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Association between Oral Candida albicans and 
the Onset of Severe Early Childhood Caries

SPECIFIC AIMS

Early childhood caries (ECC), the single most common chronic childhood disease, disproportionately afflicts up to 72.7% of underprivileged preschool children in both developing and industrialized countries. This disease substantially and adversely impacts children, families, and public health systems. Dental caries is a communicable, biofilm(plaque)-dependent infectious disease. Traditional microbial risk markers for ECC include Streptococcus mutans and Lactobacillus species. In the past decade, however, clinical studies have also observed that Candida albicans is highly abundant in the oral cavity of children with ECC, together with S. mutans. 
Research has demonstrated that C. albicans displays cariogenic traits, in that it is acidogenic, aciduric, and capable of dissolving hydroxyapatite. In studies in a rodent caries model, it leads to more severe dental caries when combined with S. mutans. Previous studies have shown a unique adhesive interaction between C. albicans and S. mutans that is mediated by extracellular polysaccharides (EPS) and a synergistic microbial interaction that promotes bacterial and fungal infection. This interaction leads to cross-kingdom biofilms in vitro and in vivo. Furthermore, data from our cross-sectional study revealed that both children with severe ECC (S-ECC) and their biological mothers were highly infected with oral C. albicans, and the presence of the fungus was strongly associated with caries. Most of the strains in the mother/child pairs were genetically identical, suggesting vertical transmission of oral C. albicans from mothers to children with S-ECC.
Despite the emerging evidence of C. albicans associated with S-ECC, at least three major unanswered questions remain: 1) how is oral C. albicans acquired; 2) what is the cariogenic role of oral C. albicans in S-ECC, and 3) what is the association between C. albicans and S. mutans in risk for S-ECC. Our long-term goal is to elucidate the questions above. The immediate goal of this proposal is to investigate in a prospective cohort study the prevalence of oral carriage of C. albicans in infants at high risk for S-ECC and their mothers, the association between oral C. albicans carriage and onset of S-ECC, and interactions between oral C. albicans and S. mutans in early life. We will test the overarching hypotheses that oral colonization of C. albicans in infants with high risk for S-ECC is associated with their mother’s oral carriage of C. albicans, and is positively associated with the onset/severity of S-ECC and carriage of oral S. mutans. 
AIM 1. Evaluate the prevalence of C. albicans oral carriage in infants at high risk for S-ECC and their mothers. I will test the hypothesis that observed C. albicans oral colonization in infants is associated with the mother’s oral C. albicans carriage (vertical transmission). I will conduct a prospective study to: 
1a) Archive saliva and plaque samples (site-specific: sound and carious surfaces) from pregnant women in their 3rd trimester, and saliva and site-specific plaque samples (following tooth eruption) from their infants from birth to 2 years of age; detect C. albicans and S. mutans using culturing-dependent and -independent sequencing techniques; and determine the prevalence of oral C. albicans carriage.
1b) Compare the genetic relatedness of maternal and infant oral C. albicans, using restriction endonuclease analysis of the C. albicans genome.
1c) Examine oral C. albicans mucosal colonization sites in the mothers and infants. At the time of positive salivary detection of C. albicans, collect swab samples from cheek mucosa, labial mucosa, dorsal surface of tongue, hard palate, and tonsils.
AIM 2. Examine the association between C. albicans oral colonization in infants at high risk for S-ECC and the onset/severity of S-ECC. I will test the hypothesis that early oral colonization of C. albicans is positively associated with the onset/severity of S-ECC. I will conduct a prospective cohort study of the same mother/infant dyads in Aim 1, and follow the infants to the onset of S-ECC or to age 2, whichever occurs first.
AIM 3. Determine the association between oral carriage of C. albicans and S. mutans in infants (birth to 2 years). I will test the hypothesis that oral carriage of C. albicans and S. mutans is positively correlated during 2 stages of the early life of infants: before and after tooth eruption. Before tooth eruption, mucosal infection of C. albicans provides a binding site for S. mutans via the extracellular matrix, thereby contributing to the early oral colonization and enrichment of S. mutans. After tooth eruption, the binding interaction between C. albicans and S. mutans via EPS promotes the enrichment of both species in plaques, which potentially leads to increased risk for S-ECC. I will study the same cohort in Aim 1 to: 
3a) Analyze the correlation between salivary carriage of C. albicans and S. mutans before tooth eruption, and salivary/plaque carriage after tooth eruption. 
3b) Examine the adhesive interaction between C. albicans and S. mutans clinic isolates using EPS and microorganisms (species-specific) multi-components labeling technique under confocal microscope. 
The proposed translational, multidisciplinary cohort study will provide valuable training for me to become a clinician scientist, and equip me with skills to design and lead high quality translational research studies. The results will also potentially lead to a comprehensive understanding of the etiology and pathogenesis of S-ECC, and provide novel approaches to preventing and treating S-ECC that will be explored in a future R01 award.

EDITORIAL COMMENTS ON SPECIFIC AIMS: In ¶1, the PI briefly describes the severity and high incidence of ECC, thus stating the argument for importance. In ¶2, she proceeds to discuss the novelty of her study in relation to a number of investigations, including her own previous cross-sectional studies matching the oral biota of mothers and infants: they not only both had C. albicans, but the strains were genetically identical within dyads. This is a novel and critical finding for the proposed research.

In ¶3, the PI states the long-term goals of her research, in preparation for presenting the Specific Aims. Briefly, the three-part hypothesis for the proposed study is that mothers and infants share oral C. albicans infection, and infection with this fungus, in the context of shared carriage of the bacterium S. mutans, contributes to the severity and onset of S-ECC in the infants. This hypothesis sets up sequentially the 3 aims of the study.

Aim 1 uses a combination of in vitro and in vivo studies to evaluate the vertical transmission of C. albicans between mothers and infants. This aim reflects the PI’s credentials: not only a DDS degree, but also a PhD in Microbiology. Aim 2 moves the focus to the infants, proposing a longitudinal, prospective cohort study to test whether early colonization of infants with C. albicans is positively associated with later onset/severity of S-ECC. Aim 3 proceeds logically to add S. mutans to the investigation, evaluating infants’ salivary carriage of both C. albicans and S. mutans before and after tooth eruption. While presence before strengthens the argument for the infectious actions of the two organisms, presence after is consistent with continuing infection in infants with severe progressive disease. Aim 3b will use the collected oral samples for in vitro studies of adhesion between the two organisms.

The Aims section concludes by reiterating the PI’s need for further training in translational research (previously described in her Career Development Plan), and her goal to apply the finding from this proposal to her long-term career plan: to create novel interventions in future R01 studies to prevent and treat S-ECC. 

Collectively, all parts of this Specific Aims address the key information required of this part of a grant proposal (see Module 5, Sections 2b and 3d).  Also, note throughout the appropriate use of bold italics for emphasis, and clear formatting. The inclusion of an overarching hypothesis in addition to specific hypotheses in each aim is an excellent strategy that is consistent with  reviewers’ expectations.  

SIGNIFICANCE

Although largely preventable, early childhood caries (ECC) remains the most common chronic childhood disease, with nearly 1.8 billion new cases per year globally1-3. It afflicts approximately 37% of children aged 2-5 years in the US1, 2 and up to 73% of socially and economically disadvantaged preschool children in both developing and industrialized countries4. ECC is defined as the presence of ≥1 decayed, missing (due to caries), or filled tooth surfaces in primary teeth in a child 71 months of age or younger5. Severe ECC (S-ECC) occurs in children <3 years of age and in children 4-6 years of age with elevated caries scores5. The onset and progression of S-ECC is “rapid”, “aggressive” and “painful”. Untreated S-ECC often leads to higher risk of caries lesions in permanent teeth, diminished oral health-related quality of life, hospitalizations and emergency room visits due to systemic infection, and even death6, 7. Treating S-ECC frequently involves total oral rehabilitation (TOR) under general anesthesia8 with multiple tooth extractions and restorations/crowns, at a cost of nearly $7000 per child (2009-2011 data)9. However, the most frustrating reality is that children, even after extensive treatment, remain at high risk for recurrent caries. Almost 40% of children treated for S-ECC experience recurrent disease by the 6-month checkup post TOR10, 11, despite pharmacologic interventions, such as topical fluoride/antimicrobial applications and dietary counseling to alter caries-promoting feeding behaviors12, 13. Indeed, ECC/S-ECC is a public health crisis. In the US, more than 1.5 billion dollars per year is spent on treatment. Hence, more effective prediction and preventive strategies are critically needed. The significance of this proposed study is that it has the potential to predict S-ECC in infants before teeth erupt into the mouth and, ultimately, to move prevention research in a new direction.

EDITORIAL COMMENTS: In ¶1 of Significance, the PI sets up strong arguments for the importance of preventing S-ECC: high prevalence, symptom severity, impact on quality of life, effects on the health care system, and the high cost ($7000/child) for total oral rehabilitation (which in 40% of children fails to prevent future caries). These costs add up to a total cost of $1.5 billion/year for treatment. This discussion is rich in details that humanize the impact of S-ECC, and well as providing published factual data. This argument concludes with a statement of the novelty of a potential new methodology for caries prevention early in a child’s life. Hence the key arguments for importance and novelty are well covered. (See Module 5, Section 2.c.1. Significance).

Note here and throughout this Significance section the skillful use of paragraph headers to guide the reader, and emphasis points (bold+italics) to assure that key points are noticed and read with care. 

Scientific premise and hypothesis: As dental caries is a biofilm (plaque)-dependent infectious disease14, 15, we believe that preventive strategies that focus on oral microorganisms, e.g., risk marker identification, are particularly promising. Although a number of factors such as sugar intake, salivary function, and oral hygiene behavior contribute, caries is primarily the product of an orchestrated sequence of microbiological events that occur on tooth surfaces16, 17. While Streptococcus mutans and Lactobacillus species have traditionally been considered the prime microbial risk markers and preventive targets for S-ECC18-24, recent research on the role of Candida species in S-ECC and its synergistic interaction with S. mutans (a well-known culprit for caries), has shed new light on potential fungus-focused approaches to early prediction and subsequent prevention of ECC/S-ECC. The presence of Candida species in the oral cavity is usually found to be positively correlated with poor oral hygiene and high carbohydrate intake25. The following evidence supports its potential cariogenic role: 1) Candida species (especially C. albicans) have often been detected at higher levels in the oral cavity of children with S-ECC, compared to caries free children24, 26-33, and they are positively correlated with caries severity34. In a recent meta-analysis, we showed that children with oral C. albicans presented with >5 times greater odds of having ECC than children without this yeast strain. 2) Our cross-sectional study34 reported that the oral C. albicans carriage is also positively correlated with S. mutans carriage, and modulates the oral microbiota in children with S-ECC. 3) Laboratory findings have added plausible biological evidence of the cariogenic traits of C. albicans. It is: a) acidogenic and aciduric 35, 36; b) capable of dissolving the major tooth component, hydroxyapatite, at an approximately 20-fold rate higher than S. mutans37; c) able to increase S. mutans cells in biofilms through a unique C. albicans-S. mutans adhesive interaction38, 39 that is mediated by extracellular polysaccharides (EPS) formation8, 38-42; and d) capable of causing more severe caries when co-infected with S. mutans in a rodent model38. Although researchers43 proposed in the late 1980s that salivary Candida levels had better caries predictive power than salivary lactobacilli levels, the predictive power of oral candida species for caries initiation and progression has not been evaluated rigorously and such an association remains equivocal. Thus, we hypothesize that oral C. albicans could be used as a novel predictor for S-ECC in addition to the current bacterial markers. Mechanisms of its in vivo cariogenicity include synergistic interaction with S. mutans, and alterations in oral microbiota in early infancy. 

EDITORIAL COMMENTS: In the second section, the PI argues that in addition to well know factors such as diet and oral hygiene, the most promising preventive approach for S-ECC in young children should focus on the “orchestrated sequence of microbiological events that occur on tooth surfaces.” In particular, a newly recognized actor in these events, the fungus Candida albicans, has been correlated with several components of oral infection in children, especially when interacting with S. mutans. Extensive published data are described to support the role played by C. albicans in ECC, but its predictive power has yet to be rigorously documented. Hence the current proposal aims to test the hypothesis that C. albicans can become a novel predictor for S-ECC, especially in combination with S. mutans. 

Strength/weakness of supporting data: 1) Despite emerging evidence of C. albicans’ association with S-ECC, only descriptive cross-sectional studies have been performed24, 26-32. Our current KL2 study is examining maternal influence on early oral C. albicans colonization in a 64-infant cohort, but only until 6 months of age. Without observational cohort studies through the age of S-ECC onset (0-24 months), it remains unclear whether Candida detection can serve as a reliable risk factor for the development of S-ECC. 2) Although we have shown a strong correlation between C. albicans and S. mutans carriage in children with S-ECC in a cross-sectional study34, without a longitudinal prospective study, the order of events in this yeast-bacteria interaction is unknown. Moreover, we know that laboratory and clinical strains of C. albicans have different virulence characteristics. Until now, the C. albicans-S. mutans adhesive interaction has been observed only with laboratory strains. 3) Recent advances in our understanding of inter-kingdom communication have shown that bacterial interactions can be commensalistic or amensalistic with the surrounding fungal community38, 44-47. Our discovery that the presence of C. albicans influences the oral microbiota of children with S-ECC represents a new opportunity to search for therapeutic agents that guide the oral microbiota toward a homeostatic (or healthy) oral ecosystem in children with S-ECC or at high risk for S-ECC. Whether C. albicans modulates the oral bacterial community as a whole during the onset/progression of S-ECC remains to be elucidated. 

EDITORIAL COMMENTS: In this section, existing data are evaluated to show the need for the proposed study: 1) Only descriptive, cross-sectional studies have been performed, and the PI’s current KL2 study studies infants only through 6 months, too short a period to accurately track S-ECC onset through 24 mo. 2) A longitudinal prospective study is needed to clarify the order of events in the yeast-bacterial interaction, using clinical rather than laboratory strains. 3) We need to elucidate how C. albicans interacts with the oral community of bacteria to initiate and potentiate S-ECC. One strength of this analysis is that the PI is critiquing the current literature as well as her own studies, thus demonstrating a balanced assessment of available data.

Impact of proposed study: 1) Our 2-year prospective cohort study will fill a critical gap in providing evidence that clarifies the association between oral C. albicans and S-ECC, and may provide proof-of-concept for future use of oral C. albicans as an S-ECC risk marker. 2) Longitudinal study of the dynamic interaction between C. albicans and S. mutans in vivo, and assessment of the influence of C. albicans in shaping the oral microbiome in early infancy, could hypothetically lead to a novel S-ECC preventive strategy based on a fungal-bacteria interaction. 3) Along with the comprehensive understanding of C. albicans’ cariogenic role, our study may have a valuable impact on clinical practice by enabling a) early caries risk assessment using fungal predictors in addition to existing S-ECC risk factors; b) early caries risk reduction using an antifungal approach in infancy, long before tooth eruption; and c) more effective prevention of S-ECC recurrence using antifungal approaches following traditional surgical caries removal. Moreover, since Candida identification uses a well-established lab test that could be ordered by physicians, availability of fungal-aided S-ECC prediction and prevention strategy could help to shift the current dentist-based model of care to a healthcare practitioner-dentist collaborative prevention model. This change would benefit children with social economic disparities by encouraging a novel prevention paradigm.

EDITORIAL COMMENTS: This final paragraph of Significance focuses very appropriately on IMPACT, the key determinant of a positive NIH review (see Module 5, Section 1b.) The argument for impact of the study moves from small to large scale. It begins with using C. albicans as a risk marker, and then as a prevention strategy. Potential changes in clinical practice are then enumerated, from risk assessment to risk reduction to prevention of recurrence of S-ECC. Finally, the PI proposes a possible collaborative prevention model that includes health care practitioners and dentists, given that testing for C. albicans uses a laboratory test readily available to physicians. This collaborative approach to care would be particularly beneficial to children in low-income homes, who usually see physicians in their early years, but often fail to see a dentist until their oral health requires painful and expensive emergency treatment. 

INNOVATION

This proposal is innovative in several ways. First, use of a 2-year prospective cohort study design in infants to investigate the relationship between oral candida infection and S-ECC is novel, as prior studies have all been cross-sectional. Second, it is clinically novel to investigate the oral colonization and carriage of microorganisms from two different kingdoms (yeast and bacteria) in the context of S-ECC. Third, determining the adhesive interactions of clinical isolates of C. albicans and S. mutans from S-ECC patients by advanced confocal imaging (simultaneously labelling each of the microbial species and the extracellular glucan matrix) may provide new insights to this inter-kingdom interaction. Fourth, investigating the influence of C. albicans on the establishment of the oral microbiome in infants is novel not only in S-ECC research, but also in the field of pediatric and microbiome research. Approaches from this prospective cohort study could also be used to assess yeast exposure and medical outcomes other than S-ECC. 

EDITORIAL COMMENTS: The Innovation section is appropriately quite brief, because Significance covers the conceptual groundwork so well. The PI here puts emphasis on methodological innovations, as is common in the Innovation section, given that Significance emphasizes concepts and strategies, backed up by data from the literature. A numbered list, another common device in Innovation, is used to enable brevity without loss of clarity. 

Item 1 addresses the novelty of the prospective study design, to advance beyond the cross-sectional studies previously published. Item 2 argues for the novelty of studying two microorganisms from different kingdoms, bacteria and yeast. Previous studies have focused mainly on bacteria. Item 3 describes the novel methodologies to be used: advanced confocal imaging to clarify the adhesive interactions of the two microbes. Finally, item 4 argues for the novelty of the proposed research approach: to study C. albicans as a participant in establishing the oral microbiome of infants. This is an earlier stage of development than previous oral health research has attempted, and the focus on the microbiome is also novel.  



PRELIMINARY DATA

I have conducted four preliminary studies that demonstrate the feasibility of this proposal. 

[image: A collage of images of different types of glucosamine]First, I identified the inter-species binding between C. albicans and S. mutans when co-cultured, mediated through glucosyltransferase (Gtfs) exoenzymes that bind to C. albicans surfaces. In the presence of sucrose, a dietary hallmark of S-ECC, extracellular glucans were produced on the fungal surface (Fig.1B, in red). In turn, the glucan matrix formed in situ dramatically enhanced binding of S. mutans (Fig. 1B, in green). These data clearly indicated that C. albicans acted as a surface binding medium for S. mutans, and consequently elevated its load39.
Second, I conducted a cross-sectional clinical study to examine C. albicans carriage in 18 S-ECC and 17 caries-free child-mother pairs34. Novel findings from this study are: 1) Both S-ECC children and mothers were highly infected (>80%) with genetically identical C. albicans (>60% child-mother pairs), suggesting vertical transmission of oral C. albicans from mothers to children; 2) Strong correlation between C. albicans and S. mutans was found in saliva/plaques of S-ECC children (p<0.01), indicating a synergistic relationship between these two organisms in vivo; 3) Strong correlations between oral C. albicans carriage and caries severity were found in vivo (p<0.05), further suggesting a cariogenic role of C. albicans in S-ECC.
[image: A graph with black and white lines]Third, I conducted a systematic review (accepted by Caries Research, 2017) to examine scientific evidence related to the association between oral C. albicans and ECC. In October 2016, I searched 7 electronic databases for experimental and epidemiological studies that examined the oral presence of C. albicans in 2 groups of healthy children (age ≤ 71 months): children with ECC and caries free children. Nine studies26, 27, 31, 32, 34, 48-51(see Fig. 2) were included in a meta-analysis using Open Meta-analysis software developed by Brown University (AHRQ funding, R01HS018574). A pooled estimate, OR (6.51) and 95% CI (4.94, 8.57), indicated significantly higher ECC experience in children with oral C. albicans than those without (P<0.01). The odds of having ECC in children with C. albicans versus children without C. albicans was 5.26 for saliva, 6.69 for plaque, and 6.3 for oral swab samples. Further prospective cohort studies are needed to determine whether C. albicans could be a risk factor for ECC, and whether it is dependent on different sample sources (saliva/plaque).
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Fourth, to discover whether C. albicans modulates the oral bacterial community in the context of S-ECC, I analyzed salivary and supra-gingival plaque microbiota from 21 S-ECC and 18 caries free (CF) children, using 16s rRNA amplicon sequencing (manuscript in preparation). The results (Fig. 3) revealed that the presence of C. albicans shifted the oral microbiota of S-ECC children toward a highly acidogenic environment, with an increased abundance of Streptococcus and Veillonella, and a decreased amount of Actinomyces. In concert with this microbial community shift, the activity of plaque glucosyltransferases B enzyme (synthesized by S. mutans) was significantly elevated in the presence of C. albicans. Despite a distinctive pattern of oral microbiota observed between S-ECC and CF children, the microbial community composition and diversity differed significantly between salivary and plaque samples within each group. A similar composition and diversity of microbiota were noted between children and mothers in both CF and S-ECC groups, suggesting a strong maternal influence on children’s oral microbiota. This is the first study, to our knowledge, to include a microbiome evaluation of saliva and plaque samples in S-ECC children to examine the influence of maternal factors on C. albicans carriage. This study underscores the important role of C. albicans in modulating the oral bacterial microbiome of children with S-ECC. 
Finally, our ongoing KL2 project examining C. albicans oral colonization in mothers and infants <6 months of age will yield more information about oral C. albicans acquisition in early infancy. 
To summarize, findings from my preliminary studies support our specific aims and rationale for investigating the cariogenic role of C. albicans in S-ECC (AIM 1), the adhesive interactions between C. albicans and S. mutans in S-ECC children (AIM 2), and the influence of C. albicans on the establishment of oral microbiota in infants at high risk for S-ECC (AIM 3).

EDITORIAL COMMENTS ON PRELIMINARY DATA: This section is succinct, but clearly describes several layers of data to support all three aims of the proposed study (as noted at the end of the section). 

The preliminary studies are discussed in considerable technical detail (which I do not need to reiterate), and the three figures clearly illustrate the findings described. Moreover, each of the 4 sections concludes with a clear statement (underlined) of the implications of that preliminary study for the current proposal. In my view, this excellent section combines clarity with details that strengthen the proposal. Most K-awards lack this amount of strong preliminary data.

Note that the PI has been able to publish articles on three of the four sets of preliminary findings, a powerful way to demonstrate not only the strength of her hypotheses and findings, but the likelihood that her grant funded work will also be highly productive. NIH reviewers are always looking for publications; when present, they put a K-proposal ahead of the competition.  
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Figure. 3 Relative species level grouped by caries and C. albicans
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Figure. 1 Glucosyltransferase enzyme derived glucans intermediate
adhesive binding between C. albicans and S. mutans in vitro
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