
This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1111/JOP.12905

This article is protected by copyright. All rights reserved

1

2 DR MOHD HAFIZ  ARZMI (Orcid ID : 0000-0002-9470-6412)

3

4

5 Article type      : Special Issue Article

6

7

8 REVIEW ARTICLE

9 Title: Polymicrobial interactions of Candida albicans and its role in oral carcinogenesis

10

11 Running title: Candida albicans and carcinogenesis

12

13 Mohd Hafiz Arzmi1,2*, Stuart Dashper1 and Michael McCullough1*

14 1Melbourne Dental School, The University of Melbourne, Victoria, Australia

15 2Department of Fundamental Dental and Medical Sciences, Kulliyyah of Dentistry, International 

16 Islamic University Malaysia, Kuantan, Pahang, Malaysia

17

18 Corresponding author:  

19 Mohd Hafiz Arzmi (hafizarzmi@iium.edu.my)

20 Address:  Department of Fundamental Dental and Medical Sciences, Kulliyyah of Dentistry, 

21 International Islamic University Malaysia, Kuantan, Pahang, Malaysia

22 Telephone: +6013 260 1445

23

24 KEYWORDS

25 Candida albicans, oral microbiome, polymicrobial interactions, oral carcinogenesis

26

27

28 ABSTRACT

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t

https://doi.org/10.1111/JOP.12905
https://doi.org/10.1111/JOP.12905
https://doi.org/10.1111/JOP.12905
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjop.12905&domain=pdf&date_stamp=2019-06-25


This article is protected by copyright. All rights reserved

1 The oral microbiome is composed of microorganisms residing in the oral cavity, which are 

2 critical components of health and disease. Disruption of the oral microbiome has been proven to 

3 influence the course of oral diseases, especially amongst immunocompromised patients. Oral 

4 microbiome is comprised of inter-kingdom microorganisms, including yeasts such as Candida 

5 albicans, bacteria, archaea, and viruses. These microorganisms can interact synergistically, 

6 mutualistically, and antagonistically, wherein the sum of these interactions dictates the composition 

7 of the oral microbiome. For instance, polymicrobial interactions can improve the ability of C. 

8 albicans to form biofilm, which subsequently increases the colonisation of oral mucosa by the yeast. 

9 Polymicrobial interactions of C. albicans with other members of the oral microbiome have been 

10 reported to enhance the malignant phenotype of oral cancer cells, such as the attachment to 

11 extracellular matrix molecules (ECM) and epithelial-mesenchymal transition (EMT). Polymicrobial 

12 interactions may also exacerbate an inflammatory response in oral epithelial cells, which may play a 

13 role in carcinogenesis. This review focuses on the role of polymicrobial interactions between C. 

14 albicans and other oral microorganisms, including its role in promoting oral carcinogenesis. 

15

16 Introduction

17 Oral cancer is one of the ten most prevalent cancers reported across the globe with more than 

18 90% of mouth neoplasms identified as squamous cell carcinoma (1). With estimation of oral cancer 

19 incidences at approximately 275,000 cases, two-thirds of these are reported in developing countries 

20 (2). The risk factors that lead to oral squamous cell carcinoma (OSCC) include tobacco smoking, 

21 heavy alcohol consumption, poor oral hygiene, unhealthy diets, and microbial infection (3).  

22 Microbial infections by yeast, bacteria, and viruses appear to have a causal role in oral cancer 

23 (1, 3). Candida spp. has been reported to be the most frequent fungal microbiome (mycobiome) 

24 isolated from the oral cavity, followed by Cladosporium, Aureobasidium, Saccharomycetales, 

25 Aspergillus, Fusarium, and Cryptococcus (4). Candida spp. may reflect a secondary infection of a 

26 pre-existing altered epithelium when linked with dysplasia. Oral yeast carriage has also been found to 

27 correlate with the presence of oral epithelial dysplasia (OED), which supports the function of 

28 microbial infection in oral carcinogenesis (5).  Despite the numerous clinical and experimental 

29 conclusions describing the correlation between C. albicans and malignant transformation, the exact 

30 role of polymicrobial interactions in C. albicans for the development noted in dysplastic changes 

31 remains unclear.  

32
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1 Intra-kingdom and inter-kingdom interactions of Candida albicans

2 C. albicans has been reported to be involved in both intra- and inter-kingdom interactions (6). 

3 Intra-kingdom interaction refers to the communication of the same kingdom, such as the interaction 

4 between Candida albicans (yeast) and Candida parapsilosis (yeast), whereas inter-kingdom 

5 interaction reflects microbial communication between two or more kingdoms, such as the interaction 

6 between C. albicans (yeast) and Streptococcus spp. (bacteria). Interaction of Candida spp. with other 

7 oral microorganisms has been reported to occur via co-aggregation and co-adhesion (7). Co-

8 aggregation is the association of genetically distinct microorganisms, such as the interaction between 

9 C. albicans and S. mutans in planktonic phase. On the other hand, co-adhesion is the interaction 

10 between microorganisms in planktonic phase with those on the oral surface (8). The interactions in 

11 oral cavity occur in oral biofilm (plaque), hence signifying a potential role in pathogenesis (9). 

12 Although C. albicans is the most significant Candida spp. in pathogenesis, the discovery of 

13 non-albicans Candida (NAC) species, such as C. dubliniensis, C. glabrata, and C. tropicalis, has 

14 increased awareness among medical practitioners (10). Surprisingly, the carriage of NAC can out-

15 number that of C. albicans in certain conditions, such as the location of isolation. Additionally, the 

16 interaction between C. albicans and C. krusei varied depending on the nutrients supplied during the 

17 experiments (6).    

18 The inter-kingdom interaction between C. albicans and Streptococcus spp. has been reported. 

19 C. albicans has been reported to co-aggregate S. mutans in planktonic phase potentially due to the 

20 presence of cell surface proteins on the bacterium that interact with cell surface carbohydrate of the 

21 yeast (8) (Figure 1). Antigen I/II is an example of antigenic protein of S. mutans that is involved in 

22 adherence to bacterium (11). S. mutans produces polysaccharides that have a role in the development 

23 and maturation of oral polymicrobial biofilms (12). Such mutualistic interaction between C. albicans 

24 and S. mutans is significant for C. albicans to colonise the oral surfaces, especially the soft tissues 

25 that may lead to inflammation. Despite being proven in in vitro studies that mutualistic interaction 

26 between C. albicans and S. mutans occurs through adhesions (non-specific) and lectin-saccharide cell 

27 surface receptors (specific) binding (13), antagonistic correlation between the two species has been 

28 reported as well. The adhesion of C. albicans on acrylic sheets appears to decrease when co-cultured 

29 with S. mutans in Gibbons and Nygaard culture medium (14). As for the quorum-sensing molecule, 

30 Farnesol synthesised by C. albicans during biofilm formation disrupts the cell membrane of S. 

31 mutans (15). Hence, it is suggested that the inter-kingdom interaction between C. albicans and S. 

32 mutans is dependent on C. albicans strains. 

33 Candida spp. and Actinomyces spp. have been found to co-aggregate in varying degrees. Prior 

34 research has shown that the co-aggregation of C. albicans with A. naeslundii is C. albicans strain-

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved

1 dependent (8) (Figure 1). A. naeslundii has been shown to form fimbriae that assist in the attachment 

2 of bacteria to oral surfaces via cell-to-cell and cell-to-surface adhesion mechanisms (7). This 

3 characteristic aids in the formation of polymicrobial biofilms that enhance the colonisation in the oral 

4 cavity (7). Although co-aggregation of C. albicans and Actinomyces spp. has been reported (8), the 

5 adhesion of C. albicans to polymethylmethacrylate (PMMA) in a flow cell system when grown in 

6 TNMC buffer decreased when pre-cultured with A. naeslundii T14V-J1 (16). In addition, the 

7 interaction of A. naeslundii appeared to decrease the auto-aggregation in planktonic and the metabolic 

8 rate in static biofilm of C. albicans in the presence of S. mutans (6, 8) (Figure 1). C. albicans with 

9 low metabolic activity is more invasive and linked with disease; on the contrary, those with high 

10 activity are non-invasive (17). Furthermore, low metabolic activity can reduce antifungal 

11 susceptibility of C. albicans towards amphotericin B, potentially due to minimal absorption of 

12 antifungal agents, thus affecting inactivation kinetics (18). 

13 A study also showed that C. albicans antagonistically interacted with Pseudomonas spp., 

14 wherein the virulence factors include secretion of alkaline protease, exotoxins, endotoxins, and 

15 biofilm forming ability (19). P. aeruginosa can form dense biofilm on C. albicans and receive 

16 nutrients from candidal hyphae, which later kills the yeast (20). P. aeruginosa has been reported to 

17 inhibit the formation of C. albicans biofilm by synthesising anti-candidal agents, such as extracellular 

18 bacterial glycocalyx, pyrrolnitrin, and 3-oxo-C12 homoserine lactone (20).  

19 The antagonistic interaction between C. albicans and Porphyromonas spp. has also been 

20 reported. Porphyromonas spp. is an anaerobic and black-pigmented Gram-negative bacterium, in 

21 which P. gingivalis has been among the major periodontal pathogens. P. gingivalis produces 

22 proteases that destroy haemolysin, haeme-sequestering proteins, collagens, immunoglobulins, and 

23 complements (21). P. gingivalis was reported to suppress adhesion of C. albicans to acrylic surfaces 

24 by inhibiting germ-tube formation of C. albicans. Despite the inhibition of germ-tube formation of C. 

25 albicans, this interaction enhances invasion of P. gingivalis on gingival epithelial tissue potentially 

26 due to the increased expression of FimA component of P. gingivalis that is responsible for the 

27 adhesion of bacteria to the oral surfaces (22).

28

29 Polymicrobial biofilms of Candida albicans and oral microbiome

30 Polymicrobial biofilm is defined as the community of microorganisms attached to oral 

31 surfaces and encapsulated within extracellular polysaccharides (EPS) of microbial and salivary origin 

32 (23). Cell-cell signalling mechanisms between the members of polymicrobial biofilm contribute to 

33 the successful colonisation of bacteria.
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1 Biofilms have been reported to increase the resistance of C. albicans to fluconazole, up to 

2 1000-fold, thus increasing its pathogenicity towards the host (17). EPS encapsulates the work of 

3 biofilms, making it a barrier that limits the penetration of antimicrobial agents, subsequently reducing 

4 the susceptibility of the targeted microorganisms. Constriction of nutrients that occurs within biofilms 

5 at the basal region reduces microbial growth and metabolic rate, apart from altering the microbial cell 

6 surface composition (18). The metabolic activity of C. albicans is reported to increase in the presence 

7 of A. naeslundii in dual-cultured biofilms. Nevertheless, a decrease in metabolic activity was 

8 observed in tri-cultured biofilms, when compared to dual-cultured biofilms of C. albicans and A. 

9 naeslundii, suggesting that these microorganisms may interact in a metabolic manner (24). C. 

10 albicans with low metabolic activity is more invasive, which may be linked with oral carcinogenesis, 

11 while conversely, those with high activity are non-invasive (17). Slower growing microorganisms can 

12 represent ‘persister cells’.  Persister cells possess a resistant phenotype that minimises the 

13 susceptibility of polymicrobial community within biofilm to antimicrobial agents (25).

14 In addition, the biomass and the percentage surface colonisation of C. albicans is 

15 significantly reduced in polymicrobial biofilms of C. albicans, A. naeslundii, and S. mutans, in 

16 comparison to the biomass of C. albicans in mono-cultured biofilms when grown in flow cell 

17 environment (24) (Figure 2). This condition is due to the metabolic products of A. naeslundii that 

18 have been reported to both inhibit and stimulate the biofilm formation of C. albicans, depending on 

19 the experimental methods employed and the strains of C. albicans used (6). 

20

21 Effect of polymicrobial biofilms of Candida albicans and oral microbiome on normal and 

22 cancerous oral epithelial cells phenotypes

23 Carcinoma refers to the ability of malignant cell to invade the underlying connective tissues, 

24 and is followed by metastases to distant sites (26). These processes demand the alteration of cell-to-

25 cell and cell-to-extracellular matrix (ECM) interactions that involve adhesion molecules, such as 

26 collagen, laminin, fibronectin, and fibrinogen (27). Several studies have also revealed the distinct 

27 variation in the ability of normal oral epithelial cells and OSCC isolated cells to adhere to ECM 

28 components upon incubation with polymicrobial biofilm effluent, with cancerous cells increasing 

29 their adhesion to collagen IV and laminin I in a significant manner, when compared to mono-species 

30 biofilm effluent (24). The variability of adhesion for normal and cancerous cells to ECM components 

31 is due to the alteration of cell integrins following interaction with biofilm effluent (27). Integrins have 

32 been recognised as the largest family of cell adhesion molecules that consist of multiple combinations 

33 of α- and β-subunits (28). Proteins synthesised by microorganisms, such as proteases from C. 

34 albicans and Bcl-2 family proteins from bacteria, have been shown to induce alteration of integrins in 
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1 epithelial cells (3). The α1-subunit of integrins that preferentially binds to collagen IV, and α3-

2 subunit that functions as a receptor for laminins, have been reported to change during interaction with 

3 the proteins of microorganisms (27). Subsequent trigger of a spectrum of signals involved in the 

4 process of growth and proliferation may also promote oral carcinogenesis in a paracrine fashion (29). 

5 Epithelial-mesenchymal transition (EMT) is a mechanism that alters cell-to-cell and cell-to-

6 ECM interactions so as to allow the movement of cancerous cells to the surrounding environment. 

7 Nonetheless, inappropriate utilisation of EMT may occur in the formation of OSCC and metastasis of 

8 malignant cells (30). EMT can also be involved in increasing resistance of malignant cells to 

9 apoptosis regulator molecules (31). Vimentin and E-cadherin have been widely used as markers for 

10 EMT. The expression of vimentin induces changes in cell shape, motility, and adhesion of epithelial 

11 cells to mesenchyme; while cadherins mediate cell-to-cell binding that is critical in maintaining tissue 

12 structure and morphology (32). Functional loss of E-cadherin in epithelial cells has been considered 

13 as a marker for EMT during tumour progression (33). A previous study has reported that the 

14 expression of E-cadherin from normal epithelial cells increased after 24-h of incubation with mono-

15 cultured biofilm effluent, which is likely to indicate adhesion, colonisation, internalisation, and 

16 potentially, invasion (24). Increment in E-cadherin expression appears to be a strategy of colonisation 

17 among C. albicans, A. naeslundii, and S. mutans to oral epithelial cells (34). Additionally, cadherins 

18 have been reported to form a route for the internalisation of C. albicans into epithelial cells during 

19 oral thrush (34, 35). Als3 protein synthesised by C. albicans has also been thought to mimic 

20 cadherin-cadherin binding, thus initiating the invasion of yeast to oral epithelial cells that may 

21 promote oral carcinogenesis (35).  

22 Inflammation induced by pathogens has been shown to be involved in carcinogenesis (36). 

23 One factor that leads to inflammation is increase of pro-inflammatory cytokines due to microbial 

24 infection of oral mucosa (37). Cytokines are signalling molecules that regulate the differentiation, 

25 proliferation, and many other crucial functions in human inflammatory cells. Cytokine signals are 

26 received at the cell surface, not only as a single message, but also in complex, subtle, synergistic, and 

27 antagonistic combinations that coordinate processes, including stimulation of haematopoiesis, 

28 orchestration of directed leukocyte migration (chemokinesis), activation of various inflammatory 

29 cells, stimulation of lymphocyte development and maturation, as well as processes associated with 

30 immune response (38). Nonetheless, in certain circumstances, such as failure to resolve an injury, this 

31 condition may provoke excessive immune cell infiltration that may persistently generate cytokine. As 

32 a result, the host may respond to persistent cytokine expression by enhancing cancer formation and 
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1 progression (39). Cytokines that have been shown to be involved in inflammation include interleukin 

2 (IL)-1α, IL-1β, IL-6, IL-8, IL-18, TNF-α, IFN-γ, and GM-CSF (40).  

3 Previous studies have reported increase in cancerous inflammatory cytokines; IL-6 and IL-8, 

4 from normal and cancerous oral cell lines upon incubation in mono-species and polymicrobial 

5 biofilms of C. albicans, A. naeslundii, and S.mutans effluents (24). The increased expression of pro-

6 inflammatory cytokines, particularly IL-6 and IL-8, are significant in both inflammation and 

7 tumorigenesis of malignant cells. The increased expression of IL-6 and IL-8 by oral cancer cells may 

8 be due to proteins glycosylated with N- or O-linked mannosyl residues, β-glucans, and chitins on C. 

9 albicans cell wall, as well as the expression of secreted aspartyl proteinases (SAPs) from yeast (41).  

10 IL-6 has been proven to exert anti-apoptotic effect on malignant cells (42). The direct autocrine 

11 tumour-promoting effects of IL-6 have been demonstrated in multiple myeloma by both increasing 

12 proliferation and preventing apoptosis (43). It has also been shown to promote head and neck tumour 

13 metastases by inducing EMT via the JAK-STAT3-SNAIL signalling pathway (33). This cytokine is 

14 one of the main chemokines present in serum samples of head and neck cancer patients, wherein 

15 elevated IL-6 levels can independently predict tumour recurrence, poor survival, and tumour 

16 metastasis (44). IL-6 in serum has been found to be higher in patients with OSCC, when compared to 

17 controls, thus its proposal as an additional marker in early detection of oral cancer (45). This cytokine 

18 is a major mediator that links inflammation to cancers, along with TNF-α (46).   

19 Meanwhile, the expression of IL-8 by human carcinoma cells has been reported to directly 

20 correlate with tumour vascularity and cancer progression. Research has shown that IL-8 can be 

21 produced by various types of tumours, both constitutively and in response to cytokines (47). This 

22 cytokine has been detected in surgical specimens, freshly cultured cell lines, as well as well-defined 

23 cell lines of head and neck squamous cell carcinoma (48). IL-8 stimulates a substantial number of 

24 physiopathological functions in various tumour cells, including prostate carcinoma, ovarian 

25 carcinoma, melanoma, and gastric carcinoma cell lines (49). The high expression of IL-8 in 

26 cancerous liver tissue has been associated with a higher frequency of portal vein, venous, and bile 

27 duct invasion in hepatocellular carcinoma patients with surgical resection, thus may be crucial in 

28 invasion and metastasis (50).

29

30 Conclusion

31 Polymicrobial interactions of C. albicans with oral microorganisms A. naeslundii and S. 

32 mutans appears to promote oral carcinogenesis by not only enhancing invasion of oral squamous cell 
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1 carcinoma as demonstrated by increased adhesion to extra-cellular matrix proteins, but also by 

2 increasing pro-inflammatory cytokine expression. This potentially may have profound clinical 

3 implications, and further research to elucidate the exact mechanism is necessary.
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