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Oral fungal infections have afflicted humans for millennia. Hippocrates (ca. 460-370 BCE) described two cases of oral aphthae associated with severe underlying diseases that could well have been oral candidiasis. While oral infections caused by other fungi such as cryptococcosis, aspergillosis, mucormycosis, histoplasmosis, blastomycosis, and coccidioidomycosis occur infrequently, oral candidiasis came to the fore during the AIDS epidemic as a sentinel opportunistic infection signaling the transition from HIV infection to AIDS. The incidence of candidiasis in immunocompromised AIDS patients highlighted the importance of host defenses in preventing oral fungal infections. A greater understanding of the nuances of human immune systems has revealed that mucosal immunity in the mouth delivers a unique response to fungal pathogens. Oral fungal infection does not depend solely on the fungus and the host, however, and attention has now focussed on interactions with other members of the oral microbiome. It is evident that there is inter-kingdom signaling that affects microbial pathogenicity. The last decade has seen significant advances in the rapid qualitative and quantitative analysis of oral microbiomes and in the simultaneous quantification of immune cells and cytokines. The time is ripe for the application of machine learning and artificial intelligence to integrate more refined analyses of oral microbiome composition (including fungi, bacteria, archaea, protozoa and viruses—including SARS-CoV-2 that causes COVID-19). This analysis should incorporate the quantification of immune cells, cytokines, and microbial cell signaling molecules with signs of oral fungal infections in order to better diagnose and predict susceptibility to oral fungal disease.

Keywords: candidiasis, microbiome, mycobiome, artificial intelligence, machine learning, mucormycosis, COVID-19, SARS-CoV-2


INTRODUCTION

The oral cavity is a unique ecological niche for microbial colonization. It is an entry portal for the human body through which air, solids, and liquids pass. It provides a variety of surfaces for colonization ranging from the hard non-shedding surfaces of teeth to desquamating keratinized and non-keratinized epithelia. Some individuals have dental appliances which introduce acrylic, polyurethane, ceramic and metal alloy surfaces, that are also colonized. The surfaces in the mouth are kept warm and moist by the constant flow of saliva across them. It is not surprising, therefore, that the human oral cavity supports a complex and dynamic microbiota [1–3]. In general, this microbiota is non-pathogenic and may indeed prevent colonization by overtly pathogenic microorganisms. If the balance of the microorganisms is perturbed by microbial dysbiosis, however, disease and tissue damage and can occur—caused by bacteria, archaea, fungi, or viruses.

Fungi are a minor component of the oral microbiota [4], but can nevertheless cause considerable morbidity [5]. The main cause of oral fungal infections are Candida species, less common fungal infections with oral manifestations include mucormycosis, aspergillosis, blastomycosis, histoplasmosis, cryptococcosis, and coccidioidomycosis [5]. To treat oral infections effectively it is important to understand their cause. While visual inspection of disease signs may give an indication of microbial etiology, correct treatment requires knowledge of what is causing the disease, and how. Methods for analyzing microorganisms present in the mouth have evolved rapidly over recent decades with the switch from culturing to DNA detection and sequencing [6].

Having identified possible culprits for oral disease, researchers have tried to ascribe pathogenesis to virulence factors. For example, the tissue degrading enzymes of Candida albicans [7, 8] or its cytotoxic molecules [9] have been well-studied. It became apparent, however, that pathogenesis of oral fungal infections depends on host defenses as well as fungal properties [10]. Furthermore, disease may not be caused by a single fungal strain, but may involve the concerted action of several species responding to inter-species communication and the host environment [11].

With continuing changes in the causes of immune compromise and increasing prevalence of co-morbidities there is a need to be able to detect, treat, and preferably prevent oral fungal diseases. This mini-review will chart progress in understanding the etiology of oral fungal diseases, comment on the current state of research, and identify areas for future study.



ORAL FUNGAL INFECTIONS—PAST: DISEASE ETIOLOGY, HOST COLONIZATION AND FUNGAL VIRULENCE

Fungi are likely to have colonized humans, and caused oral infections, for millennia. Frank Odds, in his monograph on Candida and candidosis [12], notes that Hippocrates (ca. 460-370 BCE) reports two cases of oral aphthae in his medical work Epidemics that could well have been oral candidiasis. It was not until 1839, however, that the fungus causing candidiasis was described by Langenbeck [12]. While other fungi cause oral infections rarely, oral candidiasis came to the fore during the AIDS epidemic of the 1980s as a sentinel opportunistic infection signaling the transition from HIV infection to AIDS [13, 14]. Oral candidiasis has a range of presentations from creamy white plaques to red inflamed mucosae [15] and diagnosis is supported by culturing on selective agar. Presumptive identification can be achieved using selective chromogenic agar such as CHROMagar Candida [16], with more definitive identification from rDNA [internal transcribed spacer (ITS) [17]] sequencing or matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry analysis which is used in clinical diagnostic laboratories [18].

The ability to identify fungi associated with oral lesions led to studies of fungal colonization and virulence, primarily focussed on C. albicans and other Candida species. Adherence is the first step in colonization [19] and the adherence of C. albicans cells to a variety of substrates, including buccal cells [20] and dental acrylic [21], has been investigated. Early studies investigated the adherence of yeast cells to surfaces in vitro in the presence of a buffer. Later refinements investigated the role of saliva in adherence to epithelial cells [22], hydroxyapatite [23], and to oral bacteria [24] to relate assays more closely to the in vivo situation. There has also been considerable research into how fungi might cause oral disease, and for Candida species this has involved studying virulence factors such as secreted aspartyl proteinases [7, 25], phospholipases [26], hyphal formation [27], and the toxin candidalysin [9].

The investigation of the etiology of oral microbial disease has evolved from a reductionist approach, applying the 19th century germ theory of disease in order to identify individual microorganisms responsible for oral diseases, to a holistic approach of examining all the interactions that occur in the oral cavity.



ORAL FUNGAL INFECTIONS—PRESENT: MICROBIOME COMPLEXITY AND IMMUNE INTERACTIONS

Rapid advances have been made in the last two decades in the analysis of microorganisms inhabiting humans and causing disease, including oral disease. This has been stimulated by the National Institutes of Health-initiated human microbiome project (2007–2016) [6]. Early studies analyzed oral microbiota using DNA-DNA checkerboard hybridization [28]. This technique has the limitation of measuring the abundance of only about 40 microorganisms per sample, and although mainly focussed on oral bacteria, some studies investigated the presence of fungi [29, 30]. The advent of high-throughput DNA sequencing technologies has enabled the analysis of entire microbiomes from oral samples. DNA is extracted from the samples and either rDNA is amplified and sequenced or the DNA is fragmented and it is sequenced in its entirety (metagenomic whole genome sequencing). Amplification and sequencing of bacterial 16S rRNA genes has enabled the identification of hundreds of bacterial taxa from oral samples [31]. Such analyses, however, only detect bacteria, fungal analysis requires the amplification and sequencing of the internal transcribed spacer (ITS) between fungal rRNA genes [17]. This has allowed the description of fungi in oral samples, termed the “mycobiome” [32, 33]. Such studies have reported the fungi present in healthy individuals [32] and those associated with diseases such as caries [34] and periodontitis [35]. DNA sequencing of panels of housekeeping genes enables fungi to be identified to the level of strain types which can be used to study the epidemiology of strain distribution and microevolution of fungal strains within a host [36, 37].

The sensitivity of the DNA sequencing methods has revealed the diversity of microorganisms, including fungi, present in the oral cavity, however this approach is not without its limitations. It generates a massive amount of data that have to be filtered for accuracy and are challenging to analyse. The sensitivity, and low levels of detection of some fungi, raises the question of whether certain fungi detected are transients—present in food, drink or air and are simply passing through the oral cavity—or actual commensals or pathogens [38, 39]. Also, the representation of the mycobiome can be influenced by the ability of the methods used to release DNA from different fungi [38]. Bearing these limitations in mind, mycobiome analyses have confirmed earlier studies using culture methods that the Candida genus predominated in oral samples [32–35, 38]. Interestingly however, other fungal genera are also commonly found including Aspergillus, Malassezia, Cladosporium, Aureobasidium, Saccharomyces, Fusarium, Cryptococcus, Penicillium, Schizophyllum, Rhodotorula, and Gibberella [32, 35, 40]. It is of note that several of those genera contain species pathogenic for humans and aspergillosis and cryptococcosis can, albeit rarely, cause oral lesions [5]. It has been proposed that there are two ecologically distinct salivary “mycotypes” one where Candida (and most commonly C. albicans) predominate and the other where Malassezia predominate [40]. The Candida mycotype showed lower fungal diversity and was associated with cancer and caries, and was also associated with a lower diversity of bacterial communities [40].

Analyzing the mycobiome in parallel with the bacterial microbiome will help investigate synergism and antagonism between species which may consequently promote or prevent oral disease. Indeed, it is well-recognized that there are physical and chemical interactions between fungi and bacteria [41]. Physical adherence interactions between fungi such as C. albicans and early bacterial colonizers of oral surfaces such as Streptococcus gordonii [42, 43], often mediated by saliva molecules [24], can enable fungi to colonize the mouth. Mutualistic relationships occur between C. albicans and a range of mitis group streptococci including S. gordonii, Streptococcus oralis, Streptococcus mitis, and Streptococcus sanguinis [44, 45]. Not only does C. albicans promote formation of bacterial biofilms of mitis Streptococcus species on titanium surfaces, but mitis streptococci upregulate expression of the C. albicans EFG1 and HWP1 hypha-associated genes and ALS1 and ALS3 adhesin genes [44, 45]. C. albicans coaggregates with other oral bacteria including Porphyromonas gingivalis [46] and Streptococcus mutans [47] and by doing so, the metabolic products of the fungus might promote periodontitis and caries, respectively. In polymicrobial biofilms, microbial cross-feeding can occur with the product of one species promoting the growth of another, as demonstrated by increased biofilm growth when C. albicans and S. mutans are co-cultured [48, 49]. There are also antagonistic interactions between C. albicans and oral bacteria. Lactobacillus species such as Lactobacillus plantarum and Lactobacillus helveticus secrete substances that modulate C. albicans gene expression and inhibit biofilm formation [50, 51]. This has led researchers to suggest that lactobacilli can be used as probiotics to prevent oral candidiasis [50]. Cross-kingdom chemical signaling often involves quorum sensing molecules such as farnesol from C. albicans and autoinducer-2 (AI-2) from oral bacteria [41, 48]. Farnesol inhibits C. albicans hyphal formation [52], but AI-2 from S. gordonii relieves this repression thus promoting hyphal formation [42]—a virulence factor for the fungus. In contrast, the S. mutans quorum sensing molecule competence-stimulating peptide (CSP) inhibits C. albicans hypha formation [53]. Thus, chemical communication between fungi and bacteria can potentially promote or inhibit pathogenesis.

The prominence of oropharyngeal candidiasis in HIV/AIDS patients in the 1980s indicated the central role of the host immune system in preventing oral fungal infections. This is also evidenced by increased oral candidiasis in the very young, the elderly, and other individuals who are immunocompromised. There has been considerable research into the host's immune response to fungi such as C. albicans which has revealed complex interactions that vary according to the body site [11]. Components of both the innate and adaptive immune response help prevent oral fungal infections. Innate defenses in the oral cavity include saliva production which both flushes microorganisms from the oral cavity and delivers antifungal compounds such as histatins and antibodies, including secretory IgA. Evidence for the importance of saliva production comes from the increased prevalence of oral candidiasis in people with salivary gland hypofunction, or dry mouth (xerostomia) [54]. Another important component of the innate immune response is the recognition, and response, by oral epithelial cells to fungi [11]. Epithelial cells use pattern recognition receptors (PRRs) such as EphA2 to recognize fungal β-glucans [55]. EphA2 activates MAPK and STAT3 pathways and induces epithelial cells to secrete inflammatory cytokines and antimicrobial peptides (AMPs). The C. albicans peptide candidalysin can activate the epidermal growth factor receptor of epithelial cells [56] and damage the cells. This damage triggers the release of the alarmin interleukin-1α (IL-1α) which induces a neutrophil response to C. albicans via pro-inflammatory cytokine signaling [57]. The cytokines and chemokines IL-1β, IL-6, IL-8, granulocyte colony-stimulating factor (G-CSF), tumor necrosis factor (TNF), and IL-36 are subsequently produced by epithelial cells [58, 59]. IL-8 is a key driver of neutrophil chemotaxis and activation, resulting in their attraction to the site of infection. Although fungal infection generates an inflammatory response, fungi can regulate this response by inducing a subset of neutrophilic myeloid-derived suppressor cells (MDSCs) [60] that functionally suppress T- and NK-cell responses, in a species-specific fashion [61].

There is also an adaptive response to fungal pathogens which is important for generating antibodies and long-term protection [11]. The adaptive response involves antibody production by B-cells and support for mucosal innate responses through T-helper (Th) cells. Th1 and Th17 cells promote phagocytosis of fungal cells through the release of the inflammatory cytokines interferon-γ (INF-γ) and IL-17A/F, respectively [11]. The protective role of IL-17 is evidenced by uncontrolled fungal growth on mucosal surfaces in individuals with defects in Th17 cells and IL-17 signaling [62]. The Th17 cells produce IL-17A, IL-17F, and IL-22 which primarily act on epithelial cells and control the expression of genes involved in antimicrobial defense and tissue repair [63]. Although a major source of IL-17 is conventional Th17 cells, multiple innate lymphocyte subsets produce the cytokine during the early stages of infection [64]. In oropharyngeal candidiasis, for example, innate oral-resident γδ T-cells help control the infection [65]. There is also a neutrophil response to C. albicans in the oral mucosa which is coordinated by IL-1 [66]. It is evident that there are multiple immune components involved in protection of the oral cavity from fungal disease and that by monitoring PRR, immune cells, and cytokine expression it may be possible to predict susceptibility to infection.

The widespread use of azoles to treat AIDS patients with oropharyngeal candidiasis led to treatment failure due to C. albicans strains developing azole resistance, often due to the expression of efflux pumps [67, 68]. The use of azoles has also selected for increased prevalence of less susceptible Candida species such as Candida glabrata and Candida parapsilosis [69]. Recently, Candida auris has emerged as a multidrug-resistant fungal pathogen responsible for hospital outbreaks in many countries [70]. These trends highlight the increasing problem of fungal drug resistance and the limited therapeutic options to combat fungal infections.



ORAL FUNGAL INFECTIONS—FUTURE: IMMUNOSUPPRESSION, VIRUSES AND ARTIFICIAL INTELLIGENCE

The number of people who are immunocompromised is increasing and this is due to a range of factors. Notably, individuals are living longer and the ability to mount effective immune responses decreases with age. Also, the incidence of cancer is increasing; the global cancer burden is expected to be 28.4 million cases in 2040, a 47% rise from 2020 [71]. Cancer treatment frequently results in immunosuppression and consequently this increases the risk of fungal infections. Other medical conditions and their treatments can also result in immune suppression. For example, the use of immune suppressing glucocorticoids such as dexamethasone for the treatment of COVID-19 has led to increased incidence of mucormycosis, especially in India [72, 73]. Mucormycosis most commonly affects the nose, sinuses, eyes, and brain. A systematic review of post-COVID-19 fungal infections of the maxillofacial region has revealed that in addition to a large number of cases of candidiasis, there have been many reports of mucormycosis and aspergillosis [74]. This highlights the potential for increased incidence of a different spectrum of oral fungal infections if humans are subjected to different types of immune suppression.

The SARS-CoV-2 pandemic has highlighted several important issues of relevance to oral fungal infections: the oral cavity is continuous with the respiratory tract (nasal cavity and lungs), respiratory viruses pass through the oral cavity, and they are part of the oral microbiome. Thus, the interaction of viruses with other members of the oral microbiome, and the consequences for oral fungal disease need further investigation. While viruses are widely known to infect bacterial and mammalian cells, it is less well-known that viruses can infect fungi. Mycoviral nucleic acid can be detected in Aspergillus [75] and Fusarium [76] isolates—although to date attention has focussed on Fusarium species that infect plants. Analogous to the use of bacteriophages to treat bacterial infections, it has been proposed that mycoviruses could be used to treat fungal infections such as aspergillosis [77]. It is important to note that for this to be effective the virus must cause a lytic infection, and while some mycoviruses demonstrate a hypovirulence or killer phenotype, some induce hypervirulence which must be avoided [77]. It is also important to note that mammalian viruses such as SARS-CoV-2 [78], herpes viruses, cytomegalovirus, and Epstein-Barr virus are present in the oral cavity [79]. These viruses will affect the host immune system. SARS-CoV-2, for example, dysregulates the type I interferon response and increases expression of anti-inflammatory cytokine IL-1RA [80], which may make individuals more susceptible to fungal infections [81, 82].

The analysis of host-microbial interactions over the last forty years has become increasingly sophisticated (Figure 1). It has progressed form investigating the attributes of individual microorganisms in isolation to look at the interactions between multiple species and the effect of host factors such as saliva, host tissues, immune cells and signaling molecules. Inter-microbial interactions have focussed on the physical and chemical interactions between fungi and bacteria. These need to be extended to interactions with viruses, as indicated above, but also to include archaea [83], and protozoa [84]. The host response to fungi adds another layer of complexity. The adaptive response involves B-cells, T-cells and neutrophils and cytokine signaling between these cells and the epithelium. Analysis of how each of these factors affects fungal colonization and pathogenesis generates a large amount of complex data that can be difficult to interpret.


[image: Figure 1]
FIGURE 1. Increasing complexity in the analysis of oral fungal/microbial/host interactions. PRR, pattern recognition receptor; AMP, antimicrobial peptide. Figure created with BioRender.com.


Artificial intelligence (AI) is the use of machines to interrogate data and take actions that maximize the chance of achieving a particular objective. When applied to dentistry, AI can use machines to analyse data concerning the oral environment and diagnose a disease. AI can involve machine learning; employing complex algorithms to build a model based on sample data, in order to make predictions or diagnosis or treatment decisions without being explicitly programmed to do so [85]. A literature review of machine learning-based diagnosis and prognosis in clinical dentistry found reports of the use of machine learning algorithms in orthodontics, periodontics, oral medicine and maxillofacial surgery, forensic dentistry, endodontics and cariology [86]. Machine learning has been applied to bacterial microbiome data combined with demographic-environmental factors and fungal information to enable caries prediction in mother-child dyads [87]. The approach has also been used to integrate microbiome data with immune profiling to stratify peri-implantitis patients according to clinical outcomes [88]. There are exciting future prospects of incorporating a wider range of datasets in AI approaches to improve the diagnosis of, and predict risk from, oral fungal infections.



CONCLUSIONS

The analysis of host-microbe interactions has advanced markedly in the last forty years, but key questions remain concerning the ability to detect, diagnose, predict, prevent and treat oral fungal infections. In microbiome analyses, when is a microorganism transient and when has it established a stable population? How reliably is DNA extracted from the range of microorganisms in the oral cavity? Are all the relevant microorganisms being detected? How do co-infections affect the host immune response and disease progression? How can the array of different data obtained from the oral cavity be usefully analyzed? Can aspects of microbial/host interactions be exploited to develop novel therapeutic interventions?

It is evident that there are gaps in our knowledge, and exciting areas for future study. It is important to expand microbiome/mycobiome studies to include archaea, viruses, and protozoa. Nasal and respiratory microbiomes should be included in the analyses. An under-investigated topic is how viruses and fungi interact—this area of research will need to use relevant in vitro oral models. With increasing incidence of microbial diseases, such as COVID-19, it is important to investigate how fungal/bacterial and fungal/viral co-infections affect the host immune response and the effect this has on pathogenesis. A particularly profitable area of research would be to combine microbiome and immunological profiles using AI to diagnose and predict oral fungal disease. Finally, we need to use the increased knowledge of interactions between microorganisms and the host to devise new ways to combat oral fungal infections in order to overcome clinical problems caused by the paucity of antifungal agents and increasing antifungal resistance.
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