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Introduction

Polymicrobial infections involving Candida albicans and Porphyromonas gingivalis represent a significant challenge in maintaining epithelial barrier integrity. This study explores their synergistic effects on epithelial cells using an air-liquid interface (ALI) model.





Methods

Mixed-species biofilms were developed and analyzed for their impact on epithelial permeability and tight junction proteins. The effects of biofilm supernatants on IL-8 secretion and oxidative stress markers were also evaluated. The role of P. gingivalis proteases was assessed using a gingipain-null mutant (ΔKΔRAB) compared to the wild-type strain (W83). Survival experiments were conducted using Galleria mellonella larvae to examine the pathogenicity of dual-species biofilms.





Results

Mixed-species biofilms significantly increased epithelial permeability and disrupted tight junction proteins, as evidenced by reduced levels of ZO-1 and E-cadherin. These changes were accompanied by oxidative stress, characterized by decreased HO-1 expression and enhanced Bax/Bcl-xL ratios, indicating increased pro-apoptotic activity. Supernatants from dual-species biofilms demonstrated a pronounced effect on epithelial cells, modulating IL-8 secretion and exacerbating oxidative damage. C. albicans was identified as the dominant driver of pro-inflammatory responses, while P. gingivalis contributed through immune modulation and enzymatic activity, primarily via gingipains. The ΔKΔRAB mutant biofilms caused less epithelial disruption and oxidative stress compared to the wild-type, highlighting the critical role of gingipains in pathogenesis.





Discussion

Survival experiments using Galleria mellonella larvae supported these findings, highlighting the reduced survival associated with dual-species biofilms and the potential for high-dose antimicrobial therapies to mitigate this effect. These results emphasize the cooperative mechanisms of C. albicans and P. gingivalis in compromising epithelial barriers and underline the importance of combination therapies targeting both fungal and bacterial components in polymicrobial infections.
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1 Introduction

Aspiration pneumonia (AP) is a pulmonary infection caused by the inhalation of oropharyngeal or gastric contents into the otherwise sterile lower respiratory tract. It predominantly affects vulnerable populations, such as older adults, individuals with impaired swallowing, immunocompromised patients, and is associated with high morbidity and mortality, emphasizing the need for early diagnosis and targeted prevention (Neill and Dean, 2019).

A key risk factor is the degree of bacterial colonization in oral secretions, where even minimal aspiration can initiate infection with a high bacterial load. Also, microaspirations, often undetected, can recur over time, progressively damaging the pulmonary epithelium and weakening defense mechanisms, such as mucociliary transport and macrophage clearance. This increases susceptibility to infection, especially in immunocompromised individuals, where exposure to pathogens in the alveolar space leads to rapid disease progression. Advanced age correlates strongly with aspiration pneumonia, as many older adults experience silent microaspirations that may not be clinically apparent (Simpson et al., 2023). Among patients aged 70 or older hospitalized with pneumonia, dysphagia prevalence was reported at 91.7%, with silent aspirations occurring in over 50% of cases (Almirall et al., 2021).

AP is frequently polymicrobial, with multiple pathogens acting synergistically to exacerbate infection severity. The most frequently isolated bacteria include Gram-negative aerobic and facultative anaerobic bacteria: Streptococcus pneumoniae, Streptococcus anginosus, Staphylococcus aureus, Klebsiella pneumoniae, Escherichia coli. Streptococcus pneumoniae is particularly notable. Anaerobic bacteria are infrequent causative pathogens of AP but are commonly implicated due to their abundance in the oral cavity. Key species include: Prevotella spp., Porphyromonas gingivalis, Fusobacterium nucleatum, Bacteroides fragilis. These bacteria contribute to pneumonia by forming biofilms and producing virulence factors that damage lung tissue, enhancing bacterial persistence and resistance to immune responses or antibiotics (Benedyk et al., 2016; Kamio et al., 2021; Takahashi et al., 2023). P. gingivalis is a multifaceted pathogen, predominantly associated with chronic periodontitis, also contributing to various systemic diseases, such as atherosclerosis and coronary artery disease, where P. gingivalis virulence factors can induce inflammatory responses and endothelial dysfunction, contributing to plaque formation (Zhang et al., 2021). In rheumatoid arthritis, P. gingivalis can use produced peptidyl-arginine deiminase, for host protein citrullination, potentially triggering autoimmune responses characteristic (Wegner et al., 2010). Also, DNA of P. gingivalis was detected in the brains of Alzheimer’s patients, suggesting its possible role in neurodegeneration (Dominy et al., 2019). As AP involves the inhalation of oropharyngeal contents, P. gingivalis can be also introducing into the lower respiratory tract (Benedyk et al., 2016) where its proteolytic enzymes, particularly gingipains, can disrupt pulmonary epithelial barriers and modulate immune responses, facilitating infection. Many researches indicate that gingipains are critical factors in the development of diseases caused by P. gingivalis (Cutler et al., 1995; Lamont and Jenkinson, 1998; Socransky et al., 1998; Hamada et al., 1998; Amano et al., 2010), although its virulence is attributed to several other factors, including fimbriae, lipopolysaccharides (LPS), hemagglutinins, and capsular polysaccharides (O’Brien-Simpson et al., 2001; Bostanci and Belibasakis, 2012; De Diego et al., 2014).

Gingipains belong to cysteine proteases, comprising arginine-specific (RgpA, RgpB) and lysine-specific (Kgp) enzymes (Travis et al., 1997), and are pivotal in degrading host proteins, modulating immune responses, and facilitating nutrient acquisition (Potempa et al., 2005). They can cleave defensins (Carlisle et al., 2009), immunoglobulins, cytokines and various components of the complement cascade (Potempa and Potempa, 2012; Hajishengallis and Lamont, 2014), undermining host defense mechanisms and promoting inflammation. P. gingivalis also expresses long (FimA) and short (Mfa1) fimbriae that mediate adhesion to host tissues and other microorganisms, enhancing colonization and biofilm formation (Kuboniwa et al., 2009). These structures are crucial for the bacterium’s invasive capabilities and its ability to evade the host immune system. P. gingivalis can also use LPS to modulate host immune responses, sometimes evading detection or triggering chronic inflammation, contributing to tissue destruction (Nativel et al., 2017). The capsule aids in resisting phagocytosis and complement-mediated killing, enhancing bacterial survival within the host (Singh et al., 2011).

Although bacteria constitute a significant part of the oral microflora, the oral cavity is also colonized by yeasts, particularly Candida albicans. C. albicans is a yeast-like fungus that commensally colonizes human mucosal surfaces (Huffnagle and Noverr, 2013; Singh et al., 2014) and is harmless to the host as long as its immune system is functioning properly (Gow and Yadav, 2017; Nikou et al., 2019). However, in immunocompromised patients due to lesions, the balance between host and fungal cells is disrupted, which can lead to the development of disseminated life-threatening infections (Perlroth et al., 2007; Sardi et al., 2013). C. albicans is frequently isolated from respiratory samples (e.g., bronchoalveolar lavage), especially in immunocompromised individuals on prolonged mechanical ventilation, or patients receiving broad-spectrum antibiotics, or those with poor oral hygiene (Zarrinfar et al., 2016). Additionally, C. albicans has been isolated from root canals and deep periodontal pockets (Feller et al., 2014; O’Donnell et al., 2015; Gomes et al., 2017). The most important virulence factors of C. albicans include: (i) the ability to exist in two morphologically distinct forms, such as yeast-like cells and hypha-forming cells, which is crucial for colonizing new niches (Chow et al., 2021; Alonso-Monge et al., 2024); (ii) the production of aspartyl protases (Sap), which can impair the function of host immune proteins (Kaminishi et al., 1995; Naglik et al., 2003); and (iii) the secretion of candidalysin, a fungal cytolytic peptide toxin, that plays a significant role in epithelial membrane damage (Moyes et al., 2016).

Although Candida alone rarely causes aspiration pneumonia in immunocompetent individuals, several mechanisms suggest its indirect or contributory role in enhancing of bacterial virulence through the formation of mixed-species (heterotypic) biofilms with oral bacteria. C. albicans has been shown to interact synergistically with bacteria to exacerbate disease, via their combined virulence factors. These mechanisms include enhancement bacterial adhesion, where C. albicans hyphae serve as a scaffold for bacterial attachment and colonization; biofilm formation, which increases the resistance of both Candida and oral bacteria to phagocytosis and antimicrobial treatments; and modulation of bacterial virulence factors, promoting C. albicans growth or biofilm formation (Ponde et al., 2021; Satala et al., 2022).

The interaction between P. gingivalis and C. albicans underscores the critical role of microbial synergy in enhancing the survival, virulence, and colonization potential of anaerobic pathogens. Within this heterotypic biofilm, the fungal component rapidly proliferates under aerobic conditions, consuming oxygen and thereby creating a hypoxic microenvironment conducive to P. gingivalis survival and growth (Fox et al., 2014; de Jongh et al., 2024). This biofilm is stabilized by the specific adherence of bacterial cells to fungal hyphae, mediated by the fungal adhesins Als1 and Als3 (Bartnicka et al., 2019; de Jongh et al., 2024; Sztukowska et al., 2018). This interaction promotes the production of gingipains, which facilitate tissue invasion and bloodstream infiltration (Karkowska-Kuleta et al., 2018). Additionally, the fungal filamentous cells and biofilm matrix reduce the susceptibility of both microorganisms to antibiotics and certain antimycotics. However, the two species also compete for essential environmental resources, such as heme, which can influence the morphology and behavior of P. gingivalis cells.

While the study provides valuable insights into this synergistic relationship, further research is required to confirm these findings in vivo and to better understand their implications for oral health and treatment strategies. The potential for these pathogens to cohabit the same infectious niche is particularly noteworthy when considering their mutual effects on the development of upper and lower respiratory tract diseases (Tamai et al., 2011; Bartnicka et al., 2019), which constitutes the focus of the present study.

The research was conducted using human bronchial epithelium cultured at the air-liquid interface (ALI). ALI cultures enable the development of 3D cellular models in which basal cells are in contact with the culture medium, while cells on the apical side are exposed to air (Lacroix et al., 2018). Differentiated, pseudostratified human airway epithelium exhibits properties characteristic of in vivo cells, such as increased production of adhesion markers (e.g., E-cadherin), tight junction proteins (e.g., ZO-1), formation of ciliated cells, and mucin secretion by goblet cells (Kikuchi et al., 2004; Stewart et al., 2012).

The objective of this study was to investigate the ability of Candida albicans and Porphyromonas gingivalis to form mixed biofilms on human airway epithelium and to evaluate their impact on epithelial barrier integrity and host cellular response. Specifically, we aimed to analyze the effects of direct contact with these pathogens during infection, as well as the impact of secreted factors from the mixed biofilm, on epithelial cell viability, permeability, and inflammatory response (IL-8 production). To identify the contribution of bacterial gingipains and fungal factors to epithelial barrier disruption, we employed a 3D lung model, assessing both wild-type and gingipain-mutant strains of P. gingivalis. Our findings highlight the protective role of C. albicans in relation to bacterial activity, suggesting new mechanisms of microbial cooperation and potential therapeutic targets for addressing epithelial stress and barrier dysfunction.




2 Materials and methods



2.1 Cell culture

Human bronchial epithelial BEAS-2B cells (CRL-3588, ATCC, Manassas, VA, USA) were cultured in serum- and gentamicin-free grown factor-supplemented medium (BEGM, Lonza, Basel, Switzerland). Primary human bronchial epithelial cells (HAE, Epithelix Sarl, Geneva, Switzerland) were expanded in BEGM in-house (Lenart et al., 2023). Calu-3 cells (HTB-55, ATCC) were grown in EMEM medium containing Minimal Essential Medium (MEM, Biowest, Nuaillé, France) supplemented with non-Essential Amino Acid (dilution 1:100) (Biowest), 1 mM sodium pyruvate (Biowest) and 10% fetal bovine serum (FBS; Biowest). Cells were maintained at 37°C under 5% CO2.




2.2 Air-liquid interface cell differentiation

Cells were differentiated to the air-liquid interference model according to a protocol described previously (Jakiela et al., 2008) with some modifications. Briefly, 2 × 105 BEAS-2B cells were suspended in BEGM medium at the top of Thincert™ culture inserts (Greiner Bio-One, Kremsmünster, Austria) previously coated with 0.05 mg/mL collagen (Merck, Darmstadt, Germany). Inserts were submerged into BEGM to achieve full cell confluence. Next, the apical medium was discarded and 700 µL of differentiation medium were added to the basolateral side. Differentiation medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) and BEGM (Lonza) at proportion of 1:1 supplemented with 80 nM retinoic acid (RA). Cells were cultured for four weeks with weekly medium changing to obtain fully differentiated ALI model. In the case of Calu-3 cells, 1.35 × 105 cells were used for ALI preparation. Cell differentiation was achieved after two weeks in differentiation medium (EMEM medium supplemented with 10% FBS and 80 nM RA). The HAE ALI model was performed according to a previously reported procedure (Lenart et al., 2023).




2.3 Microbial cultures



2.3.1 Bacterial growth conditions

An invasive strain of Porphyromonas gingivalis W83 (ATCCBAA-308 and an isogenic triple gingipain-null mutant ΔKΔRAB (ΔrgpA, ΔrgpB, Δkgp), were used in this study (Benedyk et al., 2016). These strains were cultivated under anaerobic conditions (90% N2, 5% H2, and 5% CO2) at 37°C on agar plates (BTL, Lodz, Poland) with the addition of sheep blood (5% (v/v) or in liquid tryptic-soy broth (TSB) (30 g/L; Merck) supplemented with 5 g/L yeast extract (Bioshop, Burlington, Canada), L-50 μg/mL cysteine, 5 μg/mL hemin, and 0.5 μg/mL vitamin K (all from Merck). For ΔKΔRAB, additionally 1 µg/mL tetracycline (Merck) was added. After overnight liquid culture, the bacteria were centrifuged (5000×g, 30 min), washed and resuspended in phosphate-buffered saline pH 7.4 (PBS; Biowest). To estimate the number of cells in the suspension, the optical density at 660 nm was measured.




2.3.2 Fungal growth conditions

The Candida albicans strains 3147 (ATCC 10231) and SC5314 (ATCC MYA-2876) were cultured under aerobic conditions in liquid YPD medium containing 1% yeast extract, 2% glucose, 2% soybean peptone (all components from Merck) for 18 h at 30°C and 170 rpm in an orbital rotary shaker MaxQ 6000 (Thermo Fisher Scientific, Waltham, MA, USA). Fungal cells were centrifugated (3000×g, 5 min), washed, and resuspended in PBS to estimate the number of cells in the suspension by measuring optical density at 600 nm.




2.3.3 Formation of mono- (homotypic) or dual-species (heterotypic) biofilms

C. albicans (1 × 107 CFU/mL) or P. gingivalis (1 × 108 CFU/mL) cells were seeded in RPMI 1640 medium (Biowest) supplemented with 10% FBS for biofilm formation. Bacterial biofilm was formed under anaerobic conditions in a GENbox jar anaerobic generator (bioMérieux, Craponne, France) for 48h at 37°C. Fungal or dual-species biofilm were formed under aerobic conditions in a humidified atmosphere of 95% air and 5% CO2 for 48h at 37°C. Next, the supernatants were collected, centrifuged twice (3000×g, 5 min and 6000×g, 20 min) and filtered with 0.22 µm filters. Sterile supernatants were aliquoted and stored at −80°C for host cell treatment.





2.4 Models of infection

Two infection models were developed: one in which biofilm was formed directly on the epithelial surface and a second in which the epithelium was treated with supernatants collected from the biofilm, hereinafter referred to as BIOFILM and SUPERNATANT, respectively.

In the BIOFILM model, C. albicans 3147 (1×107 CFU/mL) or P. gingivalis W83 or ΔKΔRAB (1×108 CFU/mL) or both cell types at a yeast-to-bacteria ratio of 1:10 were added to the apical side of the human epithelial ALI model. Cells on the basolateral side were suspended in RPMI 1640 (Biowest) supplemented with 10% FBS. Infected epithelium was incubated for 6 or 24 hours at 37°C under aerobic conditions at 5% CO2. In the SUPERNATANT model, supernatants at different dilutions were added to the apical and basolateral sides of the epithelium ALI cells and incubated for 24 hours under conditions analogous to the BIOFILM model. After stimulation, the medium from the bottom of the insert was collected and stored at −80°C for cytokine measurement, while the human cells were used for further protein analyses.




2.5 Measurement of the mitochondrial activity of human epithelial cells in the BIOFILM model

The mitochondrial activity of differentiated BEAS-2B cells after 24-hour direct contact with biofilms was detected using MitoTracker™ Orange CMTMRos (Thermo Fisher Scientific). After washing, the cells were treated with 1 µM MitoTracker™ Orange CMTMRos dye for 30 min at 37°C. Next, cells were fixed with 4% formaldehyde (p-FA) for 20 minutes and washed with PBS. Chitin staining of yeast cells was performed with an additional treatment using 0.1 mg/mL Calcofluor White (Fluka, Buchs, Switzerland) for 10 minutes.

The membranes were detached from the insert with a scalpel and mounted onto glass slides with ProLong™ Glass Antifade Mountant (Invitrogen, Waltham, MA, USA). Fluorescence was quantified using the Leica Stellaris 5 confocal microscope (Leica Microsystems, Mannheim, Germany) equipped with 20 mW laser diodes (488 nm, 561 nm). Based on the Z-stack images obtained, the fluorescence signal for human cells in the maximum Z projection was measured. To exclude potential interference from yeast cell mitochondria in the fluorescence measurements, the MitoTracker™ Orange signal from regions defined by Calcofluor White Stain (Merck) fluorescence was subtracted. Image analyses were performed with Fiji software (ImageJ, version 1.54f (USA)). (More detailed description is included in the Supplementary Material).




2.6 Measurement of metabolic activity of human epithelial cells in the SUPERNATANT model

The metabolic activity of differentiated BEAS-2B cells was measured using the XTT assay (sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate, Invitrogen). Cells were incubated for 24 hours with previously prepared 10% and 100% supernatants from biofilms, which were added to the top and bottom sides of the insert. After stimulation, cells were carefully washed with PBS and incubated with mixture containing 1 mg/mL XTT and 5 mg/mL phenazine metosulfate (Merck). Following a one-hour incubation at 37°C in the dark, the mixture was transferred to a 96-well plate and absorbance was measured at 450 nm using a PowerWaveX microplate reader (BioTek Instruments, Winooski, VT, USA).




2.7 Epithelial cell permeability assay

Differentiated cells in culture inserts were incubated with filtered 50% of supernatant from mono- or dual-species biofilm for 24 hours. After this time, the supernatant was removed and replaced in the bottom side of inserts with a fresh aliquot of phenol red-free RPMI 1640 medium. Epithelial cell permeability was assessed by adding a solution of 70 µg/mL dextran (70 kDa) conjugated with fluorescein isothiocyanate (FITC) (Merck) to the apical side of the cells. After 3 hours incubation, the fluorescence of the medium collected from the bottom side was measured at λex= 485 nm and λem=535 nm using the Synergy H1 microplate reader (Biotek, Winooski, VT, USA).




2.8 Penetration of the epithelium by C. albicans

The progression of epithelium penetration by yeast cells was analyzed with three biofilm variants formed in direct contact with the surface of host cells in the ALI model: i) C. albicans SC5314, ii) mixed biofilm with a yeast-to-P. gingivalis W83 ratio of 1:10, and iii) C. albicans SC5314 with supernatant derived from an anaerobic culture of P. gingivalis W83. All biofilms were formed in phenol red-free RPMI 1640 during 24 hours at 37°C under aerobic conditions. Next, the inserts were fixed with 4% p-FA for 20 minutes, and yeast cell localization was analyzed using specific staining protocols. Briefly, cells were permeabilized for 10 minutes with 0.5% Triton X-100. F-actin in human cells was stained with 40-fold diluted phalloidin solution labelled with Alexa Fluor™ 568 (ThermoFisher Scientific) for 1 h at room temperature. Subsequently, mannans in the yeast cell walls were stained by incubating the membranes with 100 µg/mL concanavalin A (conA) conjugated with Alexa Fluor™ 488 (Thermo Fisher Scientific) for 30 minutes at room temperature. The membranes containing cells were detached from the insert using a scalpel. Samples were mounted with ProLong™ Glass Antifade Mountant (Invitrogen) and imaged using a Leica Stellaris 5 confocal microscope. Quantitative assessment of C. albicans penetration into epithelial layers was performed by generating a fluorescence profile along the Z-axis for each channel, illustrating the relationship between fluorescence intensity and sample depth. The confocal Z-stacks were analyzed using Leica LasX software (Leica Microsystems, Mannheim, Germany). The fluorescence intensity was measured across the depth of the sample, and the distance between peak mean fluorescence values was calculated, enabling direct comparisons of the extent of invasion under different experimental conditions.




2.9 Immunofluorescence staining of proteins

HAE and Calu-3 cells were treated for 24 hours with sterile 50% of mixed biofilm supernatant collected from 48-hours culture of C. albicans 3147 and P. gingivalis W83 culture. Cells were fixed with 4% p-FA at room temperature (RT) for 10 minutes. Next, the cell membrane was permeabilized by adding 0.1% Triton X-100 for 15 minutes at the same temperature. After washing with PBS, the cells were blocked with 2% BSA (BioShop Canada Inc., Burlington, Canada) for 2 hours at RT. An appropriate dilution of primary antibody in 1% BSA was then added as shown in Table 1 and samples were incubated overnight at 4°C. The following day, cells were washed with PBS, and the required concentration of secondary antibody in 1% BSA (Table 1) was added for 1 hour at RT. Cell nuclei were stained with 5 ug/mL of Hoechst 33342 for 10 min at RT. After the staining procedure, membranes were excised from the insert with a scalpel and mounted with ProLong™ Glass Antifade Mountant (Invitrogen). Images were captured with Leica Stellaris 5 confocal microscope.


Table 1 | List of antibodies used for immunofluorescence staining.






2.10 Western blot analysis

BEAS-2B cells in the SUPERNATANT infection model were incubated with sterile 50% supernatants for 24 hours at 37°C under aerobic conditions. After incubation, harvested cells were resuspended in RIPA buffer (Merck) supplemented with protease inhibitor cocktail (Promega, Mannheim, Germany), 1 mM EGTA, 5 mM EDTA, and gingipain inhibitors (1 μg/mL KYT-1, 1 μg/mL KYT-36). Total protein concentration in the lysates was determined using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific) according to the manufacturer’s instructions. Samples containing 8 μg of protein were resolved in 8% or 12% SDS-PAGE, and protein detection was performed following the procedure described previously (Fandiño-Devia et al., 2024). The primary and secondary antibodies used in this study are listed in Table 2. Protein levels were quantified by densitometric analysis of the bands using QuantityOne 1-D Analysis Software (Bio-Rad Laboratories, USA) with GAPDH used as a loading control.


Table 2 | List of antibodies used for Western blot analysis.






2.11 IL-8 measurement

Levels of IL-8 produced by the human epithelium were quantified in medium collected from the bottom part of the insert of the two infection models using the Human IL-8 ELISA Set (BD Biosciences, San Diego, CA, USA OptEIA™) following the manufacturer’s instructions.




2.12 Evaluation of in vivo toxicity of C. albicans and P. gingivalis biofilm using Galleria mellonella model

Dual-species biofilm of C. albicans and P. gingivalis W83 were formed as described above. A mixture of amphotericin B (at final concentration of 0.5 or 1 µg/mL) and levofloxacin (at final concentration of 1 or 10 µg/mL) was added to 24-hour formed biofilm and incubated for an additional 24 hours. Following this period, the supernatants were collected and filtered with 0.22 µm Ultrafree-CL Centrifugal Filters (Merck) to sterilize the samples. The potential toxicity of C. albicans and P. gingivalis mixed-species biofilm was evaluated in Galleria mellonella larvae according to an established protocol (Kulig et al., 2024). Groups of 10 larvae were randomly selected and injected into the last left proleg with 10 µL of supernatants using a 10 μL Hamilton syringe (Merck). Control larvae received injections of RPMI 1640 (Biowest) alone. The larvae were incubated at 37°C, and their mortality was assessed daily by the lack of movement in response to touch. Two independent biological replicates were performed, and the average results are presented. Survival data were analyzed using the Mantel-Cox log-rank test in GraphPad Prism 7.0.




2.13 Statistical analysis

The data were presented as means ± SD or as means ± SEM. For statistical analysis, t-test or one-way ANOVA test with Dunnett’s multiple comparisons was used with GraphPad Prism software version 5.03 or 7.0 (GraphPad Software, La Jolla, CA, USA). Statistical significance levels were marked * for p < 0.05, ** for p < 0.01, *** for p < 0.001.





3 Results



3.1 Impact of microbial biofilm and its supernatants on the metabolic activity of epithelial cells

Lung epithelial cells constitute a protective barrier against the external environment. During respiration, these cells are exposed to various toxic agents, including numerous pathogens. Our study aimed to investigate the impact of two common pathogens, C. albicans and P. gingivalis, on the disruption of the epithelial barrier. The first step involved evaluating the metabolic activity of epithelial cells in direct contact with the biofilm of each pathogen, or with a mixed biofilm. For this purpose, the widely recommended ALI model was utilized, in which differentiated epithelial cells form a structure that closely mimics their physiological environment, surpassing the limitations of traditional 2D models (Silva et al., 2023). These 3D models replicate the polarized architecture of epithelial tissues and incorporate extracellular matrix (ECM) components, enhancing physiological relevance. Additionally, 3D models enable detailed analysis of tight junction integrity and barrier disruption caused by pathogens, accurately reflecting changes in epithelial permeability due to infection or inflammation. Moreover, 3D models effectively capture the complex dynamics of biofilm formation and pathogenic synergy.

In our study we use three epithelial cell lines: HAE cells, being primary cells, typically exhibit the most robust barrier function, followed by Calu-3 and then BEAS-2B. This hierarchy influences their susceptibility to bacterial invasion and the extent of structural disruption upon infection. For instance, HAE cells are ideal for studying mucociliary clearance, while Calu-3 cells are valuable for research on barrier function in the context of infection.

Mitochondrial activity in live BEAS-2B cells after direct biofilm exposure was assessed using MitoTracker™ Orange CMTMRos, a dye that selectively accumulates in active mitochondria, reflecting their metabolic function. Background fluorescence signals originating from pathogens were subtracted as described in the Materials and Methods section and Supplementary Material. The resulting fluorescence intensity from live cells was quantified and expressed as a percentage relative to the signal observed in untreated cells. The biofilm formed by C. albicans strain 3147 (CA) significantly reduced mitochondrial activity in a time-dependent manner. In contrast, the P. gingivalis W83 strain biofilm (W83) induced only a moderate reduction in activity, irrespective of the duration of biofilm formation (Figure 1A). Interestingly, the effect of mixed biofilm (CA+W83) was similar to that observed for CA biofilm alone. Epithelial cells infected with the less virulent of P. gingivalis strain (ΔKΔRAB) exhibited reduced cell viability; however, when exposed to mixed biofilm (CA+ΔKΔRAB), the observed effect was less pronounced than with CA+W83 biofilm. Furthermore, the ΔKΔRAB strain appeared to exert a weaker effect on epithelial cells viability after 24 hours when acting alone. Notably, in the presence of C. albicans, the reduction in cell viability after 24 hours became more pronounced. Importantly, the lowest viability of differentiated epithelial cells was observed in response to the mixed CA+W83 biofilm.




Figure 1 | Level of mitochondrial activity of BEAS-2B cells after treatment with C. albicans and/or P. gingivalis biofilm (A) or cell viability treated with biofilm supernatants (B). Mono- or dual-species biofilms were grown on BEAS-2B cells for 6 or 24 hours. Afterward, samples were stained with MitoTrackerTM Orange CMTMRos (A) and imaged using a Leica Stellaris confocal microscope. The fluorescence intensity of the epithelium was quantified using Fiji software (ImageJ). Cell viability was determined using the XTT assay (B), performed after a 24-hour incubation of BEAS-2B cells with 10% or 100% sterile supernatants collected from a 48-hour biofilms culture. The graphs show the average results of three repetitions. Data are presented as mean ± SEM. An unpaired t-test was used for statistical analysis (* for p < 0.05, ** for p < 0.01, *** for p < 0.001 vs. untreated cells (CTR)). (CTR- untreated cells; CA – C. albicans 3147; W83 – invasive strain of P. gingivalis; ΔKΔRAB - gingipain-null mutant of P. gingivalis).



To investigate the contribution of active substances secreted by pathogens to the viability of epithelial cells, additional experiments were conducted. Instead of directly infecting the cells, supernatants derived from 48-hour growing biofilms were applied. These supernatants were tested at two concentrations: diluted (10%) and undiluted (100%). A significant difference in cell viability was observed depending on the concentration of the supernatant (Figure 1B). At 10% concentration, supernatants generally led to an increase in metabolic activity, although a downward trend was noted for cells treated with mixed CA+W83 supernatant. In contrast, the supernatant from the CA+ΔKΔRAB biofilm caused a marked increase in metabolic activity, surpassing that of other treatments. It is important to note that the observed increase in metabolic activity at 10% supernatant concentration may not directly correlate with increased cell viability. Instead, this effect may result from adaptive metabolic and mitochondrial reprogramming in response to stress-induced factors, as previously described by Stepanenko and Dmitrenko (2015). Therefore, it should not be assumed that cell viability increases in response to 10% supernatants, rather, the metabolic activity of the cells is elevated. On the other hand, the application of undiluted (100%) supernatants consistently resulted in a decrease in metabolic activity compared to untreated cells. Supernatants derived from CA and W83 biofilms significantly reduced cell metabolism, with the most pronounced reduction observed in cells treated with the mixed CA+W83 supernatant. These findings suggest that epithelial cell metabolism is disrupted by pathogens through the secretion of active substances.




3.2 Supernatants of mixed biofilm induce disruption of ALI cell model integrity

The permeability of the ALI cell model using various epithelial cell types was investigated after 24-hour incubation with supernatants (Figure 2). As expected, cells treated with supernatants derived from the mixed CA+W83 biofilm exhibited the highest permeability. BEAS-2B cells exposed to CA and W83 supernatants also demonstrated increased permeability whereas supernatants from ΔKΔRAB and CA+ΔKΔRAB biofilms were less effective in inducing this effect. In experiments involving other cell types (HAE and Calu-3), supernatants from ΔKΔRAB and CA+ΔKΔRAB biofilms were excluded from the analysis. Nonetheless, a significant increase in permeability to FITC-dextran was observed in HAE and Calu-3 cells following treatment with supernatants from the mixed CA+W83 biofilm.




Figure 2 | Influence of biofilm supernatants on increased epithelial cell permeability. BEAS-2B, HAE, and Calu-3 cells were cultured for 24 hours with sterile supernatants collected from single- or dual-species biofilms. After incubation, 70 kDa dextran-FITC was added to the apical side of the epithelium. The fluorescence signal, corresponding to the movement of dextran-FITC across the epithelium, was measured in the basolateral compartment after 3 hours of incubation. The graphs show the epithelial permeability relative to an insert without cells, which was defined as having 100% permeability to dextran. The data presented in the graph represents the average results of four repetitions. Data were shown as means ± SD. Statistical analysis was carried out using a one-way ANOVA with Dunnett's multiple comparisons. *for p < 0.05, ** for p < 0.01, and *** for p < 0.001 vs. untreated cells (CTR). (CTR- cells not treated with supernatant; CA – C. albicans 3147; W83 – invasive strain of P. gingivalis; ΔKΔRAB- gingipain-null mutant of P. gingivalis).






3.3 P. gingivalis enhances C. albicans penetration in host epithelial cells

Since supernatants from pathogen biofilms were shown to induce degradation of the epithelial 3D cell model, further studies were conducted to determine whether C. albicans cells can penetrate this barrier. Differentiated ALI epithelial cells were infected with yeast cells alone (CA), a mixture of C. albicans and P. gingivalis (CA+W83), or a mixture of C. albicans and supernatant derived from an anaerobic culture of P. gingivalis (CA+S). The localization of the maximal number of C. albicans cells in the epithelial layer was quantified using confocal microscopy as described in the Materials & Methods section. Representative images of C. albicans (green) penetration on epithelial cells (red) as orthogonal projections of Z-stack are shown in Figure 3A. The distance between the basolateral side of the epithelial layer and the location of C. albicans cells was significantly shorter when yeast cells were co-cultured with P. gingivalis, suggesting cooperative interactions between the two pathogens that facilitates C. albicans penetration (Figure 3B). Moreover, infection with yeast in the presence of supernatant from an anaerobic P. gingivalis biofilm (CA+S) further enhanced C. albicans penetration, supporting our earlier hypothesis regarding the role of secreted factors in promoting barrier disruption. All tested 3D cell models, including HAE and Calu-3, exhibited a similar trend, with increased susceptibility to C. albicans penetration in the presence of P. gingivalis or its supernatants. These results highlight the synergistic effects of these pathogens in compromising epithelial barrier integrity.




Figure 3 | Effect of P. gingivalis on the progression of airway epithelium invasion by C. albicans biofilm. BEAS-2B, HAE, Calu-3 cells were cultured for 3 hours in the presence of C. albicans SC5314; a mixed biofilm of C. albicans SC5314 and P. gingivalis W83; or C. albicans SC5314 with 50% supernatant from a 48-hour anaerobic culture of P. gingivalis W83. C. albicans was labelled with 100ug/mL ConA-FITC, while F-actin in human cells was stained with phalloidin conjugated to Alexa Fluore568 (dilution 1:40). Representative orthogonal view images obtained using a Leica Stellaris 5 confocal microscope illustrate the penetration progress of C. albicans (green) inside the epithelium (red), in the presence of P. gingivalis or bacterial supernatant (A). The graphs display the position of the yeast biofilm relative to the human cells (B), determined using the stack profile plot function in Leica Las X software. The data show the results of the quantitative analysis from three randomly selected locations within the sample. Data are presented as means ± SD. The statistical analysis was performed using a one-way ANOVA with Dunnett's multiple comparison. * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 vs. CA. (CA – C. albicans SC5314; W83 – invasive strain of P. gingivalis; S – 50% of supernatant collected from P. gingivalis W83 anaerobic culture).






3.4 Impact of C. albicans and P. gingivalis on epithelial barriers

Tight junctions (TJs) are intercellular adhesion complexes that form a paracellular diffusion barrier, regulating epithelial permeability (Furuse and Takai, 2021). Numerous proteins are involved in TJs, and their degradation by proteases secreted during infection has been linked to increased epithelial permeability. Considering our findings of increased epithelial permeability and C. albicans penetration, the next step was to examine the status of TJ and adhesion associated proteins, such as ZO-1 or E-cadherin. In the ALI BEAS-2B model, ZO-1 and E-cadherin levels were analyzed by western blotting (Figure 4A). The supernatants from W83 biofilm caused a reduction in ZO-1 expression, while the CA+W83 supernatant led to an almost complete loss of the protein. No significant changes in ZO-1 expression were observed in cells treated with supernatant derived from CA or ΔKΔRAB. However, a marked reduction in ZO-1 levels was detected following treatment with CA+ΔKΔRAB supernatant. Similar results were observed for E-cadherin, where cells exposed to CA+W83 supernatant showed a strong reduction in protein levels. Interestingly, unlike ZO-1, E-cadherin levels were only slightly reduced following treatment with CA+ΔKΔRAB supernatant.




Figure 4 | Changes in the level of epithelial barrier proteins influenced by the supernatant of single- or dual-species biofilm. BEAS-2B cells were incubated with 50% biofilm supernatants for 24 hours. Protein expression levels of ZO-1, β-tubulin IV and E-cadherin were analyzed by western blotting (A) with detection using chemiluminescent substrate. GAPDH was used as an internal control for protein loading. In the representative image, changes in protein expression were quantified relative to the signal of the control sample (CTR), for which the signal level was defined as 1. The panels below illustrate the change in levels of β-tubulin IV (red) in HAE cells (B) or MUC5AC in Calu-3 cells (C) and the decrease in ZO-1 protein levels (green) in both cell types, after 24-hours treatment with 50% of biofilm supernatants. The orange arrows indicate the loss of ZO-1 protein during tight junction formation in Calu-3 cells. Samples were analyzed microscopically (Leica Stellaris 5) and the obtained images were presented as a maximum Z projection. Panel A shows a representative result from three biological replicates, while Panel B and C illustrate an image representative of three randomly selected sites within the sample. (CTR- BEAS-2B cells non treated with supernatant; CA - C. albicans 3147; W83 – invasive strain of P. gingivalis; ΔKΔRAB- gingipain-null mutant of P. gingivalis; S – supernatant from P. gingivalis W83 biofilm, cultured in anaerobic conditions).



Other critical elements involved in capturing and reversing the trajectory of inhaled pathogens are mucus and cilia lining the airways. In BEAS-2B cells, the presence of cilia was assessed by detecting β-tubulin IV (β-TUB IV). Results indicated that only supernatant CA+W83 caused a significant reduction in β-TUB IV levels. Given that active substances secreted by P. gingivalis W83 appear to promote increased epithelial permeability and facilitate C. albicans penetration, further studies were conducted using HAE and Calu-3 cells to check changes in ZO-1 and β-TUB IV levels after treatment with supernatant from biofilm collected from 48- hours anaerobic culture of W83. In the ALI HAE cell model, immunofluorescence analysis revealed decreased ZO-1 levels and reduced β-TUB IV detection following supernatant treatment (Figure 4B). In 3D Calu-3 cell model, the level of the MUC5AC mucin, a key glycoprotein in airway mucus with a critical role in pathogen defense (Dhanisha et al., 2018), was visualized with immunofluorescence. Overexpression of MUC5AC was observed in Calu-3 cells treated with CA+W83 supernatant (Figure 4C). Concurrently, a disturbance in ZO-1 expression was noted, suggesting protein degradation.




3.5 Epithelium cell response to C. albicans and P. gingivalis biofilms

The disruption of TJs and the consequent loss of epithelial barrier function enable the penetration of harmful agents, triggering mechanisms that contribute to the development of chronic inflammation (Ogulur et al., 2024). In this context, interleukin 8 (IL-8), a cytokine with pivotal roles in pro-inflammatory responses (Matsushima et al., 2022), was analyzed to elucidate the impact of C. albicans and P. gingivalis on the propagation of inflammatory processes in epithelial cells. The investigation aimed to elucidate how these pathogens influence IL-8 secretion, thereby modulating the inflammatory milieu and potentially exacerbating epithelial damage. ALI cell models were exposed to mono- or dual-species biofilms formed with CA, W83, or ΔKΔRAB. IL-8 concentrations were measured 24 hours post-infection (Figure 5A). The CA biofilm induced the highest level of cytokine secretion in all cell types. However, a heterotypic biofilm formed with the W83 strain attenuated the IL-8 secretion triggered by CA. Similarly, a heterotypic CA+ΔKΔRAB biofilm also reduced IL-8 levels, although the decrease observed in BEAS-2B and Calu-3 cells was moderate. Notably, the W83 biofilm alone did not significantly increase IL-8 production, which could be attributed to the fact that in these experimental conditions, the P. gingivalis biofilm lacked strict anaerobic conditions, potentially affecting its virulence.




Figure 5 | Alterations in IL-8 secretion by the airway epithelium as a consequence of exposure to C. albicans or/and P. gingivalis biofilm (A) or supernatants (B). BEAS-2B, HAE and Calu-3 cells were in contact for 24 hours with homotypic or heterotypic biofilm (A) or with 20% or 50% supernatants from aerobic biofilm culture (B). IL-8 concentrations were quantified in medium collected from the basolateral side of the cells using a dedicated ELISA kit (BD Biosciences). The graphs show the average results from three independent repetitions. The data are presented as means ± SD. Statistical analysis was performed using one-way ANOVA with Dunnett's multiple comparison. * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 vs. untreated cells (CTR). (CTR – cells non treated with biofilm or supernatant, CA – C. albicans 3147; W83 – invasive strain of P. gingivalis; S – supernatant collected from biofilm; # - undetected).



Changes in IL-8 secretion by epithelial cells were analyzed following exposure to biofilm supernatants. The ALI BEAS-2D cell model showed significantly lower IL-8 levels after treatment with W83 supernatant (Figure 5B). Furthermore, the mixed supernatant of C. albicans and P. gingivalis W83 (CA+W83) resulted in a substantial reduction in IL-8 concentration, particularly when a less diluted supernatant (50%) was used. In contrast, treatment with a more diluted supernatant (20%) led to a moderate decrease in cytokine levels. Interestingly, supernatants derived from ΔKΔRAB and CA+ΔKΔRAB biofilms caused no change in IL-8 levels at higher concentrations (50%), while an increase in cytokine secretion was observed with 20% diluted supernatant. Similar concentration-dependent effects were observed in other 3D cell models. In both HAE and Calu-3 cells, IL-8 levels were significantly reduced after incubation with a 50% diluted mixed biofilm supernatant, whereas greater dilution led to higher cytokine concentrations. In contrast, supernatants derived from homotypic biofilms caused a significant increase in IL-8 concentration across all tested cell models.

Oxidative stress is widely recognized as being closely associated with the disruption of TJs and the dysfunction of the epithelial barriers (Rao, 2008). The stress-response protein heme oxygenase-1 (HO-1) was investigated to assess the effects of C. albicans and aggressive P. gingivalis strain W83 on oxidative stress in epithelial cells. HO-1 plays a critical role in the regulation of cell proliferation, differentiation and apoptosis, exerting protective effects against oxidative injury, modulating inflammation and regulating apoptotic pathways (Loboda et al., 2016). Treatment with P. gingivalis W83 supernatant caused HO-1 overexpression of HO-1, whereas exposure to the mixed supernatant (CA+W83) resulted in a marked reduction in HO-1 levels in the 3D BEAS-2B cell model (Figure 6). Similar reductions in HO-1 expression were observed with supernatants from ΔKΔRAB and CA+ΔKΔRAB biofilms. Conversely, CA supernatant alone caused a slight decrease in HO-1 levels. A quantitative analysis of HO-1 expression relative to the control GADPH protein is shown at the top of the image, with untreated cells set as the baseline (value = 1). Given that uncontrolled production of reactive oxygen species (ROS), coupled with insufficient neutralization, can trigger apoptosis, further experiments were conducted to examine the expression of proteins from the Bcl-2 family, which are involved in apoptosis regulation.




Figure 6 | Analysis of HO-1 and Bax/BcL-xL protein expression after stimulation with supernatants from C. albicans or/and P. gingivalis biofilms. BEAS-2B cells were stimulated for 24 hours with sterile 50% supernatants from the biofilm, and then the expression levels of HO-1, Bax and BcL-xL proteins were analyzed by Western blotting. GAPDH was used as an internal control for protein loading. Changes in protein expression were calculated by densitometric analysis of the bands relative to the control sample signal (CTR), which was set to 1. The data show a representative result from three biological replicates. (CTR- BEAS-2B cells non treated with supernatant; CA- C. albicans 3147; W83 – invasive strain of P. gingivalis; ΔKΔRAB- gingipain-null mutant of P. gingivalis; S – supernatant from heterotypic biofilm).



The levels of the anti-apoptotic protein Bcl-xL and pro-apoptotic proteins Bax α (21 kDa) and Bax β (24 kDa) were evaluated in 3D BEAS-2B cells following treatment with the supernatants (Figure 6). The CA and CA+W83 supernatants reduced Bcl-xL expression; however, only the CA+W83 supernatant induced a significant increase in Bax protein levels, measured as total expression of Bax α and Bax β. Quantitative analysis of the Bax/Bcl-xL ratio revealed strong pro-apoptotic activity for the CA+W83 supernatant, showing a seven-fold increase relative to untreated cells. In this case, the predominant form was α-Bax. In contrast, the W83 supernatant alone produced a moderate pro-apoptotic effect and, uniquely, caused an increase in the Bax β isoform. Both Bax α and Bax β are ubiquitously expressed in human cells, but Bax β is upregulated under apoptotic stimuli through inhibition of its ubiquitination (Fu et al., 2009). These findings suggest distinct mechanisms of action for P. gingivalis W83 when acting alone versus in combination with C. albicans. Notably, no significant changes in apoptotic markers were observed when epithelial cells were treated with P. gingivalis ΔKΔRAB supernatant, either alone or in combination with C. albicans.




3.6 The presence of P. gingivalis in the mixed biofilm reduces survival of Galeria mellonella larvae

Galleria mellonella larvae, a widely accepted infection model (Menard et al., 2021; Ottaviano et al., 2021; Kulig et al., 2024), were used to assess viability following treatment with supernatants derived from C. albicans and P. gingivalis biofilms in the presence of antibacterial (levofloxacin) or antimycotic (amphotericin B) drugs. Supernatants collected from biofilms treated with 0.5 μg/mL or 1μg/mL amphotericin and 1 or 10 μg/mL levofloxacin were injected into G. mellonella larvae, and viability was monitored over 4 days (Figure 7). Larvae injected with supernatants from heterotypic biofilms treated with 1 μg/mL levofloxacin exhibited the shortest survival times, regardless of the amphotericin B concentration. This indicates that lower antibiotic doses are insufficient to counteract the pathogenic effects of dual-species biofilms. Treatment with 10 μg/mL levofloxacin significantly extended larval survival, suggesting a dose-dependent effect. The most pronounced reduction in survival was observed in larvae injected with supernatants from untreated mixed-species biofilms, reinforcing the hypothesis of cooperative virulence between the two pathogens. Improved larval survival at higher levofloxacin concentrations likely correlates with reduced virulence factor production, such as gingipains, by P. gingivalis W83. These results highlight the complex interplay between biofilm composition, antimicrobial treatment, and pathogen virulence. Dual-species biofilms demonstrate greater resilience and induce higher pathogenicity compared to single-species biofilms. The data suggest that dual-species biofilms are more resilient and induce higher pathogenicity compared to single-species biofilms. Effective antimicrobial strategies, particularly higher doses of antibiotics like levofloxacin, are crucial in reducing the virulence of mixed biofilms, highlighting the importance of dose optimization in polymicrobial infections.




Figure 7 | Survival curve of Galleria mellonella larvae after injection of supernatants from a mixed-species biofilm of C. albicans and P. gingivalis, previously treated with antibiotic and antimycotic therapy. A 24-hour biofilm of C. albicans 3147 and P. gingivalis W83 was treated with 0.5 or 1 μg/mL amphotericin B and 1 or 10 μg/mL levofloxacin for additional 24 hours. Supernatants derived from the treated biofilms were then collected and injected into G. mellonella larvae, with larvae injected with RPMI 1640 serving as a control. Larval survival was monitored over 96 hours. The representative results of two independent experiments are presented. Data were analyzed using the Mantel-Cox log-rank test with GraphPad Prism 7.0 software, and the results were statistically significant (p < 0.0001. Comparing the selected groups statistical significance was determined at p-value < 0.05 (* for < 0.05 and ** < 0.01). ( A(0.5 or 1)+ L(1 or 10) - supernatant from biofilm after treatment 0.5 or 1 μg/mL amphotericin B and 1 or 10 μg/mL levofloxacin).







4 Discussion

The formation of mixed biofilms, regardless of infection type, represents a typical state of microbial coexistence. However, the relationships between microorganisms within these biofilms are dynamic, depending on the immediate needs of the microbial consortium or the dominance of a specific pathogen.

C. albicans is a unique microorganism capable of adapting to various environmental conditions and coexisting with different microbial species. It also demonstrates plasticity in host environments, functioning as both a commensal and a pathogen. In this study, focusing on aspiration pneumonia, we examined the interaction between C. albicans and P. gingivalis - the model which reflects the particular infectious capabilities of these organisms in individuals with impaired immunity, favoring C. albicans, or those with advanced periodontal disease, often dominated by P. gingivalis. While their coexistence in mixed infections has been documented, the exact interactions between these pathogens, particularly in the context of host epithelial cells, remain poorly understood. Our previous studies on their heterotypic biofilms indicated a time-dependent shift in the interactions. Initially, the differing oxygen preferences of the two organisms allow C. albicans to dominate the biofilm. Yeast cells, particularly in hyphal form, colonize the surface aggressively during the early phase. After 24-48 hours, bacterial growth accelerates as C. albicans consumes oxygen, creating favorable anaerobic conditions for P. gingivalis. At 48 hours, P. gingivalis proliferation becomes prominent, accompanied by the production of virulence factors such as gingipains. These factors reshape the biofilm environment, inhibiting fungal growth and promoting detachment of fungal cells. These dynamic benefits both organisms: P. gingivalis thrives in optimal conditions, while C. albicans can more easily colonize new sites (Karkowska-Kuleta et al., 2018; Bartnicka et al., 2019).

Studies investigating pathogen-host interactions are conducted at various levels of organizational complexity, mostly with 2D models simulating host surfaces that engage with these pathogens. Although 2D models are cost-effective and simpler to use, their lack of structural and functional complexity limits their utility in studies requiring physiological relevance. By contrast, 3D epithelial models offer a closer approximation of in vivo conditions, providing detailed insights into pathogen invasion, biofilm formation, barrier integrity, immune responses, cytokine signaling, and inflammation.

Our study included two colonization models: with direct contact, where pathogens were placed in direct interaction with epithelial cells for 24 h, and model of epithelial cells exposed to the biofilm supernatant collected after 48 hours of biofilm development. The 3D structure and barrier function of epithelial cell lines such as BEAS-2B, HAE and Calu-3 undergo significant changes upon microbial infection. These alterations are influenced by each cell line’s unique characteristics, including their barrier properties and the molecules they produce.

Our research demonstrated distinct effects of C. albicans and P. gingivalis biofilms on the metabolic activity of epithelial cells. The homotypic biofilm formed by C. albicans caused a significant reduction in mitochondrial activity, consistent with its strong metabolic demands and ability to exploit the epithelial environment. This time-dependent reduction highlights the aggressive nature of C. albicans in disrupting host metabolism, likely through the secretion of extracellular enzymes and metabolic byproducts. For example, C. albicans biofilms are known to secrete hydrolytic enzymes — proteinases, phospholipases, and lipases — that facilitate epithelial penetration and nutrient acquisition. Among these, secreted aspartic proteinases (Saps) contribute to epithelial damage, fungal virulence, neutrophil recruitment, and pro-inflammatory cytokine production (Naglik et al., 2003; Bras et al., 2024). Phospholipases disrupt host cell membranes, while lipases enhance fungal virulence in systemic candidiasis models (Leidich et al., 1998; Hube et al., 2000; Lopes and Lionakis, 2022). Moreover, C. albicans in homotypic biofilm can produce metabolic byproducts such as ethanol and acetaldehyde, which disrupt mitochondrial function and induce oxidative stress (Alnuaimi et al., 2016). These findings are consistent with the time-dependent metabolic decline observed in our study, highlighting the aggressive nature of C. albicans biofilms under aerobic conditions.

Additionally, candidalysin, a peptide toxin secreted by C. albicans, likely contributes to the observed reduction in mitochondrial activity. Candidalysin is known to form pores in epithelial membranes, leading to ion dysregulation and mitochondrial dysfunction (Moyes et al., 2016; Naglik et al., 2019). This toxin has been demonstrated to trigger mitochondrial depolarization, which disrupts metabolic activity and exacerbates cellular stress in epithelial cells (Ho et al., 2020). Its involvement in our study may partially explain the pronounced effects of C. albicans biofilms on epithelial metabolism, especially in the context of mixed biofilms.

In contrast, the homotypic biofilm formed by P. gingivalis, an obligate anaerobe, resulted in only a moderate decrease in mitochondrial activity. This observation aligns with its preference for anaerobic conditions, as the oxygenated environment of lung epithelial cells may limit its metabolic impact. Other studies demonstrated that P. gingivalis biofilms in oxygenated environments are less metabolically active and rely on synergistic interactions with other microbes for survival (Hajishengallis and Lamont, 2014). This is consistent with our observation that mixed-species biofilms (C. albicans + P. gingivalis) exhibit similar effects on mitochondrial activity as C. albicans alone, suggesting that C. albicans creates microaerophilic conditions that support P. gingivalis growth.

Interestingly, in mixed bacterial biofilms involving P. gingivalis and other oral pathogens (e.g., Fusobacterium nucleatum or Treponema denticola), other virulence factors besides gingipains have been shown to play a role. For instance, P. gingivalis secretes extracellular vesicles (EVs) containing outer membrane proteins such as fimbriae, LPS, and proteases. These EVs can disrupt mitochondrial activity by inducing host inflammatory responses and mitochondrial dysfunction (Zhao et al., 2024). Such factors highlight the complex interplay within mixed-species biofilms, where P. gingivalis amplifies host cell stress more effectively in combination with other pathogens.

Although the exposure of epithelial cells to supernatants derived from heterotypic cultures during the period of intense gingipain production clearly enhances the effects of co-infection on host cells, this observation underlines the synergistic impact of such interactions. On the other hand, the gingipain-null mutant (ΔKΔRAB) showed reduced virulence compared to the wild-type W83 strain, as evidenced by its minimal effect on mitochondrial activity. This observation agrees with studies demonstrated that gingipains are crucial for P. gingivalis pathogenicity, playing roles in nutrient acquisition and immune modulation (Grenier et al., 2003; Chen et al., 2023). Our findings emphasize the synergistic relationship between these pathogens, wherein C. albicans may facilitate P. gingivalis colonization and survival under aerobic conditions. These results also reinforce the critical role of gingipains in disrupting host cell metabolism, particularly when interacting with C. albicans.

The enhanced penetration of C. albicans into epithelial barriers in the presence of P. gingivalis reflects the cooperative interactions between these pathogens. Our results demonstrated that co-culture with P. gingivalis or its supernatants significantly reduces the distance between C. albicans cells and the basolateral side of the epithelium, although the increase in permeability is most pronounced in BEAS-2B cells and slightly less prominent in HAE and Calu-3 cells. Nonetheless, this change is statistically significant for all tested cell types. This variation in permeability may result from the distinct properties of the epithelial models used. Primary HAE cells cultured at ALI develop a pseudostratified epithelium with ciliated and goblet cells and possess a robust barrier function due to well-formed tight junctions. In contrast, Calu-3 cells form polarized monolayers with distinct apical and basolateral surfaces, presenting a tight junction architecture that provides an intermediate barrier function (Stewart et al., 2012; He et al., 2021). BEAS-2B cells, while suitable for air-liquid interface models, typically exhibit a less robust barrier compared to HAE and Calu-3 cells. Interestingly, supernatants from the ΔKΔRAB strain of P. gingivalis, which lacks gingipain activity, caused minimal disruption to epithelial cells. However, when combined with C. albicans, even the ΔKΔRAB biofilm supernatants contributed to increased epithelial permeability, albeit to a lesser extent than those containing the virulent W83 strain. This highlights the importance of gingipains as critical virulence factors in disrupting epithelial barriers and emphasizes the synergistic role of C. albicans in enhancing P. gingivalis pathogenicity. Additionally, P. gingivalis fimbriae (FimA) have been shown to enhance the adhesion and invasion by disrupting epithelial adhesion complexes. Moreover, fimbriae increase epithelial permeability, promoting the penetration of infecting organisms (Yilmaz, 2008; Enersen et al., 2013).

Candidalysin also likely plays a critical role in facilitating this process by destabilizing epithelial membranes, triggering cellular stress and inducing necrotic cell death (Moyes et al., 2016; Blagojevic et al., 2021). Furthermore, candidalysin facilitates fungal translocation across epithelial barriers, as demonstrated by Allert et al., 2018. This cytotoxic activity, combined with gingipain-mediated disruption of tight junction (TJ) proteins, creates an environment highly conducive to fungal invasion. The degradation of tight junction (TJ) proteins by biofilm supernatants is a hallmark of epithelial barrier disruption (Furuse and Takai, 2021). In our study, the most pronounced reduction in TJ protein levels was observed with heterotypic biofilm supernatants, which aligns with findings showing that bacterial proteases degrade TJ proteins (Amano, 2007; Andrian et al., 2004; Tribble and Lamont, 2010; Guo et al., 2018). Interestingly, supernatants from the ΔKΔRAB mutant had minimal impact on TJ proteins, confirming that gingipains are critical mediators of TJ disruption. However, the addition of C. albicans to ΔKΔRAB biofilms enhanced TJ degradation, suggesting that fungal enzymes partially compensate for the absence of gingipains. This finding mirrors the work demonstrating that C. albicans secreted aspartyl proteases (SAPs) can degrade TJ proteins and increase epithelial permeability (Dalle et al., 2010).

The increased epithelial permeability observed following treatment with biofilm supernatants can be attributed to the degradation of key tight junction (TJ) proteins, including ZO-1 and E-cadherin, as adherens junctions protein (Nonaka et al., 2022; Carroll and Maharshak, 2013). Western blot and immunofluorescence analyses revealed a significant reduction in ZO-1 levels following exposure to supernatants from mixed-species biofilms, with nearly complete loss observed in CA+W83 treatments. E-cadherin levels were also diminished, further compromising the structural integrity of the epithelial barrier. These findings underscore the critical role of biofilm-derived secreted factors in weakening epithelial defense mechanisms.

Moreover, the mixed supernatants appeared to affect additional components of the epithelial barrier, such as β-tubulin IV, which is critical for cilia formation. The observed reduction in β-tubulin IV suggests that the heterotypic biofilm supernatants may disrupt mucociliary clearance mechanisms, further impairing epithelial defenses against inhaled pathogens. Similar results reported that bacterial biofilms impair mucociliary clearance, leading to reduced epithelial defense mechanisms (Kinane et al. 2012; Chegini et al., 2023). This effect, combined with the degradation of TJ proteins, demonstrates the multifaceted disruption of epithelial barrier integrity by C. albicans and P. gingivalis biofilms and their secreted factors. The findings have significant implications for understanding the mechanisms underlying polymicrobial infections and their role in chronic inflammatory diseases.

Of particular interest was the response of Calu-3 cells, which are widely used to model the epithelial behavior, particularly in the context of mucin production. Mucins, a family of high molecular weight O-glycosylated proteins, play a crucial role in protecting the respiratory tract from viral and bacterial infections (Chatterjee et al., 2023). Among these, the gel-forming mucin MUC5AC is critical for eliminating pathogens through mucociliary clearance. In our model, a significant increase in mucin production was observed following exposure to the supernatant of the heterotypic biofilm. This suggests heightened epithelial cell preparedness for microbial invasion, likely stimulated by factors released into the environment by the interacting pathogens. These findings contrast with the known effects of P. gingivalis, whose gingipains have been shown to degrade the inner protective mucus layer through specific cleavage of mucins. This process is modulated by site-specific O-glycosylation, which influences gingipain activity and its impact on mucin integrity (Van Der Post et al., 2013). The interplay between enhanced mucin production and potential degradation by gingipains warrants further investigation to understand the dual effects of these polymicrobial interactions.

From the perspective of Candida, varying outcomes can be anticipated depending on the progression of the infection. On one side, mucins influence the morphology and function of C. albicans by downregulating the expression of genes associated with adherence, filamentation, and biofilm formation (Kavanaugh et al., 2014) Conversely, C. albicans has evolved strategies to overcome the protective mucus barrier. It can attach to mucins through a pH-independent mechanism involving hydrophobic interactions (de Repentigny et al., 2000). Following adhesion, C. albicans disrupts the mucus layer—particularly in the gastrointestinal tract—by secreting enzymes that degrade mucus components. Among these, secreted aspartyl protease 2 plays a crucial role in mucus penetration by forming pores in the mucus layer (Colina et al., 1996; Basmaciyan et al., 2019).

Our results also shed light on the inflammatory and oxidative stress responses elicited by these pathogens. The dual-species biofilm of C. albicans and P. gingivalis was associated with reduced IL-8 secretion compared to C. albicans alone. This attenuation likely reflects immune evasion strategies employed by the pathogens, particularly P. gingivalis, which is known to modulate host immune responses through gingipains. However, C. albicans remained the dominant driver of pro-inflammatory responses, as evidenced by its strong induction of IL-8 secretion, a finding consistent with previous studies which investigated homotypic fungal infection of epithelial cells (Dongari-Bagtzoglou and Kashleva, 2003). Moreover, candidalysin is a key contributor to the inflammatory response observed in fungal biofilms (Richardson et al., 2018; Naglik et al., 2019), and triggers the activation of MAPK and NF-κB pathways, leading to the production of pro-inflammatory cytokines such as IL-8 and IL-1β.

In contrast, P. gingivalis biofilms suppressed IL-8 secretion by degrading cytokines and their receptors reflecting its immune-modulatory strategies (Mikolajczyk-Pawlinska et al., 1998; Palm et al., 2013; Hajishengallis et al., 2012). These findings highlight the complex interplay between fungal and bacterial biofilms in modulating inflammation, which could have implications for chronic infections.

Oxidative stress, a critical factor in epithelial damage, was assessed through the expression of HO-1 and apoptotic markers. In our model, HO-1 levels were significantly reduced in cells exposed to C. albicans alone or in combination with P. gingivalis. This suppression aligns with findings presenting that C. albicans downregulates the p38-Nrf2-HO-1 pathway, leading to diminished antioxidant defenses (Ren et al., 2021). Such suppression likely exacerbates oxidative stress, contributing to reduced mitochondrial function and cell viability, as observed in our study.

The synergistic effect of the mixed-species biofilm is further supported by increased pro-apoptotic Bax/Bcl-xL ratios, indicating heightened mitochondrial membrane permeabilization and apoptosis. The role of Bax in mitochondrial dysfunction and the execution of apoptosis, coupled with reduced Bcl-xL levels, aligns with established mechanisms of cell death under oxidative stress (Renault et al., 2017). Bax α exists in a latent form and is activated through conformational changes following the induction of apoptosis, while the β isoform is tightly regulated by proteasomal degradation (Fu et al., 2009). The disappearance of the β isoform, along with enhanced Bax α expression, may result from the increased degradation of the former and the activation of the latter. Enhanced Bax activation has been demonstrated under hypoxic conditions, which are known to promote apoptosis (Mikhailov et al., 2003). These findings underscore the capacity of polymicrobial biofilms to intensify oxidative damage and apoptosis, further compromising epithelial integrity. Similar findings were reported for a mixed species infection involving P. gingivalis and the influenza A virus H1N1, which exacerbated epithelial cell damage (Chen et al., 2018).

The survival experiments using Galleria mellonella larvae provided a translational perspective on these findings. Larvae injected with supernatants from mixed-species biofilms exhibited reduced survival, particularly when treated with low doses of levofloxacin. However, high-dose levofloxacin significantly improved larval survival, indicating that targeting P. gingivalis virulence factors, such as gingipains, can mitigate its pathogenicity (Bras et al., 2025). This phenomenon is likely driven by the increased production of bacterial outer membrane vesicles (OMVs), which serve as the primary source of gingipains (Okamura et al., 2021) and can also neutralize the antibiotic’s effect by acting as “decoys,” either by binding to or encapsulating the antibiotic (Jiang et al., 2024). These results emphasize the importance of selecting optimal drug concentrations to avoid unintended enhancement of microbial virulence. The antibiotic-induced increase in gingipain activity at suboptimal concentrations serves as a cautionary example of how partial suppression of bacterial populations can lead to compensatory pathogenic mechanisms, potentially undermining treatment success. Understanding such interactions is crucial for designing combination therapy regimens that not only target pathogen viability but also mitigate microbial adaptations that could compromise therapeutic efficacy. The clinical relevance of these findings is particularly evident in the context of polymicrobial infections, where interactions between co-infecting bacterial and fungal species can significantly alter disease progression and treatment outcomes.




5 Conclusions

Our study provides compelling evidence of the complex and synergistic interactions between C. albicans and P. gingivalis that compromise epithelial barrier function (Figure 8). The findings underscore the significant impact of mixed-species biofilms, where the cooperative mechanisms between these pathogens amplify epithelial damage. Key achievements of this study include:

	Demonstrating the enhanced virulence of C. albicans and P. gingivalis in mixed biofilms compared to single-species biofilms.

	Highlighting the role of secreted factors, such as gingipains and candidalysin, in disrupting epithelial integrity and promoting inflammatory and oxidative stress responses.

	Revealing the ability of C. albicans to create a supportive niche that facilitates the survival and pathogenicity of P. gingivalis in aerobic environments.






Figure 8 | The influence of a mixed biofilm of Candida albicans and Porphyromonas gingivalis on the integrity of epithelial cells in the ALI model of aspiration pneumonia. The heterotypic biofilm formed by C. albicans and P. gingivalis, along with their secreted factors, has the potential to disrupt epithelial structural integrity and signaling proteins. Additionally, this biofilm may attenuate the pro-inflammatory response of host cells while promoting apoptosis in epithelial cells.



These results highlight the need to consider polymicrobial interactions in both research and clinical settings, as they represent a critical factor in the pathogenesis of chronic infections. Targeting the cooperative mechanisms of these pathogens may provide new therapeutic avenues to mitigate epithelial damage and improve outcomes in polymicrobial infections.
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