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SUMMARY

Candida albicans, an oral fungal opportunistic pathogen, has shown the ability to
colonize implant surfaces and has been frequently isolated from biofilms associ-
atedwith dental implant-related infections, possibly due to its synergistic interac-
tions with certain oral bacteria. Moreover, evidence suggests that this cross-
kingdom interaction on implant can encourage bacterial growth, leading to
increased fungal virulence and mucosal damage. However, the role of Candida
in implant-related infections has been overlooked and not widely explored or
even considered by most microbiological analyses and therapeutic approaches.
Thus, we summarized the scientific evidence regarding the ability of C. albicans
to colonize implant surfaces, interact in implant-related polymicrobial biofilms,
and its possible role in peri-implant infections as far as biologic plausibility.
Next, a systematic review of preclinical and clinical studies was conducted to
identify the relevance and the gap in the existing literature regarding the role
of C. albicans in the pathogenesis of peri-implant infections.

INTRODUCTION

Biofilms are highly structured microbial communities enmeshed in a three-dimensional extracellular matrix

(ECM) (Costerton et al., 1995; Bowen et al., 2018) which provide several advantages to colonizing species

such as reduced antimicrobial and host-response susceptibility (Costerton et al., 1995; Socransky and

Haffajee, 2002; Flemming and Wingender, 2010). The microenvironment of polymicrobial biofilms creates

a favorable condition for synergistic microbial coaggregation processes and the accumulation of

pathogenic species responsible for triggering infectious diseases (Costerton et al., 1995; Bowen et al.,

2018). Therefore, microorganisms growing in the biofilm have unique advantages facilitating specific

cross-kingdom interactions, which have been associated with increased microbial virulence and host tissue

damage (Peters et al., 2012; Diaz et al., 2014).

In the oral environment, the second largest and diverse microbiome in the human body (Dewhirst et al.,

2010; Baker et al., 2017), indigenous microorganisms live in a symbiotic state with the host by adhering

to biotic (Xu et al., 2017) or abiotic surfaces (Arciola et al., 2018). However, when left undisturbed, oral

biofilms accumulate, mature, and lead to increased inflammation on surrounding tissues (Sultan et al.,

2018; Rosier et al., 2018; Naginyte et al., 2019), consequently allow microbiological composition to shift

to a more pathogenic state. Thus, it has been implicated as a critical factor in the pathogenesis of microbial

infections (Bowen et al., 2018).

Although the evidence has focused mainly on the microbial infections related to oral surfaces, such as

mucosal and dental surfaces (Bowen et al., 2018; Souza et al., 2020a), biofilms growing on implanted

devices can also encourage persistent local infection, leading to implant failure (Arciola et al., 2018).

Such biofilms are considered the main etiologic factor for inflammatory disease processes known as

peri-implant mucositis and peri-implantitis on implant devices (Berglundh et al., 2018), the main reason

for dental implant treatment failure (Salvi et al., 2017). These biofilm-related infections on implant surfaces

have a high proportion of putative pathogens and reduced abundance of beneficial species, which are

directly correlated with worse clinical measures (Lindhe et al., 1992; Lang et al., 1993; Shibli et al., 2008;

Padial-Molina et al., 2016). Interestingly, although the interactions between yeast and bacteria have a
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key role in prevalent oral diseases, such as dental caries (Wan et al., 2021) and oral mucositis (Bertolini

and Dongari-Bagtzoglou, 2019a; 2019b), it has not been well discussed by implant-related infections

studies.

In vivo findings have shown a higher proportion of total bacteria in peri-implantitis biofilms, compared to

healthy sites, but also high levels of Candida albicans (Canullo et al., 2017a, 2017b), the most frequent

oral fungal opportunistic pathogen (Ghannoum et al., 2010) that forms biofilms on implanted materials

and can cause disseminated infection (Kojic and Darouiche, 2004; Andes et al., 2004; Bertolini and

Dongari-Bagtzoglou, 2019a, 2019b). Similarly, C. albicans has been shown to be associated with chronic

periodontal disease sites (Vieira Colombo et al., 2016) and a dose-response seem to be present as

disease severity increases from periodontal health, gingivitis and periodontitis, with an increase of

fungal load for this last one. Although not frequently evaluated in human peri-implant disease

studies, C. albicans can adhere and grow on implant surfaces and has been clinically isolated from bio-

films associated with peri-implant disease (Leonhardt et al., 1999; Schwarz et al., 2015; Canullo et al.,

2017a, 2017b).

Moreover, our group has shown that C. albicans promotes bacterial growth and increased virulence of

biofilms growing on the implant surface, leading to significantly more mucosal damage (Souza et al.,

2020b). Interestingly, Candida shows an enhanced effect on Streptococcus species when growing on the

implant surface to increase matrix-related gene expression which can facilitate the creation of an anaerobic

microenvironment (Souza et al., 2020c), thus allowing anaerobic bacteria to thrive. These interactions have

been attributed to the pathogenic synergy betweenC. albicans and certain commensal bacteria, leading to

more severe oral infection (Bertolini and Dongari-Bagtzoglou, 2019a; 2019b).

Therefore, although previous evidence suggests that Candida is present on teeth and implant-related

biofilms, its possible role in the pathogenesis of peri-implant infections has not been sufficiently discussed.

This review aims to discuss the current evidence about the presence and plausibility ofC. albicans influence

on implant-related infections and key factors to be considered for the therapeutic strategies.
CANDIDA ALBICANS: THE PREVALENT ORAL OPPORTUNISTIC PATHOGEN

SUBGINGIVAL MICROBIOTA

C. albicans colonizes the oral mucosal surfaces of up to 75% of healthy individuals, being the most

abundant fungus isolated and a critical component of healthy individuals’ ‘‘core mycobiome’’ (Ghannoum

et al., 2010). Albeit this opportunistic fungus is typically found in oral mucosal surfaces as a commensal

organism, under certain predisposing conditions, it can lead to severe mucosal infections often associated

with the mucosal resident bacterial species (Jenkinson and Lamont, 2005).

Although C. albicans colonization has been chiefly associated with mucosal tissues in the form of

oropharyngeal and vaginal candidiasis (Bertolini and Dongari-Bagtzoglou, 2019a; 2019b), it has also

been described within the subgingival sites of diabetic patients with periodontal disease (Sardi et al.,

2012), as well as smokers and non-smokers with periodontal disease (Santhana Krishnan et al., 2020), a

chronic inflammatory disease that affects teeth-supporting tissues in the oral cavity. In these patients, sub-

gingival colonization of C. albicans was associated with the severity of periodontitis (Canabarro et al.,

2013). In addition, a positive correlation was observed between Candida colonization and increasing

pocket depth and attachment loss (Santhana Krishnan et al., 2020). More recently, it has been shown

that during periodontal disease the teeth with higher inflammation and tissue destruction presented a

mixed population of bacteria and fungi, including enterobacteria, C. albicans, Pseudomonas aeruginosa,

Filifactor alocis, and others (Vieira Colombo et al., 2016).

With the advent of dental implants, it has been reported that themost common yeast species found around

implant sites is C. albicans (Alrabiah et al., 2019), especially in patients with type 2 diabetes in which the

fungus was found in around 74% of the subgingival samples collected, and with a significantly higher

load than in patients without diabetes and peri-implant disease (Alsahhaf et al., 2019). When comparing

the colonization in dental implant surfaces versus teeth, fungal species were more frequently identified

at peri-implantitis and even health implant sites than at selected teeth in healthy patients, showing the abil-

ity of C. albicans to colonize titanium surfaces (Schwarz et al., 2015). Importantly, althoughC. albicans is the

most prevalent and more often described Candida species in peri-implant diseased sites (Yeh et al., 2019;
2 iScience 25, 103994, April 15, 2022
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Pranno et al., 2021), with the advantage of new identification techniques, other non-albicans species have

been recently identified on peri-implantitis sites such as Candida parapsilosis, Candida tropicalis, and

Candida dubliniensis (Mendoza et al., 2021). Among these, C. albicans and C. dubliniensis are the only

polymorphic species, which are able to form hyphae and/or pseudohyphae, creating robust biofilms, while

C. parapsilosis and C. tropicalis cannot produce true hyphae, but can form pseudohyphae, depending on

growth conditions. However, the literature is almost non-existing regarding the importance of morphology

alone on Candida on virulence factors (Silva et al., 2012). Thus, for non-albicans Candida species, virulence

factors are mostly associated with surface adherence, biofilm formation, antifungal resistance, and the

secretion of some hydrolytic enzymes that serve to improve their persistence in the oral epithelium and

lead to host cell damage. Secreted aspartyl proteinases, phospholipases, lipases, and hemolysins are

the most frequent enzymes implicated in Candida species pathogenicity. Importantly, phospholipases

contribute to host cell membrane damage and is able to expose additional receptors to facilitate fungal

adherence (Dostal et al., 2005; Portela et al., 2010; Galan-Ladero et al., 2010).

Recently, it has been described that once C. albicans transition from its commensal (yeast) to pathogenic

(hyphae) state, it is able to secrete a cytolytic peptide toxin, now known as candidalysin (Moyes et al., 2016a,

2016b). Before this, human fungal pathogens were not known to possess such toxins. Thus, onceC. albicans

transition from yeast to hyphae form within the biofilm, and secretes this pore-forming toxin (Naglik et al.,

2019), not only epithelial cells become damaged, but this also exacerbates the host immune response, by

increasing local neutrophil recruitment as an immunomodulatory pathway (Conti et al., 2016). This dual role

of C. albicans candidalysin with epithelial destruction and immunomodulatory effect adds C. albicans in all

six classifications of the host-microbe damage response framework previously published by Noverr group

(Jabra-Rizk et al., 2016). Importantly, there seems to be a threshold level of hyphal burdens are required for

full epithelial activation (Moyes et al., 2010a, 2010b), which correlate with earlier findings in periodontal

disease associating fungal burdens with disease severity (Vieira Colombo et al., 2016) and with peri-implan-

titis studies showing that Candida spp. and other organisms were frequently found in higher loads at peri-

implantitis sites when compared to healthy ones (Schwarz et al., 2015). Furthermore, C. albicans is able to

secrete metallopeptidase, which degrades several constitutive proteins of mucosal barrier, such as

collagen, fibronectin, and laminin (Rodier et al., 1999).

Thus, although it seems other non-albicans Candida species have been recently described to be present at

peri-implantitis sites, there is mounting evidence pointing that C. albicans is the only one that fits in the

host-microbe damage response framework and would be able to significantly contribute to tissue damage

and immune modulation. Such factors locally contribute to changes associated with the local bacterial

microbiome and reduction in the epithelial barrier integrity (Pappas et al., 2018). Perturbation of local

and systemic host factors can then lead to C. albicans overgrowth, transition from yeast to hyphal state,

and the development of mucosal invasive infections, initiated by epithelial damage and neutrophil

recruitment (Vila et al., 2020).
FACTORS THAT MODULATE CANDIDA SPP. COLONIZATION ON TITANIUM-BASED AND

OTHER DENTAL MATERIALS SURFACES

A wide range of implanted biomaterials used in clinical practice has been shown to support the

colonization by Candida spp., including dental implant surfaces (Ramage et al., 2006; Souza et al.,

2020d). In implant manufacturing, titanium (Ti) and its alloys represent the most commonly used materials

owing to their favorable biomechanical and biocompatible properties (Cordeiro and Barão, 2017).

However, Ti is a bioinert material that allows microbial surface interactions and biofilm accumulation.

For Ti surfaces, the colonization of dental implants by different bacterial species has been widely reported

in the literature (Cavalcanti et al., 2014; Chouirfa et al., 2019). By contrast, fungal adhesion has been barely

discussed.

Some in vitro studies by our group and others have shown the ability of C. albicans to adhere to Ti surfaces

and to readily form mono- and mixed-species biofilms (Cavalcanti et al., 2014, 2014, 2015, 2016a, 2016b,

2014; Martorano-Fernandes et al., 2020; Montelongo-Jauregui et al., 2018; Souza et al., 2020a, 2020b,

2020d). Similarly, Candida spp. are present in several sites in in vivo studies assessing microbiota from

healthy (Canullo et al., 2015), peri-implantitis (Alsahhaf et al., 2019), and failed implants (Leonhardt et al.,

1999). Therefore, Ti-based dental implants have been considered a potential substrate for C. albicans’

adhesion and accumulation (Bürgers et al., 2010).
iScience 25, 103994, April 15, 2022 3



Figure 1. Relationship between material/substrate type and Candida biofilm development

Representative microscopy of acrylic (Poly(methyl methacrylate) - PMMA) and titanium surface topography evaluated by white light 3D profilometry (left

side)

Scanning electron microscopy (SEM) images (right side) at 1.5 h (adhesion) and 48 h (maturation) of C. albicans biofilm formed on PMMA (top) and titanium

(bottom). White arrows indicate the presence of hyphae, which were prevalent in both materials at 48 h. Overall, the similar surface roughness of both

materials and the presence of environment fluids (saliva and blood plasma) culminated in no difference for Candida adhesion and growth for the two tested

substrates. Reprinted (adapted) from ref (Cavalcanti et al., 2016a; 2016b); Copyright (2016), with permission from Elsevier (License number: 5117881126618).
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Because C. albicans is a common colonizer of the oral tissues (Ghannoum et al., 2010), any oral surface or

abiotic material placed in the oral environment is expected to act as a substrate for Candida adhesion.

Importantly, not all Ti surfaces are created equal and surface properties, such as surface roughness (Li

et al., 2013), surface free energy, and chemical composition (Bürgers et al., 2010), can modulate Candida

adhesion and accumulation. Interestingly, a previous study (Cavalcanti et al., 2016a; 2016b) has shown

that different dental materials (acrylic and titanium) with similar surface roughness parameters allowed

similar Candida accumulation once exposed to oral environment fluids (saliva and blood plasma) (Fig-

ure 1). Recently, Mouhat et al. (2020) found that lower surface free energy is also a key parameter

inducing less Candida accumulation (24 h) on the Ti surface. Later on, our group corroborated their re-

sults by developing a superhydrophobic Ti surface which significantly reduced Candida adhesion (Souza

et al., 2020c).

However, attention must be brought to the fact that although physical-chemical properties directly affect

microbial adhesion on biomaterials, any surface placed in the mouth is immediately coated by a protein

layer from saliva or blood plasma. Such protein adsorption on the surfaces has been considered the first

biological response in the human body, which is responsible for mediating subsequent cellular events,

such as microbial and host cell adhesion (Kalasin and Santore, 2009; Rabe et al., 2011; Mukai et al.,

2020), and even osseointegration process of dental implants (Romero-Gavilan et al., 2018)

Older in vitro studies did not use a pre-coated Ti surfaces with saliva or blood plasma, prior bacterial/fungal

adhesion. As a result, biofilm development and composition was significantly affected by the type of sub-

stratum, including metallic, non-metallic, and mucosal surfaces (Frade and Arthington-skaggs, 2011; Fer-

nández-Rivero et al., 2017; Xu et al., 2017). Perhaps, the results from a previous study (Cavalcanti et al.,

2016a; 2016b) showing similar fungal adhesion to different dental materials (acrylic and titanium) were

not only related to similar surface roughness but also due to the pre-coating with saliva and blood plasma

that could have equalized the surface of such materials.
4 iScience 25, 103994, April 15, 2022



Figure 2. Schematic representation of Candida spp. attachment and accumulation on Ti surface

After implantation, the Ti-based implant surface is immediately coated by the protein layer. Consequently, microbial-

material interactions promote Candida adhesion (confocal images, left side; scale: 50 mm/time: 2 h - stained by immuno-

FISH green). Moreover, fungal biofilm growth is modulated by surface and microorganism properties and environmental

conditions, leading to the transition of Candidamorphology from yeast to hyphae in single or multi-species biofilms. The

cross-kingdom interaction betweenCandida and Streptococcus on implant surface may promote biofilm growth. It is also

possible to observe in the confocal image (right side) the mixed biofilm stained by immuno-FISH of Candida albicans

(green) and Streptococcus oralis stained by Streptococcus-specific probe conjugated to Alexa 405 (blue) growing on Ti

surface (scale: 50 mm/time: 72h). Reprinted (adapted) from refs (Souza et al., 2020b; 2020d). Created with BioRender.com

(license number: FH22TBHYN9).
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However, in vivo findings still show significant differences for materials presenting distinct surface

characteristics, such as machined Ti and polished zirconia. The latter presented significantly lower Candida

adhesion (do Nascimento et al., 2013), which may be explained by the composition of initial saliva protein

adhesion, as shown by others (Yoshida and Hayakawa, 2016). The salivary protein lactoferrin (protein with

antimicrobial and antifungal activity against a range of pathogens) (Curvelo et al., 2019) has a better

binding to zirconia and PMMA surfaces than to titanium and stainless steel surfaces, possibly explaining

why fungal biofilm grows better on titanium and stainless steel surfaces.

Previous evidence has shown that the protein layer adhered to Ti material can modulate Candida adhesion

and accumulation (Bürgers et al., 2010; Cavalcanti et al., 2016a, 2016b; Mouhat et al., 2020). Importantly, Ti

material coated with human saliva, or specific proteins, such as mucin, showed higher C. albicans adhered

to the surface than non-coated (Bürgers et al., 2010). Saliva coating actually led to a significantly higher

expression of C. albicans virulence genes such as ALS1, ALS3, and HWP1, which are associated with hyphal

formation (Cavalcanti et al., 2016a; 2016b). Corroborating these results and further dissecting the specific

role of salivary or plasma proteins on biofilm formation, we recently showed that Ti coated with proteins

from blood plasma showed an increased level of adhered bacteria when compared to saliva, which is

explained by the specificity of the proteomic profile of blood plasma (Souza et al., 2020e).

Such results must now be experimentally validated for C. albicans and mixed biofilms because the initial

bacterial colonizers may also interfere with C. albicans biofilm formation. The current evidence suggests

that Candida adhesion, morphology, and expression of virulence factors are influenced by the surface

characteristics and the presence of a protein layer on the surface, which can favor (mucin) or hinder

(lactoferrin) biofilm formation. Some factors affectingCandida attachment and accumulation on Ti material

are summarized in Figure 2.

Finally, besides the surface parameters of Ti and other dental materials in modulating initial salivary or

plasma protein adhesion, the fungal cell wall proteins also play a role in colonizing biotic and abiotic

surfaces. In biotic surfaces, epithelial cells recognize cell wall differences between yeast (mostly

commensal) and hyphal (more pathogenic on mucosal surfaces) C. albicans cells. Specifically, b-glucans

on the surface of the fungal pathogen C. albicans activate mitogen-activated protein kinase (MAPK)

(Swidergall et al., 2018) and initiate a biphasic MAPK response, modulating gene transcription factors
iScience 25, 103994, April 15, 2022 5
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that lead to NF-kB activation. Thereafter, cytokines and chemokines secreted by epithelial cells in response

to C. albicans hyphal recognition lead to recruitment and activation of immune cells. For example, IL-8 is

one of the key chemokines involved in initial neutrophil chemotaxis to the infection site (Casale and

Carolan, 1999), with later cell activation by GM-CSF, G-CSF, and IL-1, allowing the activation of respiratory

burst and local release of reactive oxygen species (ROS) (Romani, 2011). In addition, mucosal dendritic cells

are also recruited to process fungal antigens and activate T-cell immunity (Naglik et al., 2014). Once

recruited, Th17 cells will differentiate and produce IL-17 to further increase local neutrophil activity

(Huppler et al., 2014). Together, these innate and adaptive immune response pathways are responsible

for controlling C. albicans infection and tissue invasion and clearing the mucosal surfaces; moreover,

ROS and proteases such as elastase produced by neutrophils may also contribute to epithelial damage

(Sampson, 2000; Fournier and Parkos, 2012). Thus, Candida overgrowth is able to create an excessive

recruitment and accumulation of activated neutrophils leading to mucosal injury and disease.

On abiotic surfaces, hydrophobic cell wall proteins from Candida, such as Csh1p, mediates Candida

attachment to immobilized fibronectin and endothelial cells (Singleton et al., 2001; Glee et al., 2001),

but its effect on implant surface adhesion has not been evaluated yet. In addition, extracellular polymers

synthesized by bacterial exoenzymes can also increase C. albicans adhesion on hydroxyapatite surface

(Gregoirie et al., 2011), although its effect on Ti remains to be elucidated. In this context, our group has

previously shown a significant increase in fungal attachment when C. albicans was inoculated on a

preformed biofilm of Streptococcus oralis growing with sucrose, the substrate for extracellular polymers

production (Souza et al., 2020b). Thus, there is evidence that the microorganism overgrowth on biotic sur-

faces can modulate an immune response and create mucosal damage, while on abiotic surfaces initial pro-

tein adhesion (from saliva or plasma) can modulate biofilm characteristics. Future studies must consider all

to elucidate the factors that lead to Candida accumulation on implanted Ti devices and to verify the inter-

play between biofilm accumulation and mucosal tissue immune response.
CROSS-KINGDOM INTERACTION BETWEEN CANDIDA AND BACTERIA ON ORAL

POLYMICROBIAL BIOFILMS

The human oral cavity contains several niches for microbial colonization, such as the oral mucosa, teeth,

tongue, implant surface, and restorative materials (Diaz et al., 2012a; Xu et al., 2014a; Bertolini et al.,

2015; Cavalcanti et al., 2016a, 2016b; Souza et al., 2020a; Barao et al., 2022). Each niche favors a certain

microenvironment that modulates the tridimensional structure and composition of the formed biofilm,

varying significantly in terms of complexity and diversity depending on the location, surface characteristics,

and microenvironment nutritional sources (Seidel et al., 2020). Such polymicrobial biofilm communities

include bacteria, fungi, and archaea species in close contact, providing several opportunities for physical

and metabolic cross-kingdom interactions among distinct species (Egland et al., 2004; Kim et al., 2008;

Ghannoum et al., 2010; Belda-Ferre et al., 2012). These cell-cell polymicrobial interactions are likely to

affect community assembly and may modulate the microbial profile in terms of resistance and resilience

ability to promote a steady state of commensalism or trigger biofilm pathogenicity and infection in disease

development (Diaz et al., 2014).

Cross-kingdom interactions between the opportunistic fungus C. albicans and the oral streptococci,

predominant microorganisms in the oral cavity, have become of growing interest because they have

been known to play important roles in the pathogenesis of mucosal infections and teeth carious lesions

(Ghannoum et al., 2010; Kraneveld et al., 2012; Diaz et al., 2012a; Xu et al., 2014a; Bertolini and Dongari-

Bagtzoglou, 2019a, 2019b; Kim et al., 2021). Importantly, mitis group streptococci (Streptococcus gordonii,

S. oralis, Streptococcus sanguinis, and Streptococcus mitis) have been termed ‘‘accessory pathogens’’ due

to their ability to formmulti-species biofilms and to enhance the virulence of the biofilms where they reside

(Whitmore and Lamont, 2011). These species have been described as early colonizers, as they drive the

subsequent colonizers leading to pathogenic polymicrobial biofilm phenotypes when associated with

Candida (Rickard et al., 2003; Diaz et al., 2012a, 2012b; Xu et al., 2014a, 2014b).

This cross-kingdom interaction can occur in several ways, such as adhesive and coaggregation processes,

inter-kingdom signaling, and metabolic interactions (Xu et al., 2014b; Bertolini and Dongari-Bagtzoglou,

2019a, 2019b). Interestingly, Diaz et al. (2012a) has shown that although S. oralis displays poor ability to

form mucosal biofilms on its own in a single-species biofilm, under a flow condition, the presence of

C. albicans enhanced the bacteria attachment and growth, creating a much more robust biofilm, with
6 iScience 25, 103994, April 15, 2022
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significantly epithelial damage and C. albicans invasion through the mucosa. Results suggested that

S. oralis andC. albicans are commensal organisms growing separately but synergistically affect pathogenic

potential. Furthermore, despite the belief that commensal streptococcal species protect the host against

candida-related infections (Liljemark and Gibbons, 1973), it has been widely reported that C. albicans can

synergize with certain Streptococcus spp. leading to exacerbated local pro-inflammatory host response

increasing the severity of oral mucosal infection and promoting epithelial damage and barrier breach.

It is known that during polymicrobial biofilm formation, Streptococcus and Candida communicate with

each other by using chemical signaling and metabolites that modulate cell behavior (Miller and Bassler,

2001; Bamford et al., 2009; Ramsey et al., 2011). Even in a well-regulated biofilm community, these signaling

communication metabolites, such as quorum-sensing system, can manipulate the hierarchical biofilm ar-

chitecture depending on the microbial species playing the ‘‘leader’’ or ‘‘accessory’’ role in the biofilm

growth (Xu et al., 2014b; Whitmore and Lamont, 2011)—oral streptococci and C. albicans may regulate

gene expression and recognition pattern to diverse other microorganisms occupying the same ecological

niches. Nevertheless, because bacteria can produce numerous chemical signs molecules, it is of utmost

importance to highlight that the result of Candida–bacterial interaction toward the promotion or suppres-

sion of yeast virulence and pathogenicity is not solely driven by the cross-kingdom communication but also

rely on the influence of the environmental condition, microbial communities load and composition, and

host immune response. Most of the studies on the pathogenic interactions between C. albicans and oral

bacteria focused only on individual bacterial species. Very few investigated the interactions between

C. albicans and polymicrobial biofilms in health and disease essential to closely represent the complexity

of the biofilms found in the human body, especially around peri-implant infections.

In this context, in vivo murine models have shown that Candida infection of immunosuppressed hosts

contributed to changes in the oral microbiome, leading tomucosal bacterial overgrowth of certain species,

such as Enterococcus faecalis, leading to significantly dysbiosis and reduced diversity (Bertolini and Don-

gari-Bagtzoglou, 2019a; 2019b; Bertolini et al., 2019). Although enterococci are traditionally considered

transient commensals in the oral cavity and carriage low rates, the oral carriage rate of Enterococcus spe-

cies (predominantly E. faecalis) with underlying systemic disease rises significantly (more than 80%) (Gon-

çalves et al., 2009). Polymicrobial infections with C. albicans and bacteria have shown higher morbidity and

mortality in immunosuppressed patients (Boktour et al., 2004; Puig-Asensio et al., 2015). Therefore, these

medically compromised patients are some of the most high-risk populations for Candida–bacteria interac-

tion, and such biofilms should be further studied in polymicrobial infections. It is well established that

commensal anaerobic bacteria are critical in limiting Candida intestinal colonization in mice, and coloniza-

tion levels are generally proportional to the level of antibiotic depletion of anaerobic bacteria (Koh, 2013).

However, an antagonistic relationship between oral anaerobic bacteria andC. albicans has not been estab-

lished in the oral mucosa.
IMPLANT-RELATED INFECTION: AN EMERGENT AND PREVALENT DISEASE

Once a microbial biofilm forms on dental implant surface, immune-mediated biological factors and

environmental conditions can induce a deleterious shift in the balance of the normally stable resident

microbiome. It allows a significant increase in bacterial loads and can lead to progressive inflammatory

destruction of the peri-implant-surrounding tissues (Belibasakis and Manoil, 2021). These conditions are

the main reason for dental implant treatment failure showing a high prevalence, with more than 40% of

implants affected by mucositis and more than 22% affected by peri-implantitis (Salvi et al., 2017).

In the oral cavity, peri-implant mucositis is characterized by inflammation in the mucosa around dental

implants. Still, its progression and subsequent progressive loss of supporting bone are known as peri-im-

plantitis (Berglundh et al., 2018). Both conditions are considered a ‘‘biofilm-associated pathological

condition’’ and, therefore, there is strong evidence that biofilm is the main etiological factor for dental

implant-related infections (Berglundh et al., 2018). Furthermore, clinical signs of disease progression

have been linked to increased microbial loads, microbiological changes, and transition to a more

pathogenic biofilm on dental implant surfaces (Shibli et al., 2008; Padial-Molina et al., 2016).

Compared to orthopedic implants, dental implants are unique because they have a trans-mucosal

component (i.e., abutment devices) that penetrates the soft tissue between the anchoring bone and the

functional dental prosthesis (Wang et al., 2016). Consequently, the long-term success of dental implants
iScience 25, 103994, April 15, 2022 7



Figure 3. Schematic representation of the ‘‘ecological plaque hypothesis’’ concerning peri-implant disease, adapted from Marsh et al. (2011),

Rosier et al. (2018), and Souza et al., 2020a, 2020b, 2020c, 2020d, 2020e, 2020f

Increased biofilm accumulation on implant surface triggers an inflammatory process that changes the environment leading to microbiological shift and

disease progression, as shown by red boxes.

Other factors can also favor the microbiological shift on biofilms growing on titanium surfaces, such as carbohydrate (sucrose exposure). However, some

factors can control biofilm accumulation and inflammatory response, shown in green boxes, such as surgical and antimicrobial intervention and host

response.
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depends on both osseointegration and soft tissue stability (Spriano et al., 2018). Hence, it is crucial to

prevent biofilm formation on the Ti surface to avoid polymicrobial infections and tissue damage.

Nonetheless, factors influencing the transition from a health-associated oral to a disease-associated

microbiome are still not fully understood. Up to now, it is believed that multifactorial components are to

be associated with the inflammatory process (Marsh et al., 2011), such as poor oral hygiene (Serino and

Ström, 2009), lack of regular maintenance (Frisch et al., 2014), carbohydrate consumption (Souza et al.,

2019), Ti particles release (Souza et al., 2020f), and even extracellular polymers of biofilm matrix (Costa

et al., 2020). All these factors are pointed out as potential players in the pathogenicity of oral biofilms

inducing the overgrowth of putative species.

An adaptation from the ‘‘ecological plaque hypothesis’’, previously published by our group (Souza et al.,

2020g) on tooth surfaces, has been applied to describe a transition from a healthy state to a dysbiotic state

in implant-related infections (Figure 3). According to this model, increased biofilm accumulation acts as a

‘‘stress’’ factor triggering an inflammatory process that leads to changes in the local microenvironment,

favoring proteolytic and anaerobic Gram-negative bacterial overgrowth (Marsh et al., 2011). Such a

concept has been recently discussed by Scannapieco and Dongari-Bagtzoglou (2021), establishing that

periodontal diseases are a result of an increase in the biomass of a highly diverse microbiota that has

evolved. Interestingly, different factors mentioned above have been directly linked to the disease process

on implant-related biofilms. They can lead to an increased bacterial biomass, such as carbohydrate

consumption and extracellular polymers. Thus, biofilm formation, maturation, and increased bacterial

load are complex processes determined not only by the surface properties, host-response, and

environmental conditions (Cheng et al., 2019) but also the cell-to-cell interactions that can create synergis-

tic or antagonistic effects in polymicrobial biofilms. It may explain the lack of consensus regarding the best

protocol treatment for peri-implantitis disease.

This mature and pathogenic biofilm associated with implant infections has a polymicrobial composition

directly linked to clinical signs of disease (Lindhe et al., 1992; Lang et al., 1993; Shibli et al., 2008). Peri-

implant disease microbial communities show a change in microbiological diversity, compared to healthy

sites, in which lower levels of Prevotella and Leptotrichia and higher levels of Actinomyces, Peptococcus,

Campylobacter, nonmutans Streptococcus, Butyrivibrio, and Streptococcus mutans have been described

(Kumar et al., 2012). In addition, increased levels of Treponema forsythia, Treponema denticola, F. nucle-

atum, P. intermedia, P. micros, Candida rectus, E. corrodens, C. albicans, P. nigrescens, Candida gracilis,
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Candida ochracea, Candida concisus, S. spp., A. odontolyticus, V. parvula, and E. faecalis in peri-implantitis

have been shown by in vivo study (Canullo et al., 2017a, 2017b).

The consensus report of the 7th European Workshop on Periodontology recognized several risk factors

associated with peri-implant diseases (Berglundh et al., 2018; Schwarz et al., 2018). The well-known risk

factors are the history of chronic periodontitis, poor oral hygiene status, and no regular maintenance

care after implant therapy (Gurgel et al., 2017; Heitz-Mayfield, 2008; Schwarz et al., 2018). Different from

periodontal diseases, data identifying ‘‘smoking’’ and ‘‘diabetes’’ as potential risk factors/indicators for

peri-implantitis are inconclusive (Berglundh et al., 2018; Schwarz et al., 2018). However, a direct cause-

and-effect relationship is not entirely understood, and further well-designed prospective longitudinal

studies are recommended to provide reliable evidence. Additionally, there is limited evidence linking

peri-implantitis to other factors such as keratinized mucosa, genetic trails, systemic conditions (other

than diabetes), iatrogenic factors, occlusal overload, Ti particles, and others (Berglundh et al., 2018;

Schwarz et al., 2018). Therefore, the importance of such factors should also be further evaluated.

Regarding Candida spp. infections, some specific aspects, including chronic hyperglycemia, habitual

tobacco smoking, and poor oral hygiene skills, have been associated with an increased oral Candida

colonization on implanted devices (Alrabiah et al., 2019; Ramage et al., 2006). These risk factors have

also been shown to increase the risk of peri-implant diseases (Alrabiah et al., 2019). It is notable that

Candida spp. infections share many risk factors/indicators with peri-implant diseases (Alqahtani, 2020).

A combination of Candida biofilms with pre-existent risk conditions can enhance the likelihood of peri-

implant disease development and progression. Moreover, several other risk indicators have also been

associated withmarginal bone loss (French et al., 2019). To date, knowledge of the participation ofCandida

infection in disorders of bone remodeling is limited. Still, it has been described for arthritis and osteomy-

elitis of the jaw (Daya Attie et al., 2018), mainly in patients with immunodeficiency (Gamaletsou et al., 2015).

In the absence of sufficient data, it appears reasonable to suggest that Candida would act as a modifying

agent in chronic inflammation, corroborating to the increased accumulation of bacterial pathogenic

species around dental implants, which can enhance tissue damage and modulate the bone resorption

response (Lafuente-ibáñez de Mendoza et al., 2021).
THE POSSIBLE ROLE OF CANDIDA ON IMPLANT-RELATED INFECTIONS

Although not considered a target pathogen commonly investigated by peri-implantitis studies, C. albicans

has been identified in biofilms on implant surfaces in in vitro, in situ, and in vivo studies (do Nascimento

et al., 2013; Souza et al., 2020a, 2020b, 2020d). Because Candida is an opportunistic pathogen mainly

growing in medically or immunocompromised patients, conditions that may not directly affect the peri-im-

plantitis risk (Vissink et al., 2018), this microorganism has not been straight linked to implant-related infec-

tions as a causative microorganism. However, as shown by a previous systematic review of observational

studies, Candida has been found in high frequency (ranging from 3% to 76.7%) in the sulcular fluid of im-

plants with peri-implantitis (Mendoza et al., 2021).

Moreover, clinical evidence has shown higher levels of C. albicans in peri-implantitis sites than healthy

ones (Leonhardt et al., 1999; Schwarz et al., 2015), and presence of Candida spp. in more than 50% of

peri-implant lesions. Interestingly, even for healthy implant sites, Candida has shown a higher frequency

than healthy teeth with a history of periodontitis (Schwarz et al., 2015), suggesting that dental implant

surface and local environment may favor Candida colonization.

Although some evidence suggests the role of C. albicans in the etiopathogenesis of peri-implantitis

(Alqahtani, 2020), Candida may act as a risk factor for microbial infection, playing a key role in the biofilm

virulence, which would then lead to disease progression and tissue damage. In addition, diabetic pa-

tients, who have a higher risk for Candida infections (Zomorodian et al., 2016), show a higher frequency

of C. albicans and worse clinical signs of peri-implantitis than in comparison to non-diabetic patients with

peri-implantitis (Alsahhaf et al., 2019). In fact, diabetic patients with poor glycemic control and chronic

periodontitis tend to present higher loads of Candida spp. in the subgingival area than healthy individ-

uals with chronic periodontitis or diabetic patients with good glycemic control and chronic periodontitis

(Matic Petrovic et al., 2019). Therefore, presence of Candida in the implant-related biofilms can worsen

disease progression and prognostic for medically compromised patients, which needs further

investigation.
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Although Candida–bacterial interactions have been associated with oral infections such as oral mucositis

and dental caries, limited information is available regarding periodontitis and peri-implantitis. Interest-

ingly, high densities of yeasts for periodontitis were found only in patients with moderate and severe

chronic periodontitis (Canabarro et al., 2013). Such finding brings up the Bradford Hill criteria for causation

(Hill, 1965), as we try to establish epidemiologic evidence of a causal relationship between high loads of

C. albicans and the development or progression of peri-implantitis.

Similar bacterial groups have been described for periodontitis and peri-implantitis, with thirty-one ‘‘core

species’’ present in >90% sites, Streptococcus infantis/mitis/oralis and Fusobacterium sp., the most

prevalent. Among periodontitis and peri-implantitis sites, many putative ‘‘periodontopathogens’’ such

as Prevotella, Porphyromonas, Tannerella, Bacteroidetes, and Treponema spp. have been described (Yu

et al., 2019). Although authors suggested some difference in their proportions among periodontitis and

peri-implantitis sites, inter-subject variations outweighed such differences. These results were recently

corroborated by a review (Retamal-Valdes et al., 2019) which concluded that there are more similarities

than differences among bacterial species that colonize peri-implant and periodontitis sites in disease.

Thus, it is important to establish if there is a synergistic effect between such pathogens and the fungus

C. albicans in diseased peri-implant sites to determine C. albicans’ role in this chronic inflammatory

disease.

Among the periodontopathogens, in vitro results show that Porphyromonas gingivalis seems to have an

increased ability to invade human gingival epithelial cells and gingival fibroblasts in the presence of

C. albicans (Tamai et al., 2011). Moreover, recent evidence (Sztukowska et al., 2018) points to a coadhesion

mediated by specific proteins between C. albicans and P. gingivalis, resulting in major changes in gene

expression by P. gingivalis, which could govern increased biofilm virulence. Current in vivo evidence

suggests that at implant sites, fungal organisms were significantly correlated with P. micra and

T. forsythia (Schwarz et al., 2015). T. forsythia is directly related to the etiopathogenesis of implant-related

infections and present in high abundance in sub-mucosal biofilm samples of peri-implantitis subjects

(Shibli et al., 2008). Although Candida has been found in implant-related infections, the pathogenic role

played by Candida–bacterial interactions in implant-related biofilms remains unclear, requiring additional

mechanistic and in vivo studies. Available evidence suggests a synergistic interaction between C. albicans

and oral bacteria that potentially increases the virulence of polymicrobial biofilms (O’Donnell et al., 2015;

Montelongo-Jauregui and Lopez-Ribot 2018).

In regards to the ‘‘core species’’ present on periodontitis and peri-implantitis, the cross-kingdom interac-

tion between Candida and Streptococcus species has been widely investigated, and some effects may be

applied to implant-related infections (Souza et al., 2020a, 2020b, 2020c, 2020d, 2020e, 2020f). Our group

has shown high levels of certain bacterial members of the yellowmicrobial periodontal complex on biofilms

growing in situ on Ti surface (Souza et al., 2019), represented mainly by Streptococcus species of the mitis

group (S. oralis, S. mitis, S. gordonii, and S. sanguinis). Interestingly, these bacteria are present in biofilms in

both early and late stages of peri-implantitis (Kumar et al., 2012) and represent about 60%–90% of initial

colonizers in biofilms formed on a dental surface (Rickard et al., 2003; Diaz et al., 2006) and also dominate

the oral mucosa of healthy individuals (Diaz et al., 2012a). Thus, mitis Streptococcus species have been

shown to form robust, hyper-virulent biofilms with C. albicans (Diaz et al., 2012b; Ricker et al., 2014),

resulting in increased biofilm growth and pathogenic synergy able to cause significant mucosal damage

(Xu et al., 2014a, 2017; Bertolini et al., 2015; Xu et al., 2016). A central mechanism in this pathogenic synergy

is activating the Efg1 filamentation pathway in C. albicans by streptococci, which upregulates tissue

invasion by hyphae, mucosal inflammation, and expression of microbial coaggregation-promoting

adhesins (Bertolini et al., 2015; Xu et al., 2017). Because both organisms, Candida and Streptococcus

from mitis groups, have been found in abundance in implant-related biofilms, the same pathway is

expected, which needs to be experimentally evaluated for implant surface.

Using a titanium-mucosal interface model, we evaluated the interaction between Candida and Strepto-

coccus from mitis group (Souza et al., 2020d). Interestingly, C. albicans promoted bacterial biofilms of all

mitis Streptococcus species on the Ti surface, and bacterial species upregulated the efg1 hypha-associated

gene inC. albicans, which led to increasedmucosal damage (Souza et al., 2020d). Moreover, the interaction

of multi-species biofilms with organotypic mucosal surfaces led to the release of growth-suppressing me-

diators of Candida, which may represent a homeostatic defense mechanism of the oral mucosa against
10 iScience 25, 103994, April 15, 2022



Figure 4. Different factors directly affect microbiological shift on implant-related biofilms from a commensal to a

pathogenic profile, such as extracellular biofilm matrix, inflammatory process, and carbohydrate exposure

Because Candida colonization promotes biofilm accumulation and virulence factors, this opportunistic pathogen should

be considered an additional factor leading to microbiological shift on implant-related biofilms, which must be tested

experimentally. Created with BioRender.com (license number: ZV22TBI7ME).
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fungal overgrowth. These findings provide novel insights into biofilms on biomaterials that may play an

important role in the pathogenesis of mucosal infections around dental implants and should be considered

by in vivo studies.

Another important parameter that suggests that Candida plays a role in implant-related infections is the

effect on the biofilmmatrix. Biofilm matrix provides a unique environment for microbial growth, promoting

coaggregation, antimicrobial resistance, and nutrient source (Flemming and Wingender, 2010; Bowen

et al., 2018). Streptococcal extracellular exoenzymes, known as glucosyltransferases (Gtfs), synthesize

glucan polymers which contribute to the extracellular matrix forming the scaffold for the three-dimensional

architecture of biofilms with several advantages for microbial accumulation and have been implicated as

virulence factors (Kopec et al., 1997; Bowen and Koo, 2011).

Interestingly, previousevidence has shown thatC. albicans increasesextracellular biofilmmatrix formationbyup-

regulating gtf expression when inoculated with S. mutans (Falsetta et al., 2014). We recently showed that

C. albicans increased bacterial biomass of mixed biofilms with S. oralis strain encoding gtf gene for biofilms

growing on biotic and abiotic surfaces (Souza et al., 2020b). Moreover, C. albicans positively affected matrix-

related polymers synthesis, which enhanced Candida colonization on abiotic surfaces. Surprisingly, this cross-

kingdom interaction was modulated by the surface where the biofilm was growing, because only for Ti surface

Candida upregulated gtf expression by S. oralis (Souza et al., 2020b), suggesting that Ti surface is a suitable sur-

face for this interaction.

In this context, our group has shown that matrix-enriched biofilms promoted bacterial accumulation, led to

a dysbiosis on biofilms growing on Ti surface, and increased even strict anaerobic species related to peri-

implant infections (Costa et al., 2020). Moreover, extracellular polymers increased biofilm virulence

promoting higher host cell damage and reduced antimicrobial susceptibility (Costa et al., 2020). Therefore,

because Candida upregulates gtf genes by Streptococcal species and increases extracellular polymers

synthesis, which has been recognized as an essential virulence factor on implant-related infections, an

effect of Candida in the pathogenesis of peri-implantitis is expected. Thus, considering the direct impact

of Candida on bacterial growth and extracellular polymers synthesis, parameters that lead to microbiolog-

ical shift, this fungal may be viewed as an important factor enhancing microbiological dysbiosis on implant-

related biofilms, mainly considering its effect on the mucosal microbiome modulation (Bertolini and

Dongari-Bagtzoglou, 2019a; 2019b; Bertolini et al., 2019) (Figure 4).

Therefore, although Candida may not trigger the initiation of the peri-implantitis process, it certainly can

play a role in disease progression and increased biofilm virulence in subgingival sites. However, it remains
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overlooked by implant-related infection studies that currently focus on the bacterial microbiome and

usually leave out the mycobiome component.

The current knowledge regarding the cross-kingdom synergistic interaction between Candida and

bacteria suggests Candida’s key role in promoting biofilm virulence and disease progression with ex-

pected greater tissue damage on peri-implantitis. Thus, the biological plausibility of Candida’s role on

peri-implantitis is based on the following hypothesis and findings: (1) Although temporality has not been

evaluated as far as fungal (or bacterial) colonization preceding disease, there is evidence of identification

of C. albicans on affected teeth and implant sites; (2) Existing knowledge about Candida interactions

with certain bacteria highly associated with peri-implantitis, such as P. gingivalis, promoting bacterial

growth, virulence, and the ability to invade host cells; (3) Consistency across studies for periodontitis

and peri-implantitis showing cross-kingdom and synergistic interaction with bacterial species, forming a

hyper-virulent biofilms with increased bacterial biomass, up-regulating hyphae-related genes, exacer-

bated inflammatory response, and tissue damage; (4) Biological gradient showing high Candida loads

are found in more severely affected diseased sites associated with increased extracellular polymers

synthesis by bacterial species, enhancing biofilm matrix which has several advantages for microbial

accumulation, leading to increased microbial loads, dysbiosis, and virulence; (5) Analogy from other

situations in which under oxygen deprivation, such as subgingival implant sites, C. albicans shows an

increased virulence promoting microbial infection (Lopes et al., 2018) (Figures 5A-5E).
Current in vivo evidence of C. albicans colonization in implant-related biofilms

To further dissect this research topic regarding the ability of C. albicans to colonize implant surfaces and

play a role on peri-implantitis, systematic reviews are an essential tool to synthesize the scientific informa-

tion available, enhancing the validity of the findings of individual studies while at the same time detecting

areas of uncertainty that require further research. Keeping this in mind, we conducted a systematic review

of in vivo studies that evaluated the presence or level ofCandida on Ti surface (Supplemental material). The

initial search identified a total of 1,287 references collected from all databases. Then, 181 duplicates were

removed, and in the title and abstract screening, 1,057 records were excluded according to the eligibility

criteria. Out of a total of 98 articles thoroughly assessed in full text, 74 were considered not eligible

according to the inclusion/extrusion criteria checklist. Consequently, 24 in vivo studies were included in

this systematic review (Supplemental material).

Most of the studies included (more than 60%) were published between 2010 and 2020, showing an

increasing interest for microbiological evaluations of biofilms formed on Ti surface considering the

presence of Candida. Among included studies, three were animal models, two in situ studies with humans,

and 19 were clinical studies (Figure 6A). Most in vivo studies aimed to evaluate the microbiome profile

(52.6%) of biofilm accumulated on the implant surface (Figure 6B). Although some studies evaluated

specific therapeutic approaches to reduce microbial colonization, the effect on Candida was considered.

Interestingly, most of the studies showed that Candida spp. were found in high load (10%–80%) on implant

surface in terms of implants contaminated with these organisms (Figure 6C), and C. albicans was the spe-

cies most commonly evaluated and identified (Figure 6D), followed by C. parapsilosis and C. tropicalis.

The animal studies considered models evaluating microbiological infection in dogs (Shibli et al., 2003),

monkeys (Eke et al., 1998), andmice (Kucharı́ková et al., 2016). Two studies considered the implant insertion

in the oral cavity to mimic oral conditions (Eke et al., 1998; Shibli et al., 2003) and, therefore, implants were

exposed to the oral environment with saliva, and oral microorganisms (Eke et al., 1998) and microbial

accumulation were promoted by ligatures (Shibli et al., 2003).

All studies evaluated the presence of Candida and other microbial species, mainly periodontopathogens.

Two studies considered the normal oral flora for microbial colonization (Eke et al., 1998; Shibli et al., 2003).

One study (Kucharı́ková et al., 2016) used a C. albicans’ infection model to evaluate the ability of newly

developed implant surface to reduce Candida colonization, showing a reduction of 80% for caspofungin

(CAS)-coated titanium discs. There is a high heterogeneity of studies in terms of experimental

models applied, such as infection source, time of evaluation, and even sites or type of implant insertion,

which makes hard some comparisons (Supplemental material). Unfortunately, the studies considered

microbiological techniques only to evaluate the presence or level of Candida. Further animal studies

should consider infection models to assess the mechanism of fungal colonization and the cross-kingdom
12 iScience 25, 103994, April 15, 2022



Figure 5. Schematic representation of the role of Candida to promote biofilm accumulation and virulence with

expected higher tissue damage on peri-implantitis

The biological plausibility hypothesis of Candida’|’s role on peri-implantitis was considered based on current evidence

and Bradford Hill criteria.

(A–E) Implant surface and surrounding microenvironment (i.e., low oxygen level) seem a suitable site for Candida

colonization, mainly after protein pellicle adsorption; (B) Candida interactions with bacteria highly associated with peri-

implantitis, such as P. gingivalis, promoting bacterial growth, virulence, and the ability to invade host cells; (C) Cross-

kingdom and synergistic interaction with Streptococcus species, group highly found in healthy and disease implant sites,

forming a hyper-virulent biofilm with increased bacterial biomass, upregulating hyphae-related genes, exacerbated

inflammatory response, and tissue damage; (D) Candida increases the extracellular polymers synthesis by bacterial

species, enhancing biofilm matrix which has several advantages for microbial accumulation, leading to microbial

dysbiosis and increased virulence; therefore, high Candida count is expected to lead to increased biofilm matrix

synthesis; (E) The effect on bacteria growth and biofilm virulence lead to increased tissue damage. Created with

BioRender.com (license number: CA22TEEYEL).
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interaction between Candida and important implant-related pathogens on the Ti surface. Moreover, infor-

mation related to the effect of Candida on biofilms growing on implant surface in terms of microbial load,

virulence factors, and consequent mucosal damage needs to be experimentally tested to better determine

biological gradient through dose-response mechanisms (Supplemental material).

For studies with humans, two in situ studies (do Nascimento et al., 2013; Koch et al., 2020) were included

considering the biofilm accumulation on implant surface in the oral environment using Ti substrate on oral

devices for 24 h. Interestingly, both studies showed that Ti surface was colonized by different Candida spe-

cies, including C. albicans, even for only 24 h of biofilm formation, indicating that this material may be a

suitable substrate for Candida adhesion (Supplemental material). However, none of the studies was able

to re-create a subgingival environment closely resembling the microenvironment of a peri-implant sulcus.
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Figure 6. Results of the systematic review to identify in vivo studies evaluating the presence or level of Candida

on the implant surface

(A) Twenty-four in vivo studies were included among animal, in situ, and human models.

(B) The main research focus of included studies.

(C) The number of studies describing high (10%–80%) or low (<10%) Candida load on the implant surface.

(D) Word cloud graph of Candida species found on implant surface according to the number of studies.
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As for animal studies, in vivo studies with humans also showed a high diversity of experimental designs,

making it difficult to draw conclusions. All in vivo studies with humans included adult patients, mainly

healthy individuals, but also considered diabetic patients (Labban et al., 2021; Alsahhaf et al., 2019),

submitted to radiation therapy (Karbach et al., 2007), with the previous history of oral cancer (Ahmed

et al., 2012), and liver transplant recipients (Heckmann et al., 2004). In terms of oral condition, totally and

partially edentulous patients (Eick et al., 2016), with and without peri-implantitis (Leonhardt et al., 1999;

Raka�sevi�c et al., 2016) and with periodontitis, were investigated. The use of paper points was the common

technique for microbial collection. Quantitative analysis was done through CFU, DNA probe technology,

and real-time PCR to identify and quantify the microorganisms.

Overall, in vivo studies with humans showed the ability of Candida to colonize the implant surface because

the fungal was identified in biofilms formed on implant surface or samples from surrounding sites (i.e.,

sulcular fluid). However, the findings were inconsistent, because some studies found Candida species

were equally frequent in disease and healthy sites (Ahmed et al., 2012), but others with higher frequency

for peri-implantitis sites (Bertone et al., 2016; Alrabiah et al., 2019).

For studies showing a higher frequency of Candida on disease sites, C. albicans was the most abundant

fungal species (Bertone et al., 2016; Canullo et al., 2016; Alrabiah et al., 2019). Only two studies (Leonhardt

et al., 2003; Raka�sevi�c et al., 2016) did not find the presence of Candida, but one of them (Raka�sevi�c et al.,

2016) tested antimicrobial strategies for biofilm removal, which explain the findings. Interestingly, only

three studies (Labban et al., 2021; Alrabiah et al., 2019; Alsahhaf et al., 2019) did not inform the evaluation

of other microbial species, such as bacteria, which suggest that Candida is an emergent pathogen that

has been considered by microbiological analysis of biofilms formed on implant surface (Supplemental

material). As mentioned above, although some implant-related studies have assessed the presence of

Candida in the microbial findings, it has focused only on the presence or level of this organism.

The unraveling role of Candida on peri-implantitis opens a broad opportunity for further studies

focusing on: (1) The presence and level of Candida in different periods/stages of disease progression;

(2) Candida–bacteria interactions on peri-implantitis sites; (3) Virulence factors upregulated and correlated
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with Candida level; (4) Omics analysis to identify the effect of Candida presence and level on microbial

composition and metabolism; (5) Effect on tissue invasion and damage; and (6) Microscopic analysis to

identify its direct effect on biofilm structure and architecture.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Candida has been overlooked by implant-related infection studies. It is an opportunistic pathogen

affecting mainly medically compromised patients. Interestingly, Candida spp. infections share a significant

number of risk factors/indicators with the peri-implant diseases, indicating possible association. The

current evidence and our review suggest that this organism has to be considered a new villain in the

pathogenesis of dental implant-related infections, because it may play an important role in the progression

of peri-implantitis by modulating the host immune response and the virulence of periodontal pathogens

often found in diseased sites and candidalysin role should be further investigated in this scenario. In vivo

findings show that implant surface is a suitable substrate for Candida colonization and growth. Further-

more, this fungal has been found in higher levels in biofilms fromperi-implantitis sites, compared to healthy

ones, showing biological plausibility. Therefore, although the evidence is limited, the current literature

shows clearly that Candida has been found on implant infection sites and the in vitro and animal studies

have shown the synergistic relationship of Candida and bacteria highly related to these infections.

The microbiome related to peri-implantitis has been widely investigated considering bacterial species,

which are highlighted to be the main microorganisms triggering inflammatory processes and leading to

increased tissue damage. Still, few studies correlated fungal loads and created a temporal sequence of

fungal colonization and disease progression. Considering the current evidence and conditions that

promote Candida growth in the oral environment, the fungal presence may not directly affect the

etiopathogenesis of peri-implantitis. Still, it can exacerbate inflammatory response from the host epithelial

receptors and increase tissue damage via synergism with bacterial species.

Thus, evidence suggests that C. albicans can indirectly affect the disease progression with a significant

effect on microbiological and clinical findings because this organism can interact synergistically with

bacteria present in peri-implant sites promoting increased microbial load and biofilm virulence. Previous

studies have shown that Candida–bacteria interaction leads to exacerbated inflammatory response and

mucosal damage (Xu et al., 2014a, 2014b; 2017; Diaz et al., 2012a; Souza et al., 2020a, 2020b, 2020d).

Such evidence is also available by analogy on periodontitis severity, which correlated with higher fungal

loads. However, additional well-defined studies are necessary to elucidate the role of Candida further

before true causality can be defined.

Unfortunately, most of the knowledge evaluating the interaction ofCandidawith common oral bacteria has

not considered biofilms growing on the Ti surface, which may modulate this relationship (Souza et al.,

2020a, 2020b). Moreover, although the cross-kingdom interaction between Candida and Streptococcus

species has been widely explored, such interaction with putative periodontal pathogens related to

implant-related infections needs increased attention by further studies. Additionally, although there is

no consensus regarding the best therapeutic protocol for peri-implantitis (Heitz-Mayfield and Mombelli,

2014), the current modalities have not considered the effect of antifungal, even for the development of

new surfaces with antimicrobial abilities (Souza et al., 2020c). Thus, further studies should consider the eval-

uation of Candida’s role triggering or promoting microbiological shift on dental implants, inflammatory

process, and immune response, as well the synergistic relationship with pathogens highly related to

peri-implantitis. Moreover, in vivo evidence may consider the presence of Candida on therapeutic

approach to achieve an optimal treatment protocol for these infections.

Therefore, the current evidence suggests that C. albicans, a frequent fungal found on the implant surface

and peri-implantitis sites with the ability to increase the bacterial load and biofilm accumulation, is an

emergent villain on implant-related infections, affecting indirectly the disease progression and tissue

damage due to its effect on bacteria growth and biofilm virulence.

Limitations of the study

The current evidence regarding the role of Candida in dental implant-related infections is limited and

mainly originated from in vitro and animal studies. Moreover, dental implants can be made with different

biomaterials, which affect directly microbial adhesion and accumulation and were not considered in our
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systematic review. Finally, the studies included in our systematic review have some limitations, such as: (1) a

high heterogeneity of studies in terms of experimental models applied; (2) the studies did not consider

Candida virulence factors and tissue damage; (3) some studies did not specify the Candida species; (4)

different microbiological methods were used to quantify Candida and bacteria species. In addition, we

did not conduct a qualitative analysis of the included studies.
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Lang, N.P., Brägger, U., Walther, D., Beamer, B.,
and Kornman, K.S. (1993). Ligature-induced peri-
implant infection in cynomolgus monkeys. I.
Clinical and radiographic findings. Clin. Oral
Implants Res. 4, 2–11. https://doi.org/10.1034/j.
1600-0501.1993.040101.x.

Leonhardt, A., Dahlén, G., and Renvert, S. (2003).
Five-year clinical, microbiological, and
radiological outcome following treatment of peri-
implantitis in man. J. Periodontol. 74, 1415–1422.
https://doi.org/10.1902/jop.2003.74.10.1415.

https://doi.org/10.1128/IAI.00087-14
https://doi.org/10.1128/IAI.00087-14
https://doi.org/10.5301/ijao.5000652
https://doi.org/10.5301/ijao.5000652
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/mi.2012.24
https://doi.org/10.1038/mi.2012.24
https://doi.org/10.1111/j.1439-0507.2010.01862.x
https://doi.org/10.1111/j.1439-0507.2010.01862.x
https://doi.org/10.1002/JPER.18-0236
https://doi.org/10.1111/jcpe.12298
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref60
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref60
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref60
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref60
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref60
https://doi.org/10.1093/ofid/ofv207
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1128/IAI.69.5.2815-2820.2001
https://doi.org/10.1128/IAI.69.5.2815-2820.2001
https://doi.org/10.1007/s10096-009-0786-5
https://doi.org/10.1007/s10096-009-0786-5
https://doi.org/10.1128/AEM.05203-11
https://doi.org/10.1128/AEM.05203-11
https://doi.org/10.1111/clr.12944
https://doi.org/10.1111/clr.12944
https://doi.org/10.1902/jop.2004.75.6.909
https://doi.org/10.1902/jop.2004.75.6.909
https://doi.org/10.1111/j.1600-051X.2008.01275.x
https://doi.org/10.1111/j.1600-051X.2008.01275.x
https://doi.org/10.11607/jomi.2014suppl.g5.3
https://doi.org/10.11607/jomi.2014suppl.g5.3
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref71
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref71
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref71
https://doi.org/10.4049/jimmunol.1302265
https://doi.org/10.4049/jimmunol.1302265
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref73
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref73
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref73
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref73
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref73
https://doi.org/10.1016/j.tim.2005.09.006
https://doi.org/10.1016/j.tim.2005.09.006
https://doi.org/10.1016/j.colsurfb.2009.05.028
https://doi.org/10.1016/j.colsurfb.2009.05.028
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
http://refhub.elsevier.com/S2589-0042(22)00264-4/sref77
https://doi.org/10.1128/mBio.00651-21
https://doi.org/10.1073/pnas.0807935105
https://doi.org/10.1073/pnas.0807935105
https://doi.org/10.3390/jcm9093036
https://doi.org/10.3390/jcm9093036
https://doi.org/10.1128/EC.00196-13
https://doi.org/10.1128/EC.00196-13
https://doi.org/10.1128/CMR.17.2.255-267.2004
https://doi.org/10.1128/CMR.17.2.255-267.2004
https://doi.org/10.1093/GLYCOB/7.7.929
https://doi.org/10.1093/GLYCOB/7.7.929
https://doi.org/10.1371/journal.pone.0042770
https://doi.org/10.1371/journal.pone.0042770
https://doi.org/10.1093/jac/dkv437
https://doi.org/10.1111/j.1600-051X.2012.01856.x
https://doi.org/10.1111/j.1600-051X.2012.01856.x
https://doi.org/10.1016/j.pdpdt.2021.102183
https://doi.org/10.1016/j.pdpdt.2021.102183
https://doi.org/10.1186/s40729-021-00338-7
https://doi.org/10.1186/s40729-021-00338-7
https://doi.org/10.1034/j.1600-0501.1993.040101.x
https://doi.org/10.1034/j.1600-0501.1993.040101.x
https://doi.org/10.1902/jop.2003.74.10.1415


ll
OPEN ACCESS

iScience
Review
Leonhardt, A., Renvert, S., and Dahlén, G. (1999).
Microbial findings at failing implants. Clin. Oral
Implants Res. 10, 339–345. https://doi.org/10.
1034/j.1600-0501.1999.100501.x.

Li, Y., Guo, T., Zhao, J., and Wang, J. (2013).
Effects of polishingmethods on Candida albicans
adhesion on cast pure titanium surfaces. Implant
dentistry 22, 546–551. https://doi.org/10.1097/ID.
0b013e3182a03ce9.

Liljemark, W.F., and Gibbons, R.J. (1973).
Suppression of Candida albicans by human oral
streptococci in gnotobiotic mice. Infect. Immun.
8, 846–849. https://doi.org/10.1128/iai.8.5.846-
849.1973.

Lindhe, J., Berglundh, T., Ericsson, I., Liljenberg,
B., and Marinello, C. (1992). Experimental
breakdown of peri-implant and periodontal
tissues. A study in the beagle dog. Clin. Oral
Implants Res. 3, 9–16. https://doi.org/10.1034/j.
1600-0501.1992.030102.x.

Lopes, J.P., Stylianou, M., Backman, E.,
Holmberg, S., Jass, J., Claesson, R., and Urban,
C.F. (2018). Evasion of immune surveillance in low
oxygen environments enhances Candida albicans
virulence. mBio 9. https://doi.org/10.1128/mBio.
02120-18.

Marsh, P.D., Moter, A., and Devine, D.A. (2011).
Dental plaque biofilms: communities, conflict and
control. Periodontology 55, 16–35. https://doi.
org/10.1111/j.1600-0757.2009.00339.x.

Martorano-Fernandes, L., Rodrigues, N.C.,
Borges, M.H., Cavalcanti, Y., and Almeida, L.F.
(2020). Interkingdom interaction between C.
albicans and S. salivarius on titanium surfaces.
BMC Oral Health 20. https://doi.org/10.1186/
s12903-020-01334-w.

Matic Petrovic, S., Radunovic, M., Barac, M.,
Kuzmanovic Pficer, J., Pavlica, D., Arsic
Arsenijevic, V., and Pucar, A. (2019). Subgingival
areas as potential reservoirs of different Candida
spp in type 2 diabetes patients and healthy
subjects. PLoS ONE 14, e0210527. https://doi.
org/10.1371/journal.pone.0210527.

Mendoza, I.L.I., Cayero-Garay, A., Quindos-
Andres, G., and Aguirre-Urizar, J.M. (2021). A
systematic review on the implication of Candida
in peri-implantitis. Int. J. Implant Dentistry 7, 73.
https://doi.org/10.1186/s40729-021-00338-7.

Miller, M.B., and Bassler, B.L. (2001). Quorum
sensing in bacteria. Annu. Rev. Microbiol. 55,
165–199. https://doi.org/10.1146/annurev.micro.
55.1.165.

Montelongo-Jauregui, D., and Lopez-Ribot, J.L.
(2018). Candida interactions with the oral
bacterial microbiota. J. Fungi (Basel, Switzerland)
4, 122. https://doi.org/10.3390/jof4040122.

Montelongo-Jauregui, D., Srinivasan, A.,
Ramasubramanian, A.K., and Lopez-Ribot, J.L.
(2018). An in vitro model for Candida
albicans⁻Streptococcus gordonii biofilms on
titanium surfaces. J. fungi (Basel, Switzerland) 4,
66. https://doi.org/10.3390/jof4020066.

Mouhat, M., Moorehead, R., and Murdoch, C.
(2020). In vitro Candida albicans biofilm formation
on different titanium surface topographies.
Biomaterial Invest. Dentistry 7, 146–157. https://
doi.org/10.1080/26415275.2020.1829489.
Moyes, D.L., Runglall, M., Murciano, C., Shen, C.,
Nayar, D., Selvam, T., et al. (2010a). A biphasic
innate immune MAPK response discriminates
between the yeast and hyphal forms of Candida
albicans in epithelial cells. Cell Host Microbe 8,
225–235.

Moyes, D.L., Runglall, M., Murciano, C., Shen, C.,
Nayar, D., Thavaraj, S., Kohli, A., Islam, A., Mora-
Montes, H., Challacombe, S.J., and Naglik, J.R.
(2010b). A biphasic innate immune MAPK
response discriminates between the yeast and
hyphal forms of Candida albicans in epithelial
cells. Cell Host Microbe 8, 225–235. https://doi.
org/10.1016/j.chom.2010.08.002.

Moyes, D.L., Wilson, D., Richardson, J.P.,
Mogavero, S., Tang, S.X., Wernecke, J., Höfs, S.,
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Azkargorta, M., de Llano, J.J.M., Carda, C.,
Gurruchaga, M., Suay, J., and Goñi, I. (2018).
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