels of sugar consumption, a common
predisposing factor of dental caries, also correlates with a higher occurrence of S. mutans–C. albicans
interactions [180].
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a mouse tongue dorsum showing C. albicans hyphae (green) penetrating epithelial cells with S. mutans
(blue) cells anchoring onto hyphae within a dense extracellular matrix (pink), 10,000x magnification.

Using a rat model of dental caries, a study by Klinke et al. [181] demonstrated that C. albicans is in
fact capable of causing occlusal caries in rats. These observations are not surprising as, similar to S.
mutans, C. albicans has the ability to produce and tolerate acids. Thus, the potential role for C. albicans
in dental caries development, via physical and metabolic interactions with S. mutans, was corroborated
by many lines of evidence [163,174,175,178,182,183]. Furthermore, the S. mutans-produced exoenzyme
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glucosyltransferase B (gtfB) was shown to be deposited on the surface of C. albicans hyphae, aiding the
fungus in adhering to oral surfaces [160,184,185]. Collectively, these studies strongly indicate that the
presence of C. albicans in the oral environment could be considered a risk factor for the development of
dental caries.

Streptococcus oralis was also associated with C. albicans in vitro and in vivo; a recent study by
Cavalcanti et al. [186] reported an increase in C. albicans filamentation and biofilm formation in the
presence of S. oralis in vitro. Importantly, using a murine model of co-infection, Xu et al. [187] showed
significantly more tongue lesions and higher proinflammatory responses in the presence of S. oralis.
Subsequent studies indicated that this effect is partly a consequence of a synergistic activation for the
increase of µ-calpain, which cleaves E-cadherin in epithelial cells, thus facilitating C. albicans invasion
of tongue tissue [188]. Additionally, it was shown that S. oralis induces the expression of the C. albicans
hyphal-specific gene EFG1 and the Als1 adhesin, promoting co-adherence between bacterial and fungal
cells [189].

Streptococcus gordonii is another species capable of interacting with C. albicans via physical
interaction mediated by the binding of S. gordonii adhesin SspB to the fungal adhesin Als3p, although
the bacterial adhesin CshA and the fungal adhesins Eap1p and Hwp1 were also reported to be
important [33,162,190–192]. In addition to physical interactions, the bacterial cells were also shown to
induce C. albicans filamentation via the secreted quorum sensing autoinducer 2 (AI-2), by inhibiting
the effects of the C. albicans quorum sensing molecule farnesol [162]. Significantly, mixed biofilms with
both species were shown to be more resistant to antimicrobial treatment compared to single-species
biofilms [157,193,194]. In contrast, mixed biofilms with C. albicans mutant strains deficient in hyphae
formation and production of exopolymeric matrix displayed lower S. gordonii tolerance to antibiotic
treatment, suggesting that C. albicans may protect the bacteria in mixed biofilm [158,194].

Similar to dental caries, periodontitis is a prevalent oral disease mediated primarily by the
anaerobic bacterial species Porphyromonas gingivalis and Fusobacterium nucleatum [195,196]. Although
the relationship between C. albicans and periodontitis remains undefined, Candida was co-isolated
from subgingival plaque from patients with periodontitis, and high Candida levels were shown to
correlate with chronic and aggressive forms of periodontitis [197,198]. The described interactions
between C. albicans and P. gingivalis are conflicting as, in one study, P. gingivalis was shown to induce
hyphae formation producing a more invasive C. albicans phenotype, whereas other studies described
P. gingivalis to exert an inhibitory effect on hyphae formation [199,200]. More recently, the C. albicans
hyphal-specific adhesin Als3p was identified as the fungal receptor for the bacterial internalin family
protein InlJ [201]. Furthermore, this fungal–bacterial interaction in anoxic conditions resulted in
upregulation of the C. albicans secreted proteolytic enzymes Sap3 and Sap9 considered to be important
virulence factors [202]. In addition to P. gingivalis, Candida was also shown to co-aggregate with the
periodontal pathogen Fusobacterium nucleatum [203–205]. Interestingly, as a consequence of direct
contact binding, F. nucleatum was shown to inhibit C. albicans filamentation, reducing the ability of
fungal cells to escape macrophages upon phagocytosis [206]. Similarly, the presence of C. albicans
suppressed F. nucleatum response to macrophage attack, suggesting that both species mutually promote
commensalism [206].

The interaction between C. albicans and the opportunistic pathogen Staphylococcus aureus
is another seemingly synergistic fungal–bacterial interaction that was well studied [34,207–211].
S. aureus commonly colonizes the skin and although the oral microenvironment is a transient
one for staphylococci, S. aureus is commonly co-isolated with C. albicans from cases of DS and
periodontitis [212–215]. Significantly, however, using a mouse model of OC, it was demonstrated that
upon onset of OC, mice co-colonized with C. albicans and S. aureus suffered systemic bacterial infection
with high morbidity and mortality [216,217]. Similar to interactions with other bacteria, the C. albicans
hyphal-specific adhesin Als3p was also identified to be a receptor for S. aureus adherence to the hyphae,
mediating S. aureus invasion of oral mucosal barriers [217].
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There is a great deal we do not understand about the influence of candidal populations on
the composition of microbial communities. It is now clear, however, that C. albicans is not only an
important component of the oral microbiota, but is also an important player in shaping the oral
microbiome [161,167]. Therefore, it is crucial that we determine mechanistically the precise details
of C. albicans adhesion and signaling under conditions of co-existence with bacterial populations
and how these associations influence various aspects of host physiology and disease outcomes. To
that end, future efforts should focus on clinical studies, and on designing animal model systems to
study fungal–bacterial interactions in vivo, with the goal of developing novel therapeutic strategies to
prevent infections through targeted actions.

6. Animal Models

6.1. Mouse Model of Oropharyngeal Candidiasis

Animal models were instrumental in our understanding of Candida virulence factors and the
factors leading to host susceptibility to Candida infections; importantly, animal models provided
new insights into the development of novel therapeutic approaches [76,218,219]. The demonstrated
similarity to human disease processes and host immune responses made the rodent model the premier
model to study Candida pathogenesis. In fact, a large gamut of clinically relevant animal models are
available to study the various systemic or mucosal diseases caused by Candida [23,51,220–223].

The established model of OPC is relatively simple to use and has been well validated, making
it the standard animal model to study OPC. In this model, in order to establish infection, mice are
immunosuppressed by administration of subcutaneous injections of cortisone acetate prior to oral
inoculation with C. albicans [224]. This protocol results in reproducible infection mimicking what
is seen in humans, namely, pseudomembranous candidiasis (Figure 3A). Infection can be assessed
clinically in mice by the presence of the white lesions typical of OC, by histopathology and microscopic
analysis of infected tissue (Figure 3B,C), and quantitatively by fungal burden through culturing. Using
a constitutively luciferase-expressing C. albicans strain, non-invasive methods were also developed for
real-time monitoring of OPC progression in vivo via bioluminescence imaging [225].

J. Fungi 2020, 6, x FOR PEER REVIEW  13 of 27 

 

immunosuppressed by administration of subcutaneous injections of cortisone acetate prior to oral 
inoculation with C. albicans [224]. This protocol results in reproducible infection mimicking what is 
seen in humans, namely, pseudomembranous candidiasis (Figure 3A). Infection can be assessed 
clinically in mice by the presence of the white lesions typical of OC, by histopathology and 
microscopic analysis of infected tissue (Figures 3B,C), and quantitatively by fungal burden through 
culturing. Using a constitutively luciferase-expressing C. albicans strain, non-invasive methods were 
also developed for real-time monitoring of OPC progression in vivo via bioluminescence imaging 
[225]. 

 
Figure 3. Mouse model of oral candidiasis. (A) Diffuse white plaques with focal areas of punched-out 
white lesions on the tongue dorsum of a mouse depicting oral candidiasis. (B) PAS-stained image 
showing significant accumulation and penetration of C. albicans hyphae through the hyperkeratotic 
surface of the tongue dorsal epithelium. Neutrophilic Munro microabscesses in response to the 
infection are seen. (C) SEM micrograph, high magnification of the tongue dorsum showing C. albicans 
hyphae (pseudo-colored in green) penetrating epithelial cells. Bars correspond to (B) 100 μm and (C) 
20 μm.  

A main advantage of the mouse model is that it is amenable for genetic manipulation, and 
development of transgenic and knockout mice with targeted immune defects can be accomplished. 
One example is the generation of a CD4/HIVMutA transgenic mouse model that established an AIDS-
like disease; this transgenic mouse model was instrumental in demonstrating that HIV-mediated loss 
of CD4+ T cells underlies the susceptibility to mucosal candidiasis [226]. The same model was also 
used to demonstrate that loss of IL-17- and IL-22-dependent induction of innate mucosal immunity 
to C. albicans is key to susceptibility to OPC, confirming the importance of the crosstalk between 
adaptive and innate mucosal immunity in maintaining Candida commensalism [227]. In another 
application, mice with conditional deletion of IL-17RA in superficial oral and esophageal epithelial 
cells (Il17raΔK13) were used to show that oral epithelial cells dominantly control IL-17R-dependent 
responses to OPC through regulation of β-defensin-3 expression [134]. 

Additionally, the mouse model of OPC was also adapted to study the interaction of C. albicans 
with various oral bacterial species. Using an oral S. oralis and C. albicans co-infection model, a study 
by Xu et al. [187] demonstrated that mucosal commensal bacteria can modify the virulence of C. 
albicans in the oral cavity, where S. oralis not only augmented oral lesions but also promoted deep 
organ dissemination of C. albicans. A subsequent study revealed that S. oralis modulates the 
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showing significant accumulation and penetration of C. albicans hyphae through the hyperkeratotic
surface of the tongue dorsal epithelium. Neutrophilic Munro microabscesses in response to the infection
are seen. (C) SEM micrograph, high magnification of the tongue dorsum showing C. albicans hyphae
(pseudo-colored in green) penetrating epithelial cells. Bars correspond to (B) 100 µm and (C) 20 µm.
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A main advantage of the mouse model is that it is amenable for genetic manipulation, and
development of transgenic and knockout mice with targeted immune defects can be accomplished. One
example is the generation of a CD4/HIVMutA transgenic mouse model that established an AIDS-like
disease; this transgenic mouse model was instrumental in demonstrating that HIV-mediated loss of
CD4+ T cells underlies the susceptibility to mucosal candidiasis [226]. The same model was also used
to demonstrate that loss of IL-17- and IL-22-dependent induction of innate mucosal immunity to C.
albicans is key to susceptibility to OPC, confirming the importance of the crosstalk between adaptive
and innate mucosal immunity in maintaining Candida commensalism [227]. In another application,
mice with conditional deletion of IL-17RA in superficial oral and esophageal epithelial cells (Il17ra∆K13)
were used to show that oral epithelial cells dominantly control IL-17R-dependent responses to OPC
through regulation of β-defensin-3 expression [134].

Additionally, the mouse model of OPC was also adapted to study the interaction of C. albicans
with various oral bacterial species. Using an oral S. oralis and C. albicans co-infection model, a study
by Xu et al. [187] demonstrated that mucosal commensal bacteria can modify the virulence of C.
albicans in the oral cavity, where S. oralis not only augmented oral lesions but also promoted deep organ
dissemination of C. albicans. A subsequent study revealed that S. oralis modulates the expression of the
C. albicans ALS1 gene, promoting the fungal–bacterial interaction in the oral cavity [189]. In addition to
streptococci, using the OPC mouse model, a study by Kong et al. [217] identified a novel phenomenon
involving the onset of OC predisposed animals to systemic infection with Staphylococcus aureus with
high morbidity and mortality. Importantly, the mouse model of mucosal candidiasis was recently used
to establish a key role for C. albicans in shaping the complex resident bacterial communities and in
driving mucosal dysbiosis [167].

6.2. Rat Model of Denture Stomatitis

In vivo models of DS are advantageous over in vitro studies, in that in vitro biofilm studies on
denture materials fail to account for the presence of saliva and host immune factors. Historically,
the first in vivo models of DS featured acrylic dentures on monkey palates [228]. For obvious ethical
and cost issues, rodent models were employed and were found to consistently reproduce clinical
DS; therefore, the rat model is established as the gold standard to study biofilm-associated Candida
DS. Several contemporary in vivo rat models of DS exist, each with their own specific indications,
advantages, and limitations [63,76,229–231]. Many of these models proved how closely the disease
process in rats can mimic what is seen in humans. This is so because the clinical and histopathological
changes of DS in several of these rat models are identical to what is seen in humans. Similar to the mouse
models of OC, the rat models were also adapted and optimized for host immune response studies,
gene expression studies, for studying mechanisms of Candida drug resistance, and for therapeutic
evaluations [63,230]. However, one main disadvantage of these models is the method of retention
used to secure the appliance to the rat palates, which involves tying orthodontic wires around the
rat teeth [63,229,230]. Although effective in retaining the appliances in the animals, the installation
procedure is time-consuming, technically challenging, and likely causes discomfort to the animals.
Additionally, this method of retention does not achieve an intimate fit between the device and palate
and, therefore, does not mimic denture wearing in humans. Importantly, due to the poor fit, much
higher infectious doses of C. albicans were required to induce clinical disease. An alternate method for
retaining devices is by cementing, which was shown to provide significantly longer retention rates
than wire-retained devices [231].

The use of cortisone immunosuppression to establish infection varies between studies. The
rationale for the administration of a single dose of cortisone on the day of infection is two-fold: (1) to
lower the infectious doses needed, and (2) to ensure successful initial colonization of C. albicans on the
devices [76]. Although immunocompetent individuals develop DS, not employing immunosuppression
in the rat model necessitated the use of extremely high inocula of C. albicans, at cell densities that
are not reflective of the normal oral environment [229,232]. One interesting model, developed by
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Johnson et al. [229], is unique in that the device system consists of a dual fixed and removable magnetic
component, making the model amenable for longitudinal biofilm sampling.

Another common disadvantage among the existing models is that devices are custom-designed
for each animal, which requires making impressions of the palate for each individual rat. Furthermore,
the devices are fabricated in a dental lab and may require adjustments to ensure adequate fit, a process
that is costly and time-consuming. Most recently, Sultan et al. [76] developed a three-dimensional (3D)
printed digitally designed rat intraoral device with precise universal fit based on a scan taken of only
one rat palate. In addition to the universal fit, a unique advantage of the 3D-printing technology is the
high throughput for fabricating devices and, importantly, if needed, modifications to the design can be
digitally made rapidly (Figure 4).
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Several of the available rat models were adapted and used to evaluate therapeutic strategies
targeting DS [63,76]. Whether involving topical or systemic administration of antifungal therapy, as
expected, the models demonstrated that treatment is ineffective once mature biofilms are formed
on the surface of implanted devices [63,76]. However, a recent study evaluating the efficacy of
a novel antimicrobial peptide-based hydrogel formulation against OC and DS demonstrated the
formulation to be efficacious in preventing disease development in a mouse model of OPC and in
a rat DS model [76,219]. Combined, the findings from these studies clearly indicate the need for
developing targeted preventative therapeutic strategies against biofilm-associated infections that tend
to be recalcitrant to therapy, such as DS [40,233,234].

7. New Approaches in Antifungal Drug Discovery Anti-Virulence Drugs

Treatment of candidiasis, mucosal or invasive, relies on a limited arsenal of antifungal agents.
These antifungal agents comprise three main classes: polyenes, azoles, and echinocandins [235,236].
The paucity of antifungal classes coupled with the shortcomings of the current therapeutic agents
hampers our ability to fight fungal infections. The most significant shortcomings of the available
agents is their suboptimal selectivity, heightened toxicity, and their increased likelihood of developing
resistance. Amphotericin B specifically, although considered the “gold standard” of antifungal therapy,
is inherently toxic due to its lack of selectivity, given that fungal and mammalian cells are eukaryotic and
share many similar biological processes [236,237]. Azoles, such as fluconazole, lack toxicity to human
cells; however, they are fungistatic drugs, and this led to the emergence of resistance [237]. The newest
class of antifungals, and the first to be fungal-specific, is represented by the echinocandins (caspofungin),
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which target a key component in the fungal cell wall not present in mammalian cells [235,236,238].
Unfortunately, the clinical use of echinocandins is limited to the treatment of systemic candidiasis,
and emergence of resistance, particularly in C. glabrata, is becoming a concern [235,237,239]. Therefore,
there is a critical need for identifying novel drug targets to circumvent the shortcomings of the currently
available antifungal agents.

One strategy geared toward accomplishing this goal is targeting specific virulence factors.
In essence, an anti-virulence approach would “disarm” the pathogen, thus preventing, in the case of
C. albicans, the transition from harmless commensal to pathogen [240]. Maintenance of a commensal
state rather than eradication may in fact be a more advantageous strategy, as it lowers the propensity
for the development of acquired resistance. In C. albicans, filamentation and biofilm formation are
properties central to the pathogenesis of this opportunistic pathogen [44,52]. In fact, the majority of
Candida infections are associated with biofilm formation, best exemplified by DS, which tends to be
refractory to therapy [241]. Therefore, the prospect of antifungal drug development targeting these two
key biological processes is particularly attractive, and it gained considerable attention [237]. Indeed, a
large number of small molecules were shown to modulate the yeast-to-hypha conversion in C. albicans,
such as the secreted quorum-sensing molecule farnesol, rapamycin (Tor kinase inhibitor), the Hsp90
inhibitor geldanamycin, histone deacetylase inhibitors, and cell-cycle inhibitors [242,243]. However,
several of these molecules were found to impact overall growth and/or were reported to impair the cell
cycle, undermining their “anti-virulence” potential.

A large-scale phenotypic screening of 20,000 small-molecule compounds from the NOVACore
library identified a diazaspiro-decane structural analog compound with potent inhibitory activity on
C. albicans filamentation and biofilm formation with no effect on overall growth. Importantly, serial
exposure to this compound failed to induce resistance, and in vivo efficacy was demonstrated in a
murine model of OC [244]. More recently, a large-scale phenotypic screening of 30,000 drug-like
small-molecule compounds from the ChemBridge’s DIVERSet chemical library identified a novel
series of bioactive compounds with a common biaryl amide core structure, able to prevent C.
albicans filamentation and biofilm formation in vitro. The lead compound also showed promising
results in preventing invasive and OC in murine models, and transcriptomic analysis confirmed the
downregulation of genes associated with filamentation and virulence such as SAP5, ECE1 (candidalysin),
and ALS3 [245,246].

Currently, a few promising compounds are in the pipeline, including two new glucan-synthesis
inhibitors (SCY-078 and CD101) and an inhibitor of the fungal Gwt1, an enzyme in the
glycosylphosphatidylinositol biosynthesis (GPI) pathway (APX001) [239,247–249]. All of these
compounds showed anti-Candida efficacy in vitro and in vivo, and they are presently undergoing
phase 1 and 2 clinical trials (ClinicalTrials.gov SCY-078: NCT0224406; CD101: NCT02734862; APX001:
NCT02956499 and NCT02957929).

8. Concluding Remarks

In conclusion, C. albicans is a highly adaptable microbial species capable of causing infection at
various anatomical sites. Although, over the past two decades, we advanced our understanding of the
complex host–C. albicans interactions, there remain considerable gaps in our knowledge of C. albicans
pathogenicity, host immune responses, and, importantly, the role of C. albicans as a constituent of the
human microbiota. The mechanisms underlying the development of antifungal resistance continue to
evolve, highlighting the critical need for developing new antifungal classes. Fortunately, significant
strides in the field of antifungal discovery were achieved with promising new drugs moving to clinical
trials. Moreover, advances in identifying novel bioactive compounds targeting pathogenic mechanisms,
rather than growth, could prove invaluable in complementing the current antifungal arsenal.
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denture stomatitis as related to risk factors and different Candida spp. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. 2018, 126, 41–47. [CrossRef] [PubMed]

91. Scully, C.; Giovanni, L. Denture Related Stomatitis. European Association of Oral Medicine. Available online:
http://www.eaom.eu/pdf/content/denture_related_stomatitis.pdf (accessed on 15 November 2019).

92. Tejani, S.; Sultan, A.; Stojanov, I.; Woo, S.B. Candidal carriage predicts candidiasis during topical
immunosuppressive therapy: A preliminary retrospective cohort study. Oral Surg. Oral Med. Oral
Pathol. Oral Radiol. 2016, 122, 448–454. [CrossRef]

http://dx.doi.org/10.1111/j.1600-0722.1974.tb00378.x
http://dx.doi.org/10.1111/j.1532-849X.2011.00698.x
http://dx.doi.org/10.1016/j.archger.2008.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18976822
http://dx.doi.org/10.1128/IAI.00617-19
http://www.ncbi.nlm.nih.gov/pubmed/31527130
http://dx.doi.org/10.3402/jom.v2i0.5780
http://dx.doi.org/10.3389/fimmu.2018.02570
http://www.ncbi.nlm.nih.gov/pubmed/30510552
http://dx.doi.org/10.1016/S1079-2104(97)90061-5
http://dx.doi.org/10.1128/JCM.37.12.3896-3900.1999
http://www.ncbi.nlm.nih.gov/pubmed/10565903
http://dx.doi.org/10.1177/0022034515625222
http://dx.doi.org/10.1371/journal.ppat.1008058
http://dx.doi.org/10.1002/cam4.1221
http://dx.doi.org/10.4172/2155-6113.1000193
http://www.ncbi.nlm.nih.gov/pubmed/23730535
http://dx.doi.org/10.1177/0022034514552493
http://www.ncbi.nlm.nih.gov/pubmed/25294364
http://dx.doi.org/10.1016/j.oooo.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29759652
http://www.eaom.eu/pdf/content/denture_related_stomatitis.pdf
http://dx.doi.org/10.1016/j.oooo.2016.06.012


J. Fungi 2020, 6, 15 21 of 28

93. Mun, M.; Yap, T.; Alnuaimi, A.D.; Adams, G.G.; McCullough, M.J. Oral candidal carriage in asymptomatic
patients. Aust. Dent. J. 2016, 61, 190–195. [CrossRef]

94. Sultan, A.S.; Jessri, M.; Farah, C.S. Electronic nicotine delivery systems: Oral health implications and oral
cancer risk. J. Oral Pathol. Med. 2018. [CrossRef]

95. Alanazi, H.; Semlali, A.; Chmielewski, W.; Rouabhia, M. E-cigarettes increase Candida albicans growth
and modulate its interaction with gingival epithelial cells. Int. J. Environ. Res. Public Health 2019, 16, 294.
[CrossRef]

96. Rad, M.; Kakoie, S.; Niliye Brojeni, F.; Pourdamghan, N. Effect of long-term smoking on whole-mouth
salivary flow rate and oral health. J. Dent. Res. Dent. Clin. Dent. Prospects 2010, 4, 110–114.

97. Krogh, P.; Hald, B.; Holmstrup, P. Possible mycological etiology of oral mucosal cancer: Catalytic potential of
infecting Candida albicans and other yeasts in production of N-nitrosobenzylmethylamine. Carcinogenesis
1987, 8, 1543–1548. [CrossRef]

98. Gasparoto, T.H.; de Oliveira, C.E.; Vieira, N.A.; Porto, V.C.; Gasparoto, C.T.; Campanelli, A.P.; Lara, V.S. The
pattern recognition receptors expressed on neutrophils and the associated cytokine profile from different
aged patients with Candida-related denture stomatitis. Exp. Gerontol. 2012, 47, 741–748. [CrossRef]

99. Johnson, D.; Yeh, C.K.; Dodds, M.W. Effect of donor age on the concentartions of histatins in human parotid
and submandibular/sublingual saliva. Arch. Oral Biol. 2000, 45, 731–740. [CrossRef]

100. Farah, C.S.; Lynch, N.; McCullough, M.J. Oral fungal infections: An update for the general practitioner.
Aust. Dent. J. 2010, 5, 48–54. [CrossRef]

101. Vidya, K.M.; Rao, U.K.; Nittayananta, W.; Liu, H.; Owotade, F.J. Oral mycoses and other opportunistic
infections in HIV: Therapy and emerging problems—A workshop report. Oral Dis. 2016, 22, 158–165.
[CrossRef]

102. de Repentigny, L.; Lewandowski, D.; Jolicoeur, P. Immunopathogenesis of oropharyngeal candidiasis in
human immunodeficiency virus infection. Clin. Microbiol. Rev. 2004, 17, 729–759. [CrossRef]

103. Novak, N.; Haberstok, J.; Bieber, T.; Allam, J.P. The immune privilege of the oral mucosa. Trends Mol. Med.
2008, 14, 191–198. [CrossRef]

104. Gow, N.A.; Netea, M.G.; Munro, C.A.; Ferwerda, G.; Bates, B.; Mora-Montes, H.M.; Walker, l.; Jansen, T.;
Jacobs, L.; Tsoni, V.; et al. Immune recognition of Candida albicans β-glucan by dectin-1. J. Infect. Dis. 2007,
196, 1565–1571. [CrossRef]

105. Gow, N.A.; Hube, B. Importance of the Candida albicans cell wall during commensalism and infection.
Curr. Opin. Microbiol. 2012, 15, 406–412. [CrossRef]

106. Gow, N.A.; van de Veerdonk, F.L.; Brown, A.J.; Netea, M.G. Candida albicans morphogenesis and host
defence: Discriminating invasion from colonization. Nat. Rev. Microbiol. 2012, 10, 112–122. [CrossRef]

107. Li, M.; Chen, Q.; Tang, R.; Shen, Y.; Liu, W. The expression of beta-defensin-2,3 and LL-37 induced by
Candida albicans phospholipomannan in human keratinocytes. J. Dermatol. Sci. 2011, 61, 72–75. [CrossRef]

108. Naglik, J.R.; König, A.; Hube, B.; Gaffen, S.L. Candida albicans-epithelial interactions and induction of
mucosal innate immunity. Curr. Opin. Microbiol. 2017, 40, 104–112. [CrossRef]

109. Moyes, D.L.; Naglik, J.R. Mucosal immunity and Candida albicans infection. Clin. Dev. Immunol. 2011, 2011,
346307. [CrossRef]

110. Netea, M.G.; Maródi, L. Innate immune mechanisms for recognition and uptake of Candida species.
Trends Immunol. 2010, 31, 346–353. [CrossRef]

111. Schaller, M.; Mailhammer, R.; Grassl, G.; Sander, C.A.; Hube, B.; Korting, H.C. Infection of human oral epithelia
with Candida species induces cytokine expression correlated to the degree of virulence. J. Investig. Dermatol.
2002, 118, 652–657. [CrossRef]

112. Ye, P.; Rodriguez, F.H.; Kanaly, S.; Stocking, K.L.; Schurr, J.; Schwarzenberger, P.; Oliver, P.; Huang, W.;
Zhang, P.; Zhang, J. Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte
colony-stimulating factor expression, neutrophil recruitment, and host defense. J. Exp. Med. 2001, 194,
519–527. [CrossRef]

113. Van der Meer, J.W.; van de Veerdonk, F.L.; Joosten, L.A.; Kullberg, B.J.; Netea, M.G. Severe Candida spp.
infections: New insights into natural immunity. Int. J. Antimicrob. Agents 2010, 36, S58–S62. [CrossRef]

114. Hebecker, B.; Naglik, J.R.; Hube, B.; Jacobsen, I.D. Pathogenicity mechanisms and host response during oral
Candida albicans infections. Expert. Rev. Anti-Infect. Ther. 2014, 12, 867–879. [CrossRef]

http://dx.doi.org/10.1111/adj.12335
http://dx.doi.org/10.1111/jop.12810
http://dx.doi.org/10.3390/ijerph16020294
http://dx.doi.org/10.1093/carcin/8.10.1543
http://dx.doi.org/10.1016/j.exger.2012.07.003
http://dx.doi.org/10.1016/S0003-9969(00)00047-9
http://dx.doi.org/10.1111/j.1834-7819.2010.01198.x
http://dx.doi.org/10.1111/odi.12437
http://dx.doi.org/10.1128/CMR.17.4.729-759.2004
http://dx.doi.org/10.1016/j.molmed.2008.03.001
http://dx.doi.org/10.1086/523110
http://dx.doi.org/10.1016/j.mib.2012.04.005
http://dx.doi.org/10.1038/nrmicro2711
http://dx.doi.org/10.1016/j.jdermsci.2010.11.009
http://dx.doi.org/10.1016/j.mib.2017.10.030
http://dx.doi.org/10.1155/2011/346307
http://dx.doi.org/10.1016/j.it.2010.06.007
http://dx.doi.org/10.1046/j.1523-1747.2002.01699.x
http://dx.doi.org/10.1084/jem.194.4.519
http://dx.doi.org/10.1016/j.ijantimicag.2010.11.013
http://dx.doi.org/10.1586/14787210.2014.916210


J. Fungi 2020, 6, 15 22 of 28

115. Meir, J.; Hartmann, E.; Eckstein, M.T.; Guiducci, E.; Kirchner, F.; Rosenwald, A.; Leibund Gut-Landmann, S.;
Pérez, J.C. Identification of Candida albicans regulatory genes governing mucosal infection. Cell. Microbiol.
2018, 20, e12841. [CrossRef]

116. Amerongen, A.; Veerman, E. Saliva: The defender of the oral cavity. Oral Dis. 2002, 8, 12–22. [CrossRef]
117. Gorr, S. Antimicrobial peptides of the oral cavity. Periodontology 2000 2009, 51, 152–180. [CrossRef]
118. Auvynet, C.; Rosenstein, Y. Multifunctional host defense peptides: Antimicrobial peptides, the small yet big

players in innate and adaptive immunity. FEBS J. 2009, 276, 6497–6508. [CrossRef]
119. Peters, B.M.; Shirtliff, M.E.; Jabra-Rizk, M.A. Antimicrobial peptides: Primeval molecules or future drugs?

PLoS Pathog. 2010, 6, e1001067. [CrossRef]
120. Khurshid, Z.; Naseem, M.; Yahya, F.; Mali, M.; Sannam, K.R.; Sahibzada, H.A.; Zafar, M.S.; Faraz, M.S.;

Khan, E. Significance and diagnostic role of antimicrobial cathelicidins (LL-37) peptides in oral health.
Biomolecules 2017, 7, 80. [CrossRef]

121. Edgerton, M.; Koshlukova, S.; Lo, T.; Chrzan, B.; Straubinger, R.; Raj, P. Candidacidal activity of salivary
histatins. J. Biol. Chem. 1998, 272, 20438–20447. [CrossRef]

122. Oppenheim, F.G.; Xu, T.; McMillian, F.M.; Levitz, S.M.; Diamond, R.D.; Offner, G.D.; Troxler, R.F. Histatins, a
novel family of histidine-rich proteins in human parotid secretion. J. Biol. Chem. 1988, 263, 7472–7477.

123. Li, X.S.; Reddy, M.S.; Baev, D.; Edgerton, M. Candida albicans Ssa1/2p is the cell envelope binding protein for
human salivary histatin 5. J. Biol. Chem. 2003, 278, 28553–28561. [CrossRef]

124. Gyurko, C.; Lendenmann, U.; Helmerhorst, E.J.; Troxler, R.F.; Oppenheim, F.G. Killing of Candida albicans by
histatin 5: Cellular uptake and energy requirement. Antonie Van Leeuwenhoek 2001, 79, 297–309. [CrossRef]

125. Mochon, A.B.; Liu, H. The antimicrobial peptide histatin-5 causes a spatially restricted disruption on the
Candida albicans surface allowing rapid entry of the peptide into the cytoplasm. PLoS Pathog. 2008, 4, e1000190.
[CrossRef]

126. Helmerhorst, E.J.; Troxler, R.F.; Oppenheim, F.G. The human salivary peptide histatin 5 exerts its antifungal
activity through the formation of reactive oxygen species. Proc. Nat. Acad. Sci. USA 2001, 98, 14637–14642.
[CrossRef]

127. Vivino, F.B.; Bunya, V.Y.; Massaro-Giordano, G.; Johr, C.R.; Giattino, S.L.; Schorpion, A.; Shafer, B.;
Peck, A.; Sivils, K.; Rasmussen, A.; et al. Sjogren’s syndrome: An update on disease pathogenesis, clinical
manifestations and treatment. Clin. Immunol. 2019, 22. [CrossRef]

128. Fox, P.C. Saliva and salivary gland alterations in HIV infection. J. Am. Dent. Assoc. 1991, 122, 46–48.
[CrossRef]

129. Gaffen, S.; Hernandez-Santos, N.; Peterson, A. IL-17 Signaling in host defense against Candida albicans.
Immunol. Res. 2011, 50, 181–187. [CrossRef]

130. Klein, R.S.; Harris, C.A.; Small, C.B.; Moll, B.; Lesser, M.; Friedland, G.H. Oral candidiasis in high-risk
patients as the initial manifestation of the acquired immunodeficiency syndrome. N. Engl. J. Med. 1984, 311,
354–358. [CrossRef]

131. Sallusto, F.; Lanzavecchia, A. The instructive role of dendritic cells on T-cell responses. Arthritis Res. 2002, 4,
127–132. [CrossRef]

132. Conti, H.; Shen, F.; Nayyar, N.; Stocum, E.; Sun, J.N.; Lindemann, M.J.; Ho, A.W.; Hai, J.H.; Yu, J.J.; Jung, J.W.;
et al. Th17 cells and IL-17 receptor signaling are essential for mucosal host defense against oral candidiasis.
J. Exp. Med. 2009, 206, 299–311. [CrossRef]

133. Pirofski, L.-A.; Casadevall, A. Rethinking T cell immunity in oropharyngeal candidiasis. J. Exp. Med. 2009,
206, 269–273. [CrossRef]

134. Conti, H.R.; Bruno, V.M.; Childs, E.E.; Daugherty, S.; Hunter, J.P.; Mengesha, B.G.; Saevig, D.L.; Hendricks, M.;
Coleman, B.M.; Brane, L.; et al. IL-17 receptor signaling in oral epithelial cells is critical for protection against
oropharyngeal candidiasis. Cell Host Microbe 2016, 20, 606–617. [CrossRef]

135. Khader, S.A.; Gaffen, S.L.; Kolls, J.K. Th17 cells at the crossroads of innate and adaptive immunity against
infectious diseases at the mucosa. Mucosal Immunol. 2009, 2, 403–411. [CrossRef]

136. Onishi, R.M.; Gaffen, S.L. Interleukin-17 and its target genes: Mechanisms of interleukin-17 function in
disease. Immunology 2010, 129, 311–321. [CrossRef]

137. Liang, S.C.; Tan, X.Y.; Luxenberg, D.P.; Karim, R.; Dunussi-Joannopoulos, K.; Collins, M.; Fouser, L.A.
Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of
antimicrobial peptides. J. Exp. Med. 2006, 203, 2271–2279. [CrossRef]

http://dx.doi.org/10.1111/cmi.12841
http://dx.doi.org/10.1034/j.1601-0825.2002.1o816.x
http://dx.doi.org/10.1111/j.1600-0757.2009.00310.x
http://dx.doi.org/10.1111/j.1742-4658.2009.07360.x
http://dx.doi.org/10.1371/journal.ppat.1001067
http://dx.doi.org/10.3390/biom7040080
http://dx.doi.org/10.1074/jbc.273.32.20438
http://dx.doi.org/10.1074/jbc.M300680200
http://dx.doi.org/10.1023/A:1012070600340
http://dx.doi.org/10.1371/journal.ppat.1000190
http://dx.doi.org/10.1073/pnas.141366998
http://dx.doi.org/10.1016/j.clim.2019.04.009
http://dx.doi.org/10.14219/jada.archive.1991.0331
http://dx.doi.org/10.1007/s12026-011-8226-x
http://dx.doi.org/10.1056/NEJM198408093110602
http://dx.doi.org/10.1186/ar567
http://dx.doi.org/10.1084/jem.20081463
http://dx.doi.org/10.1084/jem.20090093
http://dx.doi.org/10.1016/j.chom.2016.10.001
http://dx.doi.org/10.1038/mi.2009.100
http://dx.doi.org/10.1111/j.1365-2567.2009.03240.x
http://dx.doi.org/10.1084/jem.20061308


J. Fungi 2020, 6, 15 23 of 28

138. Cua, D.J.; Tato, C.M. Innate IL-17-producing cells: The sentinels of the immune system. Nat. Rev. Immunol.
2010, 10, 479–489. [CrossRef]

139. Gladiator, A.; Wangler, N.; Trautwein-Weidner, K.; Leibund-Gut-Landmann, S. Cutting edge: IL-17–secreting
innate lymphoid cells are essential for host defense against fungal infection. J. Immunol. 2013, 190, 521–525.
[CrossRef] [PubMed]

140. Verma, A.H.; Richardson, J.P.; Zhou, C.; Coleman, B.M.; Moyes, D.L.; Ho, J.; Huppler, A.R.; Ramani, K.;
McGeachy, M.J.; Mufazalov, I.A.; et al. Oral epithelial cells orchestrate innate type 17 responses to Candida
albicans through the virulence factor candidalysin. Sci. Immunol. 2017, 2, eaam8834. [CrossRef] [PubMed]

141. Puel, A.; Cypowyj, S.; Bustamante, J.; Wright, J.F.; Liu, L.; Lim, H.K.; Migaud, M.; Israel, L.; Chrabieh, M.;
Audry, M. Chronic mucocutaneous candidiasis in humans with inborn errors of interleukin-17 immunity.
Science 2011, 332, 65–68. [CrossRef] [PubMed]

142. Conti, H.R.; Gaffen, S.L. Host responses to Candida albicans: Th17 cells and mucosal candidiasis.
Microbes Infect. 2010, 12, 518–527. [CrossRef]

143. Wade, W.G. The oral microbiome in health and disease. Pharmacol. Res. 2013, 69, 137–143. [CrossRef]
144. Avila, M.; Ojcius, D.M.; Yilmaz, O. The oral microbiota: Living with a permanent guest. DNA Cell Biol. 2009,

28, 405–411. [CrossRef] [PubMed]
145. Jenkinson, H.F.; Lamont, R.J. Oral microbial communities in sickness and in health. Trends Microbiol. 2005,

13, 589–595. [CrossRef]
146. Duran-Pinedo, A.E.; Frias-Lopez, J. Beyond microbial community composition: Functional activities of the

oral microbiome in health and disease. Microbes Infect. 2015, 17, 505–516. [CrossRef]
147. Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.; Yu, W.H.; Lakshmanan, A.; Wade, W.G. The

human oral microbiome. J. Bacteriol. 2010, 192, 5002–5017. [CrossRef]
148. Zaura, E.; Nicu, E.A.; Krom, B.P.; Keijser, B.J. Acquiring and maintaining a normal oral microbiome: Current

perspective. Front. Cell. Infect. Microbiol. 2014, 4, 85. [CrossRef]
149. Kolenbrander, P.E.; Anserson, R.X.; Blehert, D.S.; Egland, P.G.; Foster, J.S.; Palmer, R.J., Jr. Communication

among oral bacteria. Microbiol. Mol. Biol. Rev. 2002, 66, 486–505. [CrossRef] [PubMed]
150. Rickard, A.H.; Gilbert, P.; High, N.J.; Kolenbrander, P.E.; Handley, P.S. Bacterial coaggregation: An integral

process in the development of multi-species biofilms. Trends Microbiol. 2003, 11, 94–100. [CrossRef]
151. Kleinberg, T. Acids formed aerobically and anaerobically by pure and mixed cultures of oral bacteria from

oxidizable sugar, organic acid and amino acid substrates. J. Dent. Res. 1999, 78, 211.
152. O’Donnell, L.E.; Millhouse, E.; Sherry, L.; Kean, R.; Malcolm, J.; Nile, C.J.; Ramage, G. Polymicrobial Candida

biofilms: Friends and foe in the oral cavity. FEMS Yeast Res. 2015, 15, fov077. [CrossRef]
153. Jenkinson, H.F.; Barbour, M.E.; Jagger, D.C.; Miles, M.; Bamford, C.M.; Nobbs, A.H.; Dutton, L.C.;

Silverman, R.J.; McNally, L.; Vickerman, M.M.; et al. Candida albicans—Bacteria interactions in biofilms and
disease. Univ. Bristol Dent. Sch. 2008, 1–6.

154. Van Dijck, P.; Jabra-Rizk, M.A. Fungal–Bacterial Interactions: In Health and Disease. In Candida Albicans:
Cellular and Molecular Biology; Prasad, R., Ed.; Springer: Cham, Germany, 2017; pp. 115–143. [CrossRef]

155. Nobbs, A.H.; Jenkinson, H.F. Interkingdom networking within the oral microbiome. Microbes Infect. 2015, 17,
484–492. [CrossRef]

156. Jakubovics, N.S.; Yassin, S.A.; Rickard, A.H. Community interactions of oral streptococci. Adv. Appl. Microbiol.
2014, 87, 43–110.

157. Montelongo-Jauregui, D.; Lopez-Ribot, J. Candida interactions with the oral bacterial microbiota. J. Fungi
2018, 4, 122. [CrossRef]

158. Montelongo-Jauregui, D.; Saville, S.P.; Lopez-Ribot, J.L. Contributions of Candida albicans dimorphism,
adhesive interactions, and extracellular matrix to the formation of dual-species biofilms with Streptococcus
gordonii. mBio 2019, 10. [CrossRef]

159. Diaz, P.I.; Xie, Z.; Sobue, T.; Thompson, A.; Biyikoglu, B.; Ricker, A.; Ikonomou, L.; Dongari-Bagtzoglou, A.
Synergistic Interaction between Candida albicans and Commensal Oral Streptococci in a Novel In Vitro
Mucosal Model. Infect. Immun. 2012, 80, 620–632. [CrossRef]

160. Ellepola, K.; Liu, Y.; Cao, T.; Koo, H.; Seneviratne, C. Bacterial GtfB augments Candida albicans accumulation
in cross-kingdom biofilms. J. Dent. Res. 2017, 96, 1129–1135. [CrossRef] [PubMed]

161. Xu, H.; Dongari-Bagtzoglou, A. Shaping the oral mycobiota: Interactions of opportunistic fungi with oral
bacteria and the host. Curr. Opin. Microbiol. 2015, 27, 65–70. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nri2800
http://dx.doi.org/10.4049/jimmunol.1202924
http://www.ncbi.nlm.nih.gov/pubmed/23255360
http://dx.doi.org/10.1126/sciimmunol.aam8834
http://www.ncbi.nlm.nih.gov/pubmed/29101209
http://dx.doi.org/10.1126/science.1200439
http://www.ncbi.nlm.nih.gov/pubmed/21350122
http://dx.doi.org/10.1016/j.micinf.2010.03.013
http://dx.doi.org/10.1016/j.phrs.2012.11.006
http://dx.doi.org/10.1089/dna.2009.0874
http://www.ncbi.nlm.nih.gov/pubmed/19485767
http://dx.doi.org/10.1016/j.tim.2005.09.006
http://dx.doi.org/10.1016/j.micinf.2015.03.014
http://dx.doi.org/10.1128/JB.00542-10
http://dx.doi.org/10.3389/fcimb.2014.00085
http://dx.doi.org/10.1128/MMBR.66.3.486-505.2002
http://www.ncbi.nlm.nih.gov/pubmed/12209001
http://dx.doi.org/10.1016/S0966-842X(02)00034-3
http://dx.doi.org/10.1093/femsyr/fov077
http://dx.doi.org/10.1007/978-3-319-50409-4_8
http://dx.doi.org/10.1016/j.micinf.2015.03.008
http://dx.doi.org/10.3390/jof4040122
http://dx.doi.org/10.1128/mBio.01179-19
http://dx.doi.org/10.1128/IAI.05896-11
http://dx.doi.org/10.1177/0022034517714414
http://www.ncbi.nlm.nih.gov/pubmed/28605597
http://dx.doi.org/10.1016/j.mib.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26100661


J. Fungi 2020, 6, 15 24 of 28

162. Bamford, C.V.; d’Mello, A.; Nobbs, A.H.; Dutton, L.C.; Vickerman, M.M.; Jenkinson, H.F. Streptococcus
gordonii modulates Candida albicans biofilm formation through intergeneric communication. Infect. Immun.
2009, 77, 3696–3704. [CrossRef] [PubMed]

163. Metwalli, K.H.; Khan, S.A.; Krom, B.P.; Jabra-Rizk, M.A. Streptococcus mutans, Candida albicans and the
human mouth: A sticky situation. PLoS Pathog. 2013, 9, e1003616. [CrossRef]

164. Sztajer, H.; Szafranski, S.P.; Tomasch, J.; Reck, M.; Nimtz, M.; Rohde, M. Cross-feeding and interkingdom
communication in dual-species biofilms of Streptococcus mutans and Candida albicans. ISME J. 2014, 8, 2256.
[CrossRef]

165. Falsetta, M.L.; Klein, M.I.; Colone, P.M.; Scott-Anne, K.; Gregoire, S.; Pai, C.-H.; Gonzalez, M.; Watson, G.;
Krysan, D.J.; Bowen, W.H.; et al. Symbiotic relationship between Streptococcus mutans and Candida albicans
synergizes the virulence of plaque-biofilms in vivo. Infect. Immun. 2014, 82, 1968–1981. [CrossRef]

166. Krom, B.P.; Kidwai, S.; Ten Cate, J.M. Candida and other fungal species: Forgotten players of healthy oral
microbiota. J. Dent. Res. 2014, 93, 445–451. [CrossRef]

167. Bertolini, M.; Ranjan, A.; Thompson, A.; Diaz, P.I.; Sobue, T.; Maas, K.; Dongari-Bagtzoglou, A. Candida
albicans induces mucosal bacterial dysbiosis that promotes invasive infection. PLoS Pathog. 2019, 15, e1007717.
[CrossRef]

168. Isalm, B.; Khan, S.N.; Khan, A.U. Dental caries: From infection to prevention. Med. Sci. Monit. 2007, 13,
RA196–RA203.

169. Zero, D.T.; Fontana, M.; Martinez-Mier, E.A.; Ferrera-Zandona, A.; Ando, M.; Gonzalez-Cabezas, C.; Bayne, S.
The biology, prevention, diagnosis and treatment of dental caries. J. Am. Dent. Assoc. 2009, 140, 25S–34S.
[CrossRef]

170. Rouabhia, M.; Chmielewski, W. Diseases anssociated with oral polymicrobial biofilms. Open Mycol. J. 2012,
6, 27–32. [CrossRef]

171. Bowen, W.; Koo, H. Biology of Streptococcus mutans-derived glucosyltransferases: Role in extracellular
matrix formation of cariogenic biofilms. Caries Res. 2011, 45, 69–86. [CrossRef] [PubMed]

172. Valm, A.M. The structure of dental plaque microbial communities in the transition from health to dental
caries and periodontal disease. J. Mol. Biol. 2019, 431, 2956–2969. [CrossRef] [PubMed]

173. Klein, M.I.; Hwang, G.; Santos, P.H.; Campanella, O.H.; Koo, H. Streptococcus mutans-derived extracellular
matrix in cariogenic oral biofilms. Front. Cell. Infect. Microbiol. 2015, 5, 10. [CrossRef] [PubMed]

174. Barbieri, D.; Vicente, V.; Fraiz, F.; Lavoranti, O.; Svidzinski, T.; Pinheiro, R. Analysis of the in vitro adherence
of Streprococcus mutans and Candida albicans. Braz. J. Microbiol. 2007, 38, 624–663. [CrossRef]

175. Jarosz, L.M.; Deng, D.M.; van der Mei, H.; Crielaard, W.; Krom, B. Streptococcus mutans
competemce-stimulating peptide inhibits Candida albicans hypha formation. Eukaryot. Cell 2009, 8,
1658–1664. [CrossRef]

176. Xiao, J.; Huang, X.; Alkhers, N.; Alzamil, H.; Alzoubi, S.; Wu, T.T. Candida albicans and early childhood
caries: A systematic review and meta-analysis. Caries Res. 2018, 52, 102–112. [CrossRef]

177. Pereira, D.; Seneviratne, C.; Koga-Ito, C.; Samaranayake, L. Is the oral fungal pathogen Candida albicans a
cariogen? Oral Dis. 2018, 24, 518–526. [CrossRef]

178. Raja, M.; Hannan, A.; Ali, K. Association of oral candidal carriage with dental caries in children. Caries Res.
2010, 44, 272–276. [CrossRef]

179. de Carvalho, F.G.; Silva, D.S.; Hebling, J.; Spolidorio, L.C.; Spolidorio, D.M.P. Presence of mutans streptococci
and Candida spp. in dental plaque/dentine of carious teeth and early childhood caries. Arch Oral Biol. 2006,
51, 1024–1028. [CrossRef]

180. Koo, H.; Bowen, W.H. Candida albicans and Streptococcus mutans: A potential synergistic alliance to cause
virulent tooth decay in children. Future Microbiol. 2014, 9, 1295–1297. [CrossRef] [PubMed]

181. Klinke, T.; Guggenheim, B.; Klimm, W.; Thurnheer, T. Dental caries in rats associated with Candida albicans.
Caries Res. 2011, 45, 100–106. [CrossRef] [PubMed]

182. Lobo, C.I.V.; Rinaldi, T.B.; Christiano, C.M.S.; De Sales Leite, L.; Barbugli, P.A.; Klein, M.I. Dual-species
biofilms of Streptococcus mutans and Candida albicans exhibit more biomass and are mutually beneficial
compared with single-species biofilms. J. Oral Microbiol. 2019, 11, 1581520. [CrossRef] [PubMed]

183. Yang, C.; Scoffield, J.; Wu, R.; Deivanayagam, C.; Zou, J.; Wu, H. Antigen I/II mediates interactions between
Streptococcus mutans and Candida albicans. Mol. Oral Microbiol. 2018, 33, 283–291. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/IAI.00438-09
http://www.ncbi.nlm.nih.gov/pubmed/19528215
http://dx.doi.org/10.1371/journal.ppat.1003616
http://dx.doi.org/10.1038/ismej.2014.73
http://dx.doi.org/10.1128/IAI.00087-14
http://dx.doi.org/10.1177/0022034514521814
http://dx.doi.org/10.1371/journal.ppat.1007717
http://dx.doi.org/10.14219/jada.archive.2009.0355
http://dx.doi.org/10.2174/1874437001206010027
http://dx.doi.org/10.1159/000324598
http://www.ncbi.nlm.nih.gov/pubmed/21346355
http://dx.doi.org/10.1016/j.jmb.2019.05.016
http://www.ncbi.nlm.nih.gov/pubmed/31103772
http://dx.doi.org/10.3389/fcimb.2015.00010
http://www.ncbi.nlm.nih.gov/pubmed/25763359
http://dx.doi.org/10.1590/S1517-83822007000400009
http://dx.doi.org/10.1128/EC.00070-09
http://dx.doi.org/10.1159/000481833
http://dx.doi.org/10.1111/odi.12691
http://dx.doi.org/10.1159/000314675
http://dx.doi.org/10.1016/j.archoralbio.2006.06.001
http://dx.doi.org/10.2217/fmb.14.92
http://www.ncbi.nlm.nih.gov/pubmed/25517895
http://dx.doi.org/10.1159/000324809
http://www.ncbi.nlm.nih.gov/pubmed/21412001
http://dx.doi.org/10.1080/20002297.2019.1581520
http://www.ncbi.nlm.nih.gov/pubmed/31681463
http://dx.doi.org/10.1111/omi.12223
http://www.ncbi.nlm.nih.gov/pubmed/29570954


J. Fungi 2020, 6, 15 25 of 28

184. Hwang, G.; Marsh, G.; Gao, L.; Waugh, R.; Koo, H. Binding force dynamics of Streptococcus
mutans–glucosyltransferase B to Candida albicans. J. Dent. Res. 2015, 94, 1310–1317. [CrossRef] [PubMed]

185. Hwang, G.; Liu, Y.; Kim, D.; Li, Y.; Krysan, D.J.; Koo, H. Candida albicans mannans mediate Streptococcus
mutans exoenzyme GtfB binding to modulate cross-kingdom biofilm development in vivo. PLoS Pathog.
2017, 13, e1006407. [CrossRef]

186. Cavalcanti, I.M.; Nobbs, A.H.; Ricomini-Filho, A.P.; Jenkinson, H.F.; Del Bel Cury, A.A. Interkingdom
cooperation between Candida albicans, Streptococcus oralis and Actinomyces oris modulates early biofilm
development on denture material. Pathog. Dis. 2016, 74, ftw002. [CrossRef]

187. Xu, H.; Sobue, T.; Thompson, A.; Xie, Z.; Poon, K.; Ricker, A.; Cervantes, J.; Diaz, P.I.; Dongari-Bagtzoglou, A.
Streptococcal co-infection augments Candida pathogenicity by amplifying the mucosal inflammatory
response. Cell. Microbiol. 2014, 16, 214–231. [CrossRef]

188. Xu, H.; Sobue, T.; Bertolini, M.; Thompson, A.; Dongari-Bagtzoglou, A. Streptococcus oralis and Candida
albicans synergistically activate mu-calpain to degrade E-cadherin from oral epithelial junctions. J. Infect. Dis.
2016, 214, 925–934. [CrossRef]

189. Xu, H.; Sobue, T.; Bertolini, M.; Thompson, A.; Vickerman, M.; Nobile, C.J.; Dongari-Bagtzoglou, A.S. oralis
ativates the Efg1 filamentation pathway in C. albicans to promote cross-kingdom interactions and mucosal
biofilms. Virulence 2017, 8, 1602–1617. [CrossRef]

190. Bamford, C.V.; Nobbs, A.H.; Barbour, M.E.; Lamont, R.J.; Jenkinson, H.F. Functional regions of Candida
albicans hyphal cell wall protein Als3 that determine interaction with the oral bacterium Streptococcus
gordonii. Microbiology 2015, 161, 18–29. [CrossRef] [PubMed]

191. Nobb, A.H.; Vickerman, M.M.; Jenkinson, H.F. Heterologous expression of Candida albicans cell
wall-associated adhesin in Saccharomyces cerevisiae reveals differential specificities in adherence and
biofilm formation and in binding to Streptococcus gordonii. Eukaryot. Cell 2010, 9, 1622–1634. [CrossRef]
[PubMed]

192. Holmes, A.R.; McNab, R.; Jenkinson, H.F. Candida albicans binding to the oral bacterium Streptococcus gordonii
involves multiple adhesin-receptor interactions. Infect. Immun. 1996, 64, 4680–4685. [CrossRef] [PubMed]

193. Montelongo-Jauregui, D.; Srinivasan, A.; Ramasubramanian, A.K.; Lopez-Ribot, J.L. An In vitro model for
Candida albicans-Streptococcus gordonii biofilms on titanium surfaces. J. Fungi 2018, 4, 66. [CrossRef]
[PubMed]

194. Chinnici, J.; Yerke, L.; Tsou, C.; Busarajan, S.; Mancuso, R.; Sadhak, N.D.; Kim, J.; Maddi, A. Candida albicans
cell wall integrity transcription factors regulate polymicrobial biofilm formation with Streptococcus gordonii.
PeerJ 2019, 7, e7870. [CrossRef] [PubMed]

195. Pihlstrom, B.L.; Michalowicz, B.S.; Johnson, N.W. Periodontal diseases. Lancet 2005, 366, 1809–1820.
[CrossRef]

196. Khan, S.A.; Kong, E.F.; Meiller, T.F.; Jabra-Rizk, M.A. Periodontal diseases: Bug induced, host promoted.
PLoS Pathog. 2015, 11, e1004952. [CrossRef]

197. Haffajee, A.D.; Socransky, S.S. Introduction to microbial aspects of periodontal biofilm communities,
development and treatment. Periodontology 2000 2006, 42, 7–12. [CrossRef]

198. Jabra-Rizk, M.A.; Ferreira, S.M.S.; Sabet, M.; Falkler, W.A.; Merz, W.G.; Meiller, T.F. Recovery of
Candida dubliniensis and other yeast from human immunodeficiency virus-associated periodontal lesions.
J. Clin. Microbiol. 2001, 39, 4520–4522. [CrossRef]

199. Thein, Z.M.; Samaranayake, Y.H.; Samaranayake, L.P. Effect of oral bacteria on growth and survival of
Candida albicans biofilms. Arch. Oral Biol. 2006, 51, 672–680. [CrossRef]

200. Urzua, B.; Hermosilla, G.; Gamonal, J.; Morales-Bozo, I.; Canals, M.; Barahona, S.; Cóccola, C.; Cifuentes, V.
Yeast diversity in the oral microbiota of subjects with periodontitis: Candida albicans and Candida
dubliniensis colonize the periodontal pockets. Med. Mycol. 2008, 46, 783–793. [CrossRef] [PubMed]

201. Sztukowska, M.N.; Dutton, L.C.; Delaney, C.; Ramsdale, M.; Ramage, G.; Jenkinson, H.F.; Nobbs, A.H.;
Lamont, R.J. Community Development between Porphyromonas gingivalis and Candida albicans mediated
by InlJ and Als3. mBio 2018, 9, e00202-18. [CrossRef] [PubMed]

202. Bartnicka, D.; Karkowska-Kuleta, J.; Zawrotniak, M.; Satala, D.; Michalik, K.; Zielinska, G.; Bochenska, O.;
Kozik, A.; Ciaston, I.; Koziel, J. Adhesive protein-mediated cross-talk between Candida albicans and
Porphyromonas gingivalis in dual species biofilm protects the anaerobic bacterium in unfavorable oxic
environment. Sci. Rep. 2019, 9, 4376. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0022034515592859
http://www.ncbi.nlm.nih.gov/pubmed/26138722
http://dx.doi.org/10.1371/journal.ppat.1006407
http://dx.doi.org/10.1093/femspd/ftw002
http://dx.doi.org/10.1111/cmi.12216
http://dx.doi.org/10.1093/infdis/jiw201
http://dx.doi.org/10.1080/21505594.2017.1326438
http://dx.doi.org/10.1099/mic.0.083378-0
http://www.ncbi.nlm.nih.gov/pubmed/25332379
http://dx.doi.org/10.1128/EC.00103-10
http://www.ncbi.nlm.nih.gov/pubmed/20709785
http://dx.doi.org/10.1128/IAI.64.11.4680-4685.1996
http://www.ncbi.nlm.nih.gov/pubmed/8890225
http://dx.doi.org/10.3390/jof4020066
http://www.ncbi.nlm.nih.gov/pubmed/29866990
http://dx.doi.org/10.7717/peerj.7870
http://www.ncbi.nlm.nih.gov/pubmed/31616604
http://dx.doi.org/10.1016/S0140-6736(05)67728-8
http://dx.doi.org/10.1371/journal.ppat.1004952
http://dx.doi.org/10.1111/j.1600-0757.2006.00190.x
http://dx.doi.org/10.1128/JCM.39.12.4520-4522.2001
http://dx.doi.org/10.1016/j.archoralbio.2006.02.005
http://dx.doi.org/10.1080/13693780802060899
http://www.ncbi.nlm.nih.gov/pubmed/18608938
http://dx.doi.org/10.1128/mBio.00202-18
http://www.ncbi.nlm.nih.gov/pubmed/29691333
http://dx.doi.org/10.1038/s41598-019-40771-8
http://www.ncbi.nlm.nih.gov/pubmed/30867500


J. Fungi 2020, 6, 15 26 of 28

203. Grimaudo, N.J.; Nesbitt, W.; Clark, W. Coaggregation of Candida albicans with oral Actinomyces species.
Oral Microbiol. Immunol. 1996, 11, 59–61. [CrossRef]

204. Jabra-Rizk, M.A.; Falkler, W.A., Jr.; Merz, W.G.; Kelley, J.I.; Baqui, A.A.M.A.; Meiller, T.F. Coaggregation of
Candida dubliniensis with Fusobacterium nucleatum. J. Clin. Microbiol. 1999, 37, 1464–1468. [CrossRef]

205. Wu, T.; Cen, L.; Kaplan, C.; Zhou, X.; Lux, R.; Shi, W.; He, X. Cellular Components Mediating Coadherence of
Candida albicans and Fusobacterium nucleatum. J. Dent. Res. Dent. Clin. Dent. Prospects 2015, 94, 1432–1438.
[CrossRef]

206. Bor, B.; Cen, L.; Agnello, M.; Shi, W.; He, X. Morphological and physiological changes induced by
contact-dependent interaction between Candida albicans and Fusobacterium nucleatum. Sci. Rep. 2016, 6,
27956. [CrossRef]

207. Peters, B.; Jabra-Rizk, M.; Scheper, M.; Leid, J.; Costerton, J.; Shirtliff, M. Microbial interactions and differential
protein expression in Staphylococcus aureus and Candida albicans dual-species biofilms. FEMS Immun.
Med. Microbiol. 2010, 59, 493–503. [CrossRef]

208. Vila, T.; Kong, E.F.; Ibrahim, A.; Piepenbrink, K.; Shetty, A.C.; McCracken, C.; Bruno, V.; Jabra-Rizk, M.A.
Candida albicans quorum sensing molecule farnesol modulates staphyloxanthin production and activates
the thiol-based oxidative-stress response in Staphylococcus aureus. Virulence 2019, 10, 625–642. [CrossRef]

209. Kong, E.; Johnson, J.; Jabra-Rizk, M. Community-associated methicillin-resistant Staphylococcus aureus: An
enemy amidst us. PLoS Pathog. 2016, 12, e1005837. [CrossRef]

210. Kong, E.; Tsui, C.; Kucharíková, S.; Andes, D.; Van Dijck, P.; Jabra-Rizk, M.A. Commensal protection of
Staphylococcus aureus against antimicrobials by Candida albicans biofilm matrix. mBio 2016, 7, e01365-16.
[CrossRef] [PubMed]

211. Kong, E.F.; Tsui, C.; Kucharíková, S.; Van Dijck, P.; Jabra-Rizk, M.A. Modulation of Staphylococcus
aureus response to antimicrobials by the Candida albicans quorum sensing molecule farnesol.
Antimicrob. Agents Chemother. 2017, 61, e01573-17. [CrossRef] [PubMed]

212. Smith, A.J.; Jackson, M.S.; Bagg, J. The ecology of Staphylococcus species in the oral cavity. J. Med. Microbiol.
2001, 50, 940–946. [CrossRef] [PubMed]

213. Baena-Monroy, T.; Moreno-Maldonado, V.; Franco-Martinez, F.; Aldape-Barrios, B.; Quindos, G.; Sanchez, V.;
Luis, O. Candida albicas, Staphylococcus aureus and Streptococcus mutans colonization in patients wearing dental
prosthesis. Med. Oral Patol. Oral Cir. Bucal 2005, 10, E27–E39. [PubMed]

214. Tawara, Y.; Honma, K.; Naito, Y. Methicillin-resistant Staphylococcus aureus and Candida albicans on denture
surfaces. Bull. Tokyo Dent. Coll. 1996, 37, 119–128.

215. Cuesta, A.I.; Jewtuchowicz, V.; Brusca, M.I.; Nastri, M.L.; Rosa, A.C. Prevalence of Staphylococcus spp. and
Candida spp in the oral cavity and periodontal pockets of periodontal disease patients. Acta Odontol. Latinoam.
2010, 23, 20–26. [PubMed]

216. Schlecht, L.; Peters, B.; Krom, B.; Hänsch, G.; Filler, S.; Jabra-Rizk, M.; Shirtliff, M. Systemic Staphylococcus
aureus infection mediated by Candida albicans hyphal invasion of mucosal tissue. Microbiology 2015, 161,
168–181. [CrossRef]

217. Kong, E.; Kucharíková, S.; Van Dijck, P.; Peters, B.; Shirtliff, M.; Jabra-Rizk, M. Clinical implications of oral
candidiasis: Host tissue damage and disseminated bacterial disease. Infect. Immun. 2015, 83, 604–613.
[CrossRef]

218. Szabo, E.K.; MacCallum, D.M. The contribution of mouse models to our understanding of systemic candidiasis.
FEMS Microbiol. Lett. 2011, 320, 1–8. [CrossRef]

219. Kong, E.; Tsui, C.; Boyce, H.; Ibrahim, A.; Hoag, S.; Karlsson, A.; Meiller, T.; Jabra-Rizk, M. Development
and in vivo evaluation of a novel histatin-5 bioadhesive hydrogel formulation against oral candidiasis.
Antimicrob. Agents Chemother. 2015, 60, 881–889. [CrossRef]

220. Segal, E.; Frenkel, M. Experimental in vivo models of candidiasis. J. Fungi 2018, 4, 21. [CrossRef] [PubMed]
221. Naglik, J.R.; Fidel, P.L.; Odds, F.C. Animal models of mucosal Candida infection. FEMS Microbiol. Lett. 2008,

283, 129–139. [CrossRef] [PubMed]
222. Conti, H.R.; Huppler, A.R.; Whibley, N.; Gaffen, S.L. Animal models for candidiasis. Curr. Protoc. Immunol.

2014, 105. [CrossRef] [PubMed]
223. Costa, A.; Pereira, C.A.; Junqueira, J.C.; Jorge, A.O.C. Recent mouse and rat methods for the study of

experimental oral candidiasis. Virulence 2013, 4, 391–399. [CrossRef]
224. Solis, N.V.; Filler, S.G. Mouse model of oropharyngeal candidiasis. Nat. Prot. 2012, 7, 637–642. [CrossRef]

http://dx.doi.org/10.1111/j.1399-302X.1996.tb00337.x
http://dx.doi.org/10.1128/JCM.37.5.1464-1468.1999
http://dx.doi.org/10.1177/0022034515593706
http://dx.doi.org/10.1038/srep27956
http://dx.doi.org/10.1111/j.1574-695X.2010.00710.x
http://dx.doi.org/10.1080/21505594.2019.1635418
http://dx.doi.org/10.1371/journal.ppat.1005837
http://dx.doi.org/10.1128/mBio.01365-16
http://www.ncbi.nlm.nih.gov/pubmed/27729510
http://dx.doi.org/10.1128/AAC.01573-17
http://www.ncbi.nlm.nih.gov/pubmed/28893777
http://dx.doi.org/10.1099/0022-1317-50-11-940
http://www.ncbi.nlm.nih.gov/pubmed/11699589
http://www.ncbi.nlm.nih.gov/pubmed/15800465
http://www.ncbi.nlm.nih.gov/pubmed/20645638
http://dx.doi.org/10.1099/mic.0.083485-0
http://dx.doi.org/10.1128/IAI.02843-14
http://dx.doi.org/10.1111/j.1574-6968.2011.02262.x
http://dx.doi.org/10.1128/AAC.02624-15
http://dx.doi.org/10.3390/jof4010021
http://www.ncbi.nlm.nih.gov/pubmed/29415485
http://dx.doi.org/10.1111/j.1574-6968.2008.01160.x
http://www.ncbi.nlm.nih.gov/pubmed/18422625
http://dx.doi.org/10.1002/0471142735.im1906s105
http://www.ncbi.nlm.nih.gov/pubmed/24700323
http://dx.doi.org/10.4161/viru.25199
http://dx.doi.org/10.1038/nprot.2012.011


J. Fungi 2020, 6, 15 27 of 28

225. Mosci, P.; Pericolini, E.; Gabrielli, E.; Kenno, S.; Perito, S.; Bistoni, F.; d’Enfert, C.; Vecchiarelli, A. A novel
bioluminescence mouse model for monitoring oropharyngeal candidiasis in mice. Virulence 2013, 4, 250–254.
[CrossRef]

226. de Repentigny, L.; Aumont, F.; Ripeau, J.S.; Fiorillo, M.; Kay, D.G.; Hanna, Z.; Jolicoeur, P. Mucosal candidiasis
in transgenic mice expressing human immunodeficiency virus Type 1. J. Infect. Dis. 2002, 185, 1103–1114.
[CrossRef]

227. de Repentigny, L.; Goupil, M.; Jolicoeur, P. Oropharyngeal candidiasis in HIV infection: Analysis of impaired
mucosal immune response to Candida albicans in mice expressing the HIV-1 transgene. Pathogens 2015, 4,
406–421. [CrossRef]

228. Budtz-Jorgensen, E. Denture stomatitis. IV. An experimental model in monkeys. Acta Odontol. Scand. 1971,
29, 513–526. [CrossRef]

229. Johnson, C.C.; Yu, A.; Lee, H.; Fidel, P.L.J.; Noverr, M.C. Development of a contemporary animal model of
Candida albicans-associated denture stomatitisusing a novel intraoral denture system. Infect. Immun. 2012,
80, 1736–1743. [CrossRef]

230. Tobouti, P.L.; Casaroto, A.R.; de Almeida, R.S.; de Paula Ramos, S.; Dionísio, T.J.; Porto, V.C.; Santos, C.F.;
Lara, V.S. Expression of secreted aspartyl proteinases in an experimental model of Candida albicans-associated
denture stomatitis. J. Prosthodont. 2016, 25, 127–134. [CrossRef] [PubMed]

231. Hotta, J.; Cral, W.G.; Sakima, V.T.; Lara, V.S.; Urban, V.M.; Neppelenbroek, K.H. Intraoral device for optimal
antifungal delivery in a rat model. Curr. Drug Deliv. 2017, 14, 658–667. [CrossRef] [PubMed]

232. Yano, J.; Yu, A.; Fidel, P.L.J.; Noverr, M.C. Candida glabrata has no enhancing role in the pathogenesis of
Candida-associated denture stomatitis in a rat model. mSphere 2019, 4, e00191-19. [CrossRef] [PubMed]

233. Tobudic, S.; Kratzer, C.; Lassnigg, A.; Presterl, E. Antifungal susceptibility of Candida albicans in biofilms.
Mycoses 2012, 55, 199–204. [CrossRef] [PubMed]

234. Nobile, C.J.; Johnson, A.D. Candida albicans biofilms and human disease. Annu. Rev. Microbiol. 2015, 69,
71–92. [CrossRef]

235. Spampinato, C.; Leonardi, D. Candida infections, causes, targets, and resistance mechanisms: Traditional
and alternative antifungal agents. Biomed Res. Int. 2013, 2013, 204–237. [CrossRef]

236. Pappas, P.G.; Kauffman, C.A.; Andes, D.; Benjamin, D.K.J.; Calandra, T.F.; Edwards, J.E.J.; Filler, S.G.;
Fisher, J.F.; Kullberg, B.J.; Ostrosky-Zeichner, L.; et al. Clinical practice guidelines for the management of
candidiasis: 2009 update by the Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 48, 503–535.
[CrossRef]

237. Pierce, C.G.; Lopez-Ribot, J.L. Candidiasis drug discovery and development: New approaches targeting
virulence for discovering and identifying new drugs. Expert Opin. Drug Discov. 2013, 8, 1117–1126. [CrossRef]

238. Arendrup, M.C.; Perlin, D.S. Echinocandin resistance: An emerging clinical problem? Curr. Opin. Infect. Dis.
2014, 27, 484–492. [CrossRef]

239. Pristov, K.E.; Ghannoum, M.A. Resistance of Candida to azoles and echinocandins worldwide.
Clin. Microbiol. Infect. 2019, 25, 792–798. [CrossRef]

240. Vila, T.; Romo, J.A.; Pierce, C.G.; McHardy, S.F.; Saville, S.P.; Lopez-Ribot, J.L. Targeting Candida albicans
filamentation for antifungal drug development. Virulence 2017, 8, 150–158. [CrossRef] [PubMed]

241. Kuhn, D.M.; George, T.; Chandra, J.; Mukherjee, P.K.; Ghannoum, M.A. Antifungal susceptibility
of Candida biofilms: Unique efficacy of amphotericin B lipid formulations and echinocandins.
Antimicrob. Agents Chemother. 2002, 46, 1773–1780. [CrossRef]

242. Hornby, J.M.; Jensen, E.C.; Lisec, A.D.; Tasto, J.J.; Jahnke, B.; Shoemaker, R.; Dussault, P.; Nickerson, K.W.
Quorum sensing in the dimorphic fungus Candida albicans is mediated by farnesol. Appl. Environ. Microbiol.
2001, 67, 2982–2992. [CrossRef] [PubMed]

243. Shareck, J.; Belhumeur, P. Modulation of morphogenesis in Candida albicans by various small molecules.
Eukaryot. Cell 2011, 10, 1004–1012. [CrossRef] [PubMed]

244. Pierce, C.G.; Chaturvedi, A.K.; Lazzell, A.L.; Powell, A.T.; Saville, S.P.; McHardy, S.F.; Lopez-Ribot, J.L. A
novel small molecule inhibitor of Candida albicans biofilm formation, filamentation and virulence with low
potential for the development of resistance. NPJ Biofilms Microbiomes 2015, 1, 15012. [CrossRef]

245. Romo, J.A.; Pierce, C.G.; Chaturvedi, A.K.; Lazzell, A.L.; McHardy, S.F.; Saville, S.P.; Lopez-Ribot, J.L.
Development of anti-virulence approaches for candidiasis via a novel series of small-molecule inhibitors of
Candida albicans filamentation. mBio 2017, 8, e01991-17. [CrossRef]

http://dx.doi.org/10.4161/viru.23529
http://dx.doi.org/10.1086/340036
http://dx.doi.org/10.3390/pathogens4020406
http://dx.doi.org/10.3109/00016357109026330
http://dx.doi.org/10.1128/IAI.00019-12
http://dx.doi.org/10.1111/jopr.12285
http://www.ncbi.nlm.nih.gov/pubmed/25857681
http://dx.doi.org/10.2174/1567201813666161013122115
http://www.ncbi.nlm.nih.gov/pubmed/27739378
http://dx.doi.org/10.1128/mSphere.00191-19
http://www.ncbi.nlm.nih.gov/pubmed/30944214
http://dx.doi.org/10.1111/j.1439-0507.2011.02076.x
http://www.ncbi.nlm.nih.gov/pubmed/21793943
http://dx.doi.org/10.1146/annurev-micro-091014-104330
http://dx.doi.org/10.1155/2013/204237
http://dx.doi.org/10.1086/596757
http://dx.doi.org/10.1517/17460441.2013.807245
http://dx.doi.org/10.1097/QCO.0000000000000111
http://dx.doi.org/10.1016/j.cmi.2019.03.028
http://dx.doi.org/10.1080/21505594.2016.1197444
http://www.ncbi.nlm.nih.gov/pubmed/27268130
http://dx.doi.org/10.1128/AAC.46.6.1773-1780.2002
http://dx.doi.org/10.1128/AEM.67.7.2982-2992.2001
http://www.ncbi.nlm.nih.gov/pubmed/11425711
http://dx.doi.org/10.1128/EC.05030-11
http://www.ncbi.nlm.nih.gov/pubmed/21642508
http://dx.doi.org/10.1038/npjbiofilms.2015.12
http://dx.doi.org/10.1128/mBio.01991-17


J. Fungi 2020, 6, 15 28 of 28

246. Romo, J.A.; Zhang, H.; Cai, H.; Kadosh, D.; Koehler, J.R.; Saville, S.P.; Wang, Y.; Lopez-Ribot, J.L. Global
transcriptomic analysis of the Candida albicans response to treatment with a novel inhibitor of filamentation.
mSphere 2019, 4, e00620-19. [CrossRef]

247. Chandra, J.; Ghannoum, M.A. CD101, a novel echinocandin, possesses potent antibiofilm activity against
early and mature Candida albicans biofilms. Antimicrob. Agents Chemother. 2018, 62, e01750-17. [CrossRef]

248. Lepak, A.J.; Zhao, M.; Van Scoy, B.; Ambrose, P.G.; Andes, D.R. Pharmacodynamics of a long-acting
echinocandin, CD101, in a neutropenic invasive-candidiasis murine model using an extended-interval dosing
design. Antimicrob. Agents Chemother. 2018, 62, e02154-17. [CrossRef]

249. Zhao, M.; Lepak, A.J.; Van Scoy, B.; Bader, J.C.; Marchillo, K.; Vanhecker, J.; Ambrose, P.G.; Andes, D.R. In vivo
pharmacokinetics and pharmacodynamics of APX001 against Candida spp. in a neutropenic disseminated
candidiasis mouse model. Antimicrob. Agents Chemother. 2018, 62, e02542-17. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/mSphere.00620-19
http://dx.doi.org/10.1128/AAC.01750-17
http://dx.doi.org/10.1128/AAC.02154-17
http://dx.doi.org/10.1128/AAC.02542-17
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Candida and Candidiasis Etymology and Historical Perspective 
	Candida albicans: An Opportunistic Pathogen 

	Clinical Manifestations of Oral Candidiasis 
	Acute Manifestations of Oral Candidiasis 
	Acute Pseudomembranous Candidiasis 
	Acute Erythematous Candidiasis 

	Chronic Manifestations of Oral Candidiasis 
	Chronic Erythematous Atrophic Candidiasis 
	Angular Cheilitis 
	Cheilocandidiasis 
	Chronic Hyperplastic Candidiasis 
	Median Rhomboid Glossitis 

	Chronic Mucocutaneous Candidiasis Syndromes 

	Predisposing Factors to Oral Candidiasis 
	Local Factors 
	Salivary Hypofunction 
	Denture Wearing 
	Topical Corticosteroid Therapy 
	Smoking 

	Systemic Factors 
	Age-Related Immunosenescence 
	Broad-Spectrum Antibiotics 
	HIV Infection and AIDS 
	Systemic Immunocompromise 
	Nutritional Deficiencies 


	Host Immune Response 
	Candida albicans–Bacterial Interactions in the Oral Cavity 
	Animal Models 
	Mouse Model of Oropharyngeal Candidiasis 
	Rat Model of Denture Stomatitis 

	New Approaches in Antifungal Drug Discovery Anti-Virulence Drugs 
	Concluding Remarks 
	References

