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In its hyphal form, Candida albicans invades epithelial and endothelial cells by two distinct mechanisms: active penetration and induced endocytosis. The latter is dependent on a reorganization of the host cytoskeleton (actin/cortactin recruitment), whilst active penetration does not rely on the host's cellular machinery. The first obstacle for the fungus to reach deep tissues is the epithelial barrier and this interaction is crucial for commensal growth, fungal pathogenicity and host defense. This study aimed to characterize in vitro epithelial HeLa cell invasion by four different isolates of C. albicans with distinct clinical backgrounds, including a C. albicans SC5314 reference strain. All isolates invaded HeLa cells, recruited actin and cortactin, and induced the phosphorylation of both Src-family kinases (SFK) and cortactin. Curiously, L3881 isolated from blood culture of a patient exhibited the highest resistance to oxidative stress, although this isolate showed reduced hyphal length and displayed the lowest cell damage and invasion rates. Collectively, these data suggest that the ability of C. albicans to invade HeLa cells, and to reach and adapt to the host's blood, including resistance to oxidative stress, may be independent of hyphal length.
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INTRODUCTION

Candida albicans is a polymorphic opportunistic human pathogen that takes on the most common morphologies of yeast, pseudohyphae, and true hyphae. All morphology types are found during infection; however, hyphae are generally the invasive form of C. albicans (Jacobsen et al., 2012). C. albicans frequently causes superficial infections in mildly immunocompromised patients, but in severely immunocompromised or critically ill patients, this fungus may cause life-threatening, disseminated disease. The Candida genus is associated with approximately 80% of nosocomial fungal infections, representing the major cause of fungemia showing a high mortality rate (40–60%) (Perlroth et al., 2007; Doi et al., 2016).

For most microbial pathogens, adherence to epithelial surfaces is the first step to initiating an infection, and is even a prerequisite for their survival and eventual distribution. After attachment, many pathogens invade host cells (Filler and Sheppard, 2006). With regard to C. albicans, this fungus uses various mechanisms of pathogenicity: escape from host immune responses, morphological change (yeast–to–hypha transition) and invasion, which is supported by hyphae-associated factors such as adhesion molecules and the secretion of hydrolytic enzymes (Wilson et al., 2009).

In order to infect mucosal tissues, gain access to blood and subsequently escape from the bloodstream, C. albicans must interact with epithelial and endothelial cells (Davis, 2009). The invasion of non-professional phagocytic host cells by C. albicans can occur through two mechanisms: induced endocytosis and active penetration. The latter mechanism does not rely on the host's cellular machinery, but possibly on physical pressure applied by the advancing hyphal tip and the secretion of extracellular hydrolases (Wilson et al., 2009).

In contrast, invasion via induced endocytosis is dependent on host cell actin microfilament dynamics. C. albicans stimulates epithelial cells to produce pseudopodia-like structures that surround the fungus and cause its uptake. In endocytosis, induced proteases of C. albicans have little or no role (Frank and Hostetter, 2007). This highly effective invasive mechanism is predominantly triggered by the interaction between a fungal adhesin (Als3) (Phan et al., 2007) and either human E-cadherin or the epidermal growth factor receptor 2 (Her2) on epithelial cells (Zhu et al., 2012). Such interactions stimulate actin rearrangement in host cells and the subsequent internalization of fungal cells (Phan et al., 2007; Zhu et al., 2012; Yang et al., 2014). In addition, C. albicans exploits clathrin-dependent endocytosis, which requires dynamin and cortactin, to invade human epithelial cells (Moreno-Ruiz et al., 2009). Cortactin is involved in actin-related cellular processes ranging from lamellipodium protrusion and extracellular matrix degradation to the uptake of intracellular pathogens such as bacteria and parasites (Chen et al., 2003; Bonfim-Melo et al., 2015). Cortactin interacts with the Arp2/3 complex, newly formed actin filaments and a variety of actin-binding/regulation proteins (Daly, 2004); it is also regulated by phosphorylation (Martinez-Quiles et al., 2004). Oral and vaginal epithelial cells recognize both the yeast and hyphal forms of C. albicans. As a consequence, they activate cellular signaling mechanisms, including mitogen-activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and phosphatidylinositol 3-kinase (PI3K) pathways (Moyes et al., 2010, 2014, 2015; Naglik et al., 2014).

With regard to induced endocytosis, our group has previously shown that extracellular amastigote (EAs) infective forms of Trypanosoma cruzi seem to share with C. albicans a similar pathway for entry into the host cell. Both events occur via an actin-dependent mechanism and involve cortactin (Moreno-Ruiz et al., 2009; Bonfim-Melo et al., 2015). In addition, T. cruzi recruited actin and cortactin to sites of adherence and invasion into HeLa cells and also selectively induced cortactin phosphorylation during cell invasion (Bonfim-Melo et al., 2015). However, possible cortactin phosphorylation in response to C. albicans invasion into non-phagocytic cells, such as HeLa cells, has never been assessed. We propose that epithelial cells represent the first obstacle for Candida invasion which probably will determinate the fate of this infection. We would like to consider invasion in a broad spectrum which includes crossing the endothelial barrier, reaching and adapting to blood.

In this study, we verified the ability of different Candida albicans isolates (the reference strain SC5314 and three C. albicans clinical isolates) to invade HeLa epithelial cells. First, we analyzed hyphal growth, cell internalization and damage rates and resistance to oxidative stress. Furthermore, we investigated HeLa cell cortactin/actin recruitment and Src-family kinases (SFK)/cortactin phosphorylation/activation in response to these isolates. Our data showed that all isolates are capable of invading HeLa cells, recruiting actin/cortactin and inducing SFK and cortactin phosphorylation. Interestingly, L3881 isolate, that has a natural HWP1 mutation, the shortest hyphae and the lowest internalization and damage rates, was able to reach the blood of a patient and to survive under nutritional and oxidative stress, indicating that the latter phenomenon was independent of hyphal length or damage/invasion rate.

MATERIALS AND METHODS

Candida Strains

C. albicans isolates were obtained from various sources: 997,5 g was isolated from the blood of a deceased patient (Chaves et al., 2012), L3881 (LEMI #L3881, Padovan et al., 2009) was isolated from blood of a patient who had candidemia which was cured clinically, and L3837 was an isolate from the oral cavity (oropharynx, LEMI# L3837, non-hematogenic). C. albicans SC5314 is a reference strain. The isolates were kindly provided by LEMI (Laboratorio Especial de Micologia, Universidade Federal de São Paulo, Brazil). C. albicans isolates were grown at 30°C on YPD (1% [w/v] yeast extract; 2% [w/v] peptone, 2% [w/v] dextrose) medium plates. Before performing all experiments, a single colony of C. albicans isolates was inoculated in YPD liquid media and incubated in an orbital shaker at 30°C for 24 h. Then, C. albicans cells were washed with phosphate buffered saline, pH 7.2 (PBS), harvested by centrifugation, and counted in a hemocytometer chamber.

Cell Culture

HeLa cells (human epithelial cells from a fatal cervical adenocarcinoma) were obtained from the Instituto Adolfo Lutz (São Paulo, SP, Brazil) and maintained in complete RPMI medium with 10% fetal bovine serum (FBS) supplemented with antibiotics (10 μg/mL streptomycin and 100 U/mL penicillin; Sigma–Aldrich, St. Louis, MO, USA) in a humidified atmosphere at 37°C and 5% CO2.

Antibodies

Rabbit anti-pT202/Y204 ERK1/2 (#9101S) and rabbit anti-pY416 SFK (#2101S) were obtained from Cell Signaling, Beverly, MA, USA. Rabbit anti-pY466 cortactin (PA114115) was obtained from Thermo Scientific, Waltham, MA, USA. Mouse monoclonal anti-β-actin (AC-74, A2228) was obtained from Sigma-Aldrich. Mouse monoclonal anti-cortactin (A-4; sc-55578) was from Santa Cruz Biotechnology (Santa Cruz County, CA, USA). The secondary antibody, goat anti-mouse AlexaFluor® 488 (A11001), was from Invitrogen, Carlsbad, CA, USA. Goat anti-rabbit IgG peroxidase (A6154) and goat anti-mouse IgG peroxidase (A4416) were obtained from Sigma–Aldrich.

Hyphal Growth Assay

C. albicans blastospores (3 × 105) were seeded in complete RPMI medium at 37°C and 5% CO2 for 2 h on glass coverslips in a 24-well plate. C. albicans cells were fixed with 4% paraformaldehyde, washed with phosphate buffered saline, pH 7.2 (PBS), and analyzed under a BX51 microscope (Olympus, Tokyo, Japan) with a 60× objective. Random images from 10 fields were acquired by a DP71 camera (Olympus) and hyphal lengths were measured using ImageProPlus 6.2 software (Media Cybernetics, Rockville, MD, USA). Data were treated and plotted using Office Excel and Prism 5 (GraphPad, San Diego, CA, USA). Experiments were performed in triplicate.

Cell Internalization Assay

To evaluate cell internalization by C. albicans strains, HeLa cells were cultured in complete RPMI medium on glass coverslips treated with acetic acid until they form confluent monolayers (80–100% confluence). After washing with PBS, monolayers were seeded with 2 × 105 C. albicans blastospores in RPMI 1640 medium without FBS for 2 h at 37°C in 5% CO2. Coverslips were fixed with 4% paraformaldehyde for 30 min. To stain C. albicans cells localized only to the outside of epithelial cells, coverslips were incubated with 25 μg/mL Concanavalin A–fluorescein conjugate (Invitrogen) in PBS for 45 min. After permeabilization with 0.1% Triton X-100 for 15 min, fungal cells localized outside and inside epithelial cells were stained with 10 μg/mL Calcofluor White (Sigma-Aldrich) in 0.1 M Tris hydrochloride (pH 9.0) for 20 min. After each step, HeLa cells were washed three times with PBS. Coverslips were mounted on slides with 50% glycerol and analyzed under a fluorescence microscope (Zeiss, Jena, Germany; Axio Observer Research microscope). This method allowed differentiation between hyphae of the fungus that were located in the external medium and hyphae that invaded the host cell (intracellular) (Almeida et al., 2008). Three experiments in duplicate were analyzed and 10 randomly chosen fields per coverslip were evaluated.

Epithelial Cell Damage Assay

To evaluate the cell damage caused by C. albicans strains, HeLa cells were incubated in complete RPMI medium on glass coverslips treated with acetic acid until they form confluent monolayers (80–100% confluence). Afterwards, 1 mL PBS was added and removed from each well to wash the cells. Finally, the monolayers were co-incubated with 106 C. albicans blastospores in 1 mL RPMI 1640 medium without FBS for 8 h at 37°C and 5% CO2. To quantify cell damage, supernatants were removed and the amount of lactate dehydrogenase (LDH) released into the medium was determined using LDH Cytotoxicity Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) following manufacturer's instructions. Samples containing only epithelial cells or fungal cells alone were used as controls.

Phenotypic Characterization

C. albicans blastospores of the SC5314 reference strain and L3881 (102–106) were seeded in YPD medium plates containing different stressor agents: 200 mM CaCl2; 2 mM FeSO4; 200 mM MgCl2; 200 mM NaCl; 3 mM ethylenediaminetetraacetic acid (EDTA); 0.125 μg/mL 4-nitroquinoline N-oxide (4NQO); 50 μM camptothecin (CPT); 0.005% methyl methanesulfonate (MMS); 5 mM hydrogen peroxide (H2O2); and 1.25 mM paraquat (Pqt). Plates were incubated for 24–48 h at 30°C.

Host Molecules Recruitment, Immunofluorescence, and Confocal Microscopy

HeLa cells were cultured in complete RPMI medium on glass coverslips treated with acetic acid until they form confluent monolayers (80–100% confluence). After washing with PBS, HeLa cells were seeded with 105 C. albicans blastospores in RPMI 1640 medium without FBS for 2 h at 37°C in 5% CO2. Coverslips were washed with PBS, fixed with 3.5% paraformaldehyde for 15 min at room temperature and sequentially incubated with Calcofluor White (10 μg/mL), phalloidin-TRITC (10 ng/mL), anti-cortactin (20 μg/mL) and anti-mouse AlexaFluor® 488 (20 μg/mL) secondary antibodies diluted in PGNS solution (PBS pH 7.2 with 0.1% gelatin [Sigma–Aldrich], 0.1% sodium azide [Sigma–Aldrich] and 0.2% saponin [Sigma–Aldrich]) at room temperature in an humidified chamber for 1 h. Coverslips were mounted on slides in pH 9.0 buffered glycerol solution with 9 mM p-phenylenediamine. Then, HeLa–C. albicans interactions were evaluated and imaged in a TCS SP5 II Tandem Scanner (Leica, Wetzlar, Germany) confocal microscope with a 63 × 1.40 NA objective. Image processing and analysis were performed with Imaris v.7.4.2 software (Bitplane, Belfast, Ireland) or ImageJ (https://imagej.nih.gov/ij/).

Signaling and Western Blot Assays

Western blots were performed essentially as described by Bonfim-Melo et al. (2015). HeLa cells were seeded with 108 C. albicans blastospores and incubated for various time intervals (ranging from 0 to 180 min) at 37°C in 5% CO2. Protein extracts were quantified using Micro BCA Protein Assay Kit (Thermo Scientific), according to the manufacturer's instruction.

Statistical Analysis

All results are presented as the mean ± standard deviation (s.d.). Differences were considered statistically significant when p < 0.05, as determined by one-way ANOVA and Tukey's multiple comparison post-test. Analyses and graphs were created using Prism 5 (GraphPad, San Diego, CA, USA) software.

RESULTS

Hyphal Growth, Internalization, and Damage Rates

Hwp1 (hyphal wall protein 1) is a well-characterized C. albicans cell surface protein, expressed only on hyphae, which mediates binding to epithelial cells. The isolate L3881 is a HWP1-2 homozygous strain that showed reduced HWP1 expression, biofilm production, and hyphae formation (Padovan et al., 2009). In fact, we verified that C. albicans L3881 produced the shortest hyphae and in HeLa cells produced the lowest internalization and damage rates when compared to other strains (Figures 1A–C). The L3837 oral strain showed similar hyphal lengths to the SC5314 reference strain (Figures 1A,B). HeLa cell internalization and cellular damage rates were lower for L3837 than for SC5314 (Figures 1C,D). The 997,5 g isolate also displayed a similar hyphal length when compared to the reference isolate, SC5314. However, 997,5 g displayed the highest cell internalization and cell damage rates (Figures 1C,D) in this study. The characteristics of all four Candida species are summarized in the Supplementary Table 1 (Supplementary Material).
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FIGURE 1. Characterization of HeLa epithelial cell invasion by four C. albicans isolates. (A,B) The blood isolate L3881 displayed a smaller hyphal length. Blastospores from SC5314, 997,5 g, L3881 and L3837 isolates were seeded on glass coverslips for 2 h at 37°C and 5% CO2, washed, fixed and their hyphal length measured under optical microscopy. (A) Hyphal length of all isolates used (mean ± s.d., *p < 0.05 and ***p < 0.001). (B) Representative fields of each isolate observed under optical microscopy, showing the overall aspect and size of hyphal length. Bar = 20 μm. (C,D) The 997,5 g and L3881 blood isolates displayed the highest and lowest invasion index and cytotoxicity for HeLa cells, respectively. (C) Blastospores from all isolates were seeded with HeLa cells for 2 h at 37°C and 5% CO2, washed, fixed, stained for intracellular/extracellular hyphae discrimination and the cell invasion indexes evaluated under epifluorescence microscopy. The 997,5 g and SC5314 isolates displayed higher invasion indexes compared to the other isolates (L3837 and L3881; mean ± s.d. **p < 0.01 and ***p < 0.001). (D) For cytotoxicity assays, HeLa cells were seeded with blastospores for 8 h at 37°C and 5% CO2, washed and the amount of lactate dehydrogenase in culture supernatants was quantified by a commercial kit. L3881 did not induce toxicity in HeLa cells while the 997,5 g strain induced significantly higher cytotoxicity compared to other isolates (mean ± s.d., *p < 0.05, **p < 0.01, and ***p < 0.001). (E) L3881 showed more plasticity under stress. 102–106 blastospores of the SC5314 reference strain and L3881 blood isolate were seeded on plates containing different stressor agents for 24–48 h at 30°C. Fungi were cultured in the presence of 200 mM CaCl2; 2 mM FeSO4; 200 mM MgCl2; 200 mM NaCl; 3 mM ethylenediaminetetraacetic acid (EDTA); 0.125 μg/mL 4-nitroquinoline N-oxide (4NQO); 50 μM camptothecin (CPT); 0.005% methyl methanesulfonate (MMS); 5 mM hydrogen peroxide (H2O2); and 1.25 mM paraquat (Pqt). All assays are representative of triplicate experiments.



The L3881 Isolate Showed the Poorest Internalization Fitness but with a High Resistance to Oxidative and Nutritional Stress

To explore possible physiological alterations, we tested the SC5314 reference strain and the L3881 blood isolate and analyzed their ability to deal with different kinds of stresses (Figure 1E). SC5314 and L3881 strains demonstrated similar sensitivities in the presence of ions such as calcium, magnesium and iron, and during osmotic stress (NaCl). On the other hand, in the presence of ethylenediaminetetraacetic acid (EDTA), a chelator of bivalent ions, L3881 isolate displayed a more resistant phenotype, indicating lower nutritional requirements needed for maintaining growth. In the presence of DNA damage or stress agents of replication (4-nitro-quinoline-N-oxide [4NQO]; camptothecin [CPT] and methylmethanesulfonate [MMS]), both strains showed similar phenotypes in response to functional mechanisms of DNA repair. SC5314 and L3881 isolates were also tested in the presence of oxidative stress inducers such as H2O2 and Paraquat (Pqt). Paraquat is a potent oxidative stress inducer because it greatly increases reactive oxygen species (ROS) production and inhibits the regeneration of reducing equivalents and compounds necessary for maintaining the redox status. Surprisingly, L3881 the HWP1-2 homozygous strain with reduced HWP1 expression with shortest hyphae and the lowest internalization and damage rates in HeLa cells was found to be more resistant to oxidative stress (Figure 1E).

Different Clinical Isolates of C. albicans Invade HeLa Cells and Recruit Actin and Cortactin

After observing distinct levels of cell cytotoxicity and invasiveness promoted by different isolates, we then evaluated whether host actin and cortactin could be recruited by these isolates and also be differentially modulated. By staining hyphae, inside and outside HeLa cells, with Calcofluor White and by using Concanavalin A to stain hyphae that were not internalized, we tested the ability of the C. albicans SC5314 reference strain to invade HeLa cells. Figure 2A clearly shows the invasion of HeLa cells by C. albicans hyphae. Figure 2B shows that cortactin was recruited to host cell ruffles by C. albicans SC5314 with a similar distribution to that of F-actin recruitment. Actually, all C. albicans isolates recruited cortactin and actin, and both molecules colocalized at sites of hyphae internalization (Figure 2C).
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FIGURE 2. The hyphae of all four C. albicans isolates induced the recruitment and colocalization of actin and cortactin. (A) C. albicans SC5314 strain invaded HeLa cells. C. albicans SC5314 blastospores were seeded with HeLa cells for 2 h at 37°C and 5% CO2. Extracellular hyphae were stained with Concanavalin A–rhodamine (red), and, after permeabilization, extra- and intracellular hyphae were stained with Calcofluor White (blue). Bar = 10 μm. The arrows show hyphae internalization. (B) Interaction of HeLa cells with C. albicans SC5314 led to the recruitment and colocalization of actin and cortactin. C. albicans SC5314 blastospores were seeded for 2 h with HeLa cells and stained with phalloidin-TRITC (actin: red-orange), Calcofluor white (fungal cell wall: blue) and anti-cortactin antibody followed by Alexa Fluor-488® conjugated secondary antibody (cortactin: green). Epifluorescence microscopy. Bar: 10 μm. The arrows clearly show the recruitment and colocalization of both molecules at the hyphae invasion site in HeLa cells. (C) The four C. albicans isolates recruit actin and cortactin. Blastospores from SC5314, 997,5 g, L3881 and L3837 isolates were seeded with HeLa cells in RPMI medium for 2 h at 37°C and 5% CO2, washed, fixed, immunostained for cortactin, labeled with phalloidin for host actin and evaluated by confocal microscopy. Invading hyphae from all four isolates were able to induce the recruitment and colocalization of actin (red) and cortactin (green) to the proximity of the hyphal invasion sites (arrowheads). Bar = 20 μm.



Biphasic Activation of ERK Kinase Pathway and Induction of Cortactin-Phosphorylated SFK

We first tested ERK 1/2 (one of the MAP kinase components) signaling in response to C. albicans SC5314 invasion in HeLa cells at several time points (Figure 3). As previously shown with TR146 oral epithelial cells by Moyes et al. (2010), C. albicans SC5314 also induced a biphasic MAP kinase response in another cell type, i.e., HeLa cells (Figure 3A) in a characteristic pattern: an increasing activation within the first 15 min (3–15 min), followed by a rapid decline (30 min), and increased activation again beginning at the 75 min time point, ending in a further decline of activation after 120 min (Figure 3A, 180 min). The initial activation was observed directly after contact with yeast cells, possibly due to the recognition of fungal cell wall components; the second activation phase corresponds to hyphae formation. However, such biphasic activation has not been observed with the other Candida isolates (not shown). We also tested cortactin phosphorylation at Y466 (phosphorylated site by SFKs) under the same conditions (Figure 3B). Cortactin phosphorylation at Y466 started to increase after 30–45 min and was sustained until 75 min of incubation, after which the signal declined.
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FIGURE 3. C. albicans SC5314 strain induced host cell biphasic ERK 1/2 activation and cortactin phosphorylation by SFKs. HeLa cells were incubated with blastospores from the SC5314 strain for the indicated time points. After incubation, HeLa cells were harvested, lysed, and their protein lysates separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blot using the indicated antibodies. The SC5314 strain induced (A) a biphasic activation of host ERK 1/2 (the other isolates did not, not shown) and also (B) the phosphorylation of cortactin (pCort [Y466]) by SFKs. These are representative observations from at least three independent experiments. SC5314, 997,5 g, oral L3837 and blood L3881 isolates induced host cell signaling activation. HeLa cells were incubated with blastospores from four C. albicans isolates for the indicated time points. After incubation, HeLa cells were harvested, lysed, and SFK and cortactin activation were analyzed by Western blot using the indicated antibodies. Cortactin, SFKs and actin have different molecular weights (80–85, 60, and 45 kDa, respectively), thus the nitrocellulose membrane was cut into three horizontal strips, blocked and each strip was incubated with anti-pY466 cortactin, anti-pY416 SFK or anti-actin. (C) pSFK (Y416) and (D) pCort (Y466), cortactin phosphorylated by Src at the Y466 residue. Actin was used for protein loading normalization. Actin labeling is duplicated in (C,D). pSFK/Act = densitometric rate of pSFK over actin. pCort/Act = densitometric rate of pCort over actin. These are representative observations from at least three independent experiments.



Src-Family Kinases (SFKs) and Cortactin Signaling during C. albicans Invasion into HeLa Cells

Once our experimental approaches using HeLa cells showed that C. albicans SC5314 induced a biphasic pattern of ERK signaling similar to the one obtained by Moyes et al. (2010) but in a different cell type, we evaluated SFK and cortactin signaling at selected time points in HeLa cells. Figures 3C,D shows that all C. albicans strains induced, at different levels, both SFK and cortactin phosphorylation in HeLa cells.

Regarding cortactin, 997,5 g, oral L3837 and blood L3881 strains also activated cortactin phosphorylation by Src at the Y466 residue; this phosphorylation was sustained for at least 180 min of Candida–HeLa cell contact. Lipid rafts have no impact in the epithelial cell invasion of all Candida isolates (Supplementary Figure 1A). Conversely, SFK inhibition negatively modulated all Candida albicans isolates invasion to HeLa cells (Supplementary Figure 1B).

DISCUSSION

Candida albicans is an opportunistic human pathogen that can cause superficial and hematogenous infections. The latter result in substantial morbidity and mortality and are a common, costly problem in healthcare settings. To access the systemic circulation, C. albicans has to invade both epithelial and endothelial barriers. For epithelial cells, two mechanisms have been described their invasion by C. albicans: active penetration and induced, actin-driven endocytosis. In this study, we have demonstrated that C. albicans strains—the reference strain SC5314 and three isolates with different clinical backgrounds—can invade HeLa cells and recruit cortactin and actin to sites of hyphae internalization, suggesting that at least part of the invasion process is mediated by induced endocytosis—which is dependent on dynamic microfilaments of the host—independently of the source of the clinical isolate. All four strains induced SFK/cortactin phosphorylation/activation, but to varying levels.

Invasive Ability, Cortactin/Actin Recruitment, Induction of Src/Cortactin Phosphorylation and Survival Under Oxidative Stress by C. albicans Are Independent of Hyphal Length or Damage/Internalization Rates

In this study, all isolates of C. albicans from varying clinical backgrounds were able to invade and damage HeLa cells to different levels, and induced the accumulation of cortactin and actin around C. albicans hyphae that were in the process of being internalized by HeLa cells. Similar effects were observed for the reference strain, SC5314, in other epithelial cell types (Moreno-Ruiz et al., 2009). In addition, the invasive ability of C. albicans is apparently not related to the clinical background of the isolate.

It is noteworthy that 997,5 g strain—isolated from the blood of a patient who died within 24 h (unpublished results)—exhibited the greatest ability of all isolates tested to both internalize cells and cause damage in vitro.

Conversely, C. albicans L3881—isolated from the blood of a patient who had experienced candidemia but had undergone a clinical cure—expressed the HWP1-2 allele and showed very reduced levels of HWP1 mRNA expression (Padovan et al., 2009). In addition to displaying the shortest hyphae, as expected, C. albicans L3881 also showed the lowest rate of damage and internalization. Despite this, C. albicans L3881 was able to reach blood vessels, invade HeLa cells, recruit actin/cortactin, activate Src and cortactin by phosphorylation and, interestingly, survive under the pressure of nutritional and oxidative stress (i.e., ROS).

It is worth mentioning that many groups have previously shown the importance of hyphae length using HWP1 mutants. For instance, Tsuchimori et al. (2000) have shown that a HWP1 deletion mutant forms shorter hyphae and has decreased endothelial cell adherence, uptake and damage. Moreover, Wächtler et al. (2011) have examined a number of mutants for adhesion, internalization and damage of oral epithelial cells and have shown that a mutant with a HWP1 deletion has significant reduction in its epithelial cell adhesion and damage, but not internalization, which already indicates that hyphal length is likely to be important, but not an obstacle to cellular invasion. Indeed, in all cases, the deletions have been constructed artificially and the cell types used were different from this present study.

As a host defense mechanism, the production of ROS is a marked characteristic of phagocytic cells, which use such oxygen intermediates to kill invading pathogens. On one hand, C. albicans is relatively resistant to ROS, tolerating up to 20 mmol/L hydrogen peroxide (H2O2) under some conditions (Brown et al., 2014). Given that adaptation to oxidative stress is essential for pathogenicity, one can conclude that the inactivation of detoxifying enzymes, such as superoxide dismutases by C. albicans lead to severe attenuations in virulence and viability inside immune cells. Upon interaction with pathogens, phagocytes rapidly produce ROS. The ability to counteract oxidative attack by the patient would presumably aid fungal adaptation and invasiveness through the host. In the present study, L3881 isolate was resistant to oxidative stress and could reach the blood vessels of the patient, despite displaying a HWP1 natural deletion and the shorter hyphae. It is an open question whether L3881 subverts the innate immune response by mediating the efficient detoxification of host-derived ROS, which ultimately allows it to reach deep tissues such as blood vessels.

Moreover, L3881 was also more resistant to EDTA than the SC5314 reference strain. This evidence indicates that the L3881 blood isolate has developed plasticity to deal with challenges and maintain its growth under different environmental conditions.

Cortactin possesses a series of C-terminal tyrosines that are heavily Src-phosphorylated and implicated in regulating actin remodeling during cell motility (Head et al., 2003). Phosphorylation of cortactin by Src greatly enhanced Arp2/3 complex-mediated actin polymerization (Tehrani et al., 2007). This event required Nck, an adaptor that links phosphorylated cortactin with neuronal WASp (N-WASp) and WASp-interacting protein (WIP) to activate the Arp2/3 complex, enhancing polymerization. Src phosphorylation of cortactin is important for actin polymerization during host cell invasion by some bacteria (Shigella flexneri and Staphylococcus aureus) or parasites (Cryptosporidium parvum) (Chen et al., 2003; Bougnères et al., 2004; Agerer et al., 2005).

The C. albicans reference strain and clinical isolates activated Src phosphorylation and consequently Src phosphorylation of cortactin (Y466) during HeLa cell invasion, thus pointing to a concerted series of events involving phosphorylation, and culminating in actin remodeling and actin-driven C. albicans invasion. Actin-driven invasion is a process that can be interrupted by both the up- and down-regulation of actin polymerization, thus drawing attention to the fact that actin polymerization must be carefully controlled to generate productive results; excessive assembly can bring the network to a halt (Haglund and Welch, 2011).

The tyrosine SFKs play a fundamental role in a wide variety of cellular processes including morphogenesis and proliferation, phagocytosis and host–pathogen interactions. In this study, it became clear that SFKs are important for C. albicans invasion, which has been evidenced by the decrease of internalization rate of all Candida isolates into HeLa cells when using a SFK inhibitor. SFKs normally drive actin-dependent rearrangements required for cellular migration and may be used by the fungus to promote cell invasion in the same way of several bacteria (Mounier et al., 2009). Upon pathogen-cell adhesion, SFKs may associate to and activate other molecules such as FAK to regulate several actin-related processes, including phosphorylation of key substrates such as paxillin and cortactin (Ferreira et al., 2016). It has also been shown that activation of host cell SFK is correlated to the actin dependent internalization of bacterial pathogens (Pizarro-Cerdá et al., 2016). Src-dependent remodeling of the actin cytoskeleton has been also reported for viruses and parasites, suggesting that such signaling corresponds to a common feature that controls actin dynamics at the membrane (Mitra and Schlaepfer, 2006; Munter et al., 2006). As far as we know this is the first time that the inhibition of Src-familiy kinases has been shown to hinder host cell invasion by C. albicans, pointing to a key role for SFK in driving actin polymerization and consequently the internalization of C. albicans.

Several pathogens have been described to enter professional phagocyte cells via cholesterol-enriched membrane lipid raft microdomains. In fact, C. albicans uptake by human monocyte has been strongly impaired by the cholesterol extracting agent methyl-β-cyclodextrin in the study by de Turris et al. (2015). It is worth mentioning that HeLa cells are not professional phagocytes as monocytes or macrophages. This is probably why the disruption of lipid rafts in HeLa cells did not impact on C. albicans internalization.

Collectively, these results suggest that C. albicans invasion of HeLa epithelial cells—and also the ability to reach and adapt to live in blood—may be independent of fungal adherence and hyphal length, or even the ability to damage cells, since L3881, isolated from a patient's blood, has been able to both invade cells and, recruit actin/cortactin, activate SFKs and cortactin, survive under nutritional and oxidative stress and reach blood tissues, despite its shorter hyphae.

Final Consideration—Building a Niche

When discussing C. albicans invasion, it is known that to infect mucosal tissues, gain access to blood and escape blood flow, C. albicans must interact with both epithelial and endothelial cells, respectively (Davis, 2009). In superficial infections (skin and mucosa), this fungus only reaches blood vessels when a mechanical disruption (wound or cut) to epithelial tissue occurs.

Interestingly, oropharyngeal candidiasis is prevalent in HIV-positive patients and, although rare (especially in the terminally ill), HIV-positive patients can develop systemic candidiasis. Regarding the mechanisms involved in Candida penetration of epithelial cells, what is known from in vitro experiments is that active penetration is the predominant form of invasion, while induced endocytosis seems to occur in the initial phases of tissue colonization (Wächtler et al., 2012).

The fungus uses a variety of strategies in order to survive; other types of interactions may exist in vivo that we have not yet seen in vitro. In systemic infections, it is believed that the gastrointestinal tract is a major source of Candida invasion in addition to catheters or surgery, for example (Perlroth et al., 2007). The basic pH of gastrointestinal tissue, its 37°C temperature, ample contact with epithelial cells and an iron-restricted environment are strong inducers of hyphae formation, i.e., this fungus always forms hyphae when it meets its host (Almeida et al., 2008). However, in infected organs, hyphae, yeasts and pseudohyphae can be observed by histological analysis, probably because yeasts are part of the proliferation process (the more yeasts present, the more hyphae formed). However, the importance of pseudohyphae remains unknown.

Hematogenous infections caused by pathogens of the Candida genus have increased heavily in Latin America (Doi et al., 2016) mainly because modern medical treatments are becoming more invasive and more people are being treated with immunosuppressive drugs. Hematogenous candidiasis is a silent disease. Often, clinicians are only able to detect the infectious agent when the patient already has an irreversible condition. The mortality rate for hematogenous candidiasis is 40–60%, which are devastating numbers. However, drugs commonly used to control the infection cause pathogen resistance. Epithelial cells play a key role in many human–microbiota and/or pathogens interactions. Interactions of these cells with C. albicans have been shown to be critical to host and fungal cell responses (Moyes et al., 2015). Molecules of both Candida and the host are important for Candida internalization into epithelial cells, which is the first step to further dissemination leading to hematogenic infections. A better elucidation of these factors may significantly contribute to the control of systemic infections in hospitals, such as the rational development of new compounds against the essential components triggered during the invasion of host cells by the fungus.

AUTHOR CONTRIBUTIONS

Conception of the study: DB. Designed the experiments: PM, AB, AP, FS, RA, ES, and DB. Performed the experiments: PM, AB, CO, LR, TM. Interpretation of the results and data analysis: PM, AB, AP, RM, FS, RA, ES, and DB. Contributed reagents/materials/analysis tools: AP, RM, FS, RA, ES, and DB. Wrote the manuscript: PM, AB, and DB. All authors read and approved the final manuscript.

FUNDING

The authors wish to gratefully acknowledge the financial support of CNPq (477867/2010-3), FAPESP (2011/22773-6; 2015/25652-6) and FAPEMIG (APQ-01674-14).

ACKNOWLEDGMENTS

The authors are indebted to Prof. Dr. Bernhard Hube (Department of Microbial Pathogenicity Mechanisms, Leibniz Institute for Natural Product Research and Infection Biology—Hans Knoell Institute Jena, Germany) for his critical revision of the manuscript and valuable comments. DB, ES, and RM are each the recipients of CNPq fellowships. The authors would also like to thank BioMed Proofreading (Cleveland, OH, USA).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fmicb.2017.01235/full#supplementary-material

REFERENCES

 Agerer, F., Lux, S., Michel, A., Rohde, M., Ohlsen, K., and Hauck, C. R. (2005). Cellular invasion by Staphylococcus aureus reveals a functional link between focal adhesion kinase and cortactin in integrin-mediated internalization. J. Cell Sci. 118, 2189–2200. doi: 10.1242/jcs.02328

 Almeida, R. S., Brunke, S., Albrecht, A., Thewes, S., Laue, M., Edwards, J. E., et al. (2008). The hyphal-associated adhesin and invasin Als3 of Candida albicans mediates iron acquisition from host ferritin. PLoS Pathog. 4:e1000217. doi: 10.1371/journal.ppat.1000217

 Bonfim-Melo, A., Zanetti, B. F., Ferreira, É. R., Vandoninck, S., Han, S. W., Van Lint, J., et al. (2015). Trypanosoma cruzi extracellular amastigotes trigger the protein kinase D1-cortactin-actin pathway during cell invasion. Cell Microbiol. 17, 1797–1810. doi: 10.1111/cmi.12472

 Bougnères, L., Girardin, S. E., Weed, S. A., Karginov, A. V., Olivo-Marin, J. C., Parsons, J. T., et al. (2004). Cortactin and Crk cooperate to trigger actin polymerization during Shigella invasion of epithelial cells. J. Cell Biol. 166, 225–235. doi: 10.1083/jcb.200402073

 Brown, A. J., Budge, S., Kaloriti, D., Tillmann, A., Jacobsen, M. D., Yin, Z., et al. (2014). Stress adaptation in a pathogenic fungus. J. Exp. Biol. 217(Pt 1), 144–155. doi: 10.1242/jeb.088930

 Chaves, G. M., Santos, F. P., and Colombo, A. L. (2012). The persistence of multifocal colonization by a single ABC genotype of Candida albicans may predict the transition from commensalism to infection. Mem. Inst. Oswaldo Cruz. 107, 198–204. doi: 10.1590/S0074-02762012000200008

 Chen, X. M., Huang, B. Q., Splinter, P. L., Cao, H., Zhu, G., McNiven, M. A., et al. (2003). Cryptosporidium parvum invasion of biliary epithelia requires host cell tyrosine phosphorylation of cortactin via c-Src. Gastroenterology 125, 216–228. doi: 10.1016/S0016-5085(03)00662-0

 Daly, R. J. (2004). Cortactin signalling and dynamic actin networks. Biochem. J. 15, 13–25. doi: 10.1042/BJ20040737

 Davis, D. A. (2009). How human pathogenic fungi sense and adapt to pH, the link to virulence. Curr. Opin. Microbiol. 12, 365–370. doi: 10.1016/j.mib.2009.05.006

 de Turris, V., Teloni, R., Chiani, P., Bromuro, C., Mariotti, S., Pardini, M., et al. (2015). Candida albicans targets a lipid raft/dectin-1 platform to enter human monocytes and induce antigen specific T cell responses. PLoS ONE 10:e0142531. doi: 10.1371/journal.pone.0142531

 Doi, A. M., Pignatari, A. C., Edmond, M. B., Marra, A. R., Camargo, L. F., Siqueira, R. A., et al. (2016). Epidemiology and microbiologic characterization of nosocomial candidemia from a Brazilian National Surveillance program. PLoS ONE 11:e0146909. doi: 10.1371/journal.pone.0146909

 Ferreira, É. R., Horjales, E., Bonfim-Melo, A., Cortez, C., da Silva, C. V., De Groote, M., et al. (2016). Unique behavior of Trypanosoma cruzi mevalonate kinase: a conserved glycosomal enzyme involved in host cell invasion and signaling. Sci. Rep. 6:24610. doi: 10.1038/srep24610

 Filler, S. G., and Sheppard, D. C. (2006). Fungal invasion of normally non-phagocytic host cells. PLoS Pathog. 2:e129. doi: 10.1371/journal.ppat.0020129

 Frank, C. F., and Hostetter, M. K. (2007). Cleavage of E-cadherin, a mechanism for disruption of the intestinal epithelial barrier by Candida albicans. Transl. Res. 149, 211–222. doi: 10.1016/j.trsl.2006.11.006

 Gillum, A. M., Tsay, E. Y., and Kirsch, D. R. (1984). Isolation of the Candida albicans gene for orotidine-5V-phosphate decarboxylase by complementation of S. cerevisiae ura3 and E. coli pyrF mutations. Mol. Gen. Genet. 198, 179–182. doi: 10.1007/BF00328721

 Haglund, C. M., and Welch, M. D. (2011). Pathogens and polymers, Microbe–host interactions illuminate the cytoskeleton. J. Cell Biol. 195, 7–17. doi: 10.1083/jcb.201103148

 Head, J. A., Jiang, D., Li, M., Zorn, L. J., Schaefer, E. M., Parsons, J. T., et al. (2003). Cortactin tyrosine phosphorylation requires Rac1 activity and association with the cortical actin cytoskeleton. Mol. Biol. Cell 14, 3216–3229. doi: 10.1091/mbc.e02-11-0753

 Jacobsen, I. D., Wilson, D., Wächtler, B., Brunke, S., Naglik, J. R., and Hube, B. (2012). Candida albicans dimorphism as a therapeutic target. Expert Rev. Anti Infect. Ther. 10, 85–93. doi: 10.1586/eri.11.152

 Martinez-Quiles, N., Ho, H. Y., Kirschner, M. W., Ramesh, N., and Geha, R. S. (2004). Erk/Src phosphorylation of cortactin acts as a switch on-switch off mechanism that controls its ability to activate N-WASP. Mol. Cell. Biol. 24, 5269–5280. doi: 10.1128/MCB.24.12.5269-5280.2004

 Mitra, S. K., and Schlaepfer, D. D. (2006). Integrin-regulated FAK-Src signaling in normal and cancer cells. Curr. Opin. Cell Biol. 18, 516–523. doi: 10.1016/j.ceb.2006.08.011

 Moreno-Ruiz, E., Galán-Díez, M., Zhu, W., Fernández-Ruiz, E., d'Enfert, C., Filler, S. G., et al. (2009). Candida albicans internalization by host cells is mediated by a clathrin-dependent mechanism. Cell. Microbiol. 11, 1179–1189. doi: 10.1111/j.1462-5822.2009.01319.x

 Mounier, J., Popoff, M. R., Enninga, J., Frame, M. C., Sansonetti, P. J., and Van Nhieu, G. T. (2009). The IpaC carboxyterminal effector domain mediates src-dependent actin polymerization during shigella invasion of epithelial cells. PLoS Pathog. 5:e1000271. doi: 10.1371/journal.ppat.1000271

 Moyes, D. L., Richardson, J. P., and Naglik, J. R. (2015). Candida albicans-epithelial interactions and pathogenicity mechanisms, scratching the surface. Virulence 6, 338–346. doi: 10.1080/21505594.2015.1012981

 Moyes, D. L., Runglall, M., Murciano, C., Shen, C., Nayar, D., Thavaraj, S., et al. (2010). 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. doi: 10.1016/j.chom.2010.08.002

 Moyes, D. L., Shen, C., Murciano, C., Runglall, M., Richardson, J. P., Arno, M., et al. (2014). Protection against epithelial damage during Candida albicans infection is mediated by PI3K/Akt and mammalian target of rapamycin signaling. J. Infect. Dis. 209, 1816–1826. doi: 10.1093/infdis/jit824

 Munter, S., Way, M., and Frischknecht, F. (2006). Signaling during pathogen infection. Sci. STKE 2006:re5.S. doi: 10.1126/stke.3352006re5

 Naglik, J. R., Richardson, J. P., and Moyes, D. L. (2014). Candida albicans pathogenicity and epithelial immunity. PLoS Pathog. 10:e1004257. doi: 10.1371/journal.ppat.1004257

 Padovan, A. C., Chaves, G. M., Colombo, A. L., and Briones, M. R. (2009). A novel allele of HWP1, isolated from a clinical strain of Candida albicans with defective hyphal growth and biofilm formation, has deletions of Gln/Pro and Ser/Thr repeats involved in cellular adhesion. Med. Mycol. 47, 824–835. doi: 10.3109/13693780802669574

 Perlroth, J., Choi, B., and Spellberg, B. (2007). Nosocomial fungal infections, epidemiology, diagnosis, and treatment. Med. Mycol. 45, 321–346. doi: 10.1080/13693780701218689

 Phan, Q. T., Myers, C. L., Fu, Y., Sheppard, D. C., Yeaman, M. R., Welch, W. H., et al. (2007). Als3 is a Candida albicans invasin that binds to cadherins and induces endocytosis by host cells. PLoS Biol. 5:e64. doi: 10.1371/journal.pbio.0050064

 Pizarro-Cerdá, J., Charbit, A., Enninga, J., Lafont, F., and Cossart, P. (2016). Manipulation of host membranes by the bacterial pathogens Listeria, Francisella, Shigella and Yersinia. Semin. Cell Dev. Biol. 60, 155–167. doi: 10.1016/j.semcdb.2016.07.019

 Tehrani, S., Tomasevic, N., Weed, S., Sakowicz, R., and Cooper, J. A. (2007). Src phosphorylation of cortactin enhances actin assembly. Proc. Natl. Acad. Sci. U.S.A. 104, 11933–11938. doi: 10.1073/pnas.0701077104

 Tsuchimori, N., Sharkey, L. L., Fonzi, W. A., French, S. W., Edwards, J. E. Jr., and Filler, S. G. (2000). Reduced virulence of HWP1-deficient mutants of Candida albicans and their interactions with host cells. Infect. Immun. 68, 1997–2002. doi: 10.1128/IAI.68.4.1997-2002.2000

 Wächtler, B., Citiulo, F., Jablonowski, N., Förster, S., Dalle, F., Schaller, et al. (2012). Candida albicans-epithelial interactions, dissecting the roles of active penetration, induced endocytosis and host factors on the infection process. PLoS ONE 7:e36952. doi: 10.1371/journal.pone.0036952

 Wächtler, B., Wilson, D., Haedicke, K., Dalle, F., and Hube, B. (2011). From attachment to damage: defined genes of Candida albicans mediate adhesion, invasion and damage during interaction with oral epithelial cells. PLoS ONE 6:e17046. doi: 10.1371/journal.pone.0017046

 Wilson, D., Thewes, S., Zakikhany, K., Fradin, C., Albrecht, A., Almeida, R., et al. (2009). Identifying infection-associated genes of Candida albicans in the postgenomic era. FEMS Yeast Res. 9, 688–700. doi: 10.1111/j.1567-1364.2009.00524.x

 Yang, W., Yan, L., Wu, C., Zhao, X., and Tang, J. (2014). Fungal invasion of epithelial cells. Microbiol. Res. 169, 803–810. doi: 10.1016/j.micres.2014.02.013

 Zhu, W., Phan, Q. T., Boontheung, P., Solis, N. V., Loo, J. A., and Filler, S. G. (2012). EGFR and HER2 receptor kinase signaling mediate epithelial cell invasion by Candida albicans during oropharyngeal infection. Proc. Natl. Acad. Sci. U.S.A. 109, 14194–14199. doi: 10.1073/pnas.1117676109

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Maza, Bonfim-Melo, Padovan, Mortara, Orikaza, Ramos, Moura, Soriani, Almeida, Suzuki and Bahia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-01235-g003.gif
. ncaion el

ol S

ubtion ime (min)

psix

SC | aan an enem enaman
e
ITSE| cin e -
e —————
e

13881

ER

o _incubation ime (min)
© 10 30 6 12013
B

e s s = aw






OPS/images/fmicb-08-01235-g001.gif
K
o
.
w_
:
.
:
g
:

jiffrggsgss

p—_—Y
N
L
Rz
e
=
E—






OPS/images/fmicb-08-01235-g002.gif





OPS/images/cover.jpg
, frontiers
in Microbiology

Candida albicans: The Ability to
Invade Epithelial Cells and Survive
under Oxidative Stress Is Unlinked

to Hyphal Length









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





