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Abstract

Aims: Candida albicans is an important human fungal pathogen in clinical 
settings. It possesses a wide spectrum of virulence traits, including but not 
limited to the production of Secreted Aspartic Proteases (SAPs), to invade host 
cells under predisposing conditions. The aims of the present study were to 
investigate the functional role of C. albicans SAP7 in invasion ability.

Methods: The present study was carried out to construct C. albicans 
sap7Δ/Δ mutant strain using a PCR-based gene disruption method. The 
behaviors of this SAP7 knockout strain was evaluated and compared with the 
wild type and SAP7 complemented strains between human oral epithelial cells 
with respect to endocytosis, invasion, and tissue damage.

Results: Compared with the wild type C. albicans strain, a 52% reduction 
in the endocytosis of the sap7Δ/Δ mutant strain by oral epithelial cells was 
observed, as well as a 25% attenuation of internalization, and a 27% reduction 
of tissue damage (P<0.05).

Conclusion: Our data clearly demonstrates that C. albicans SAP7 
contributes to tissue invasion into human oral epithelial cells which warrant 
further investigations as potential targets for antifungal interventions.
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Introduction
Candida species are the major cause of opportunistic fungal 

infections in humans. They exist as harmless commensal in 
immunocompetent individuals and inhabit in human oral 
cavity, gastrointestinal and urogenital tracts [1]. However, under 
predisposing conditions, when normal microbiota is disturbed or 
immune system is compromised, Candida fungi transform into 
lethal microbes and cause superficial infections or deep-seated, 
systemic candidiasis [2,3]. In fact, candidiasis ranks fourth among the 
leading types of nosocomial infections in clinical sectors with high 
mortality and morbidity rates ranging from 40-60% in spite of careful 
management of antifungal interventions [4].

It has been considered epithelial tissues are the first line of 
defense of humans against pathogenic invasion and manifestations. 
In Candida fungi, two distinguished but complementary pathways of 
invasion to human oral epithelial cells exist: induced endocytosis and 
active penetration. The induced endocytosis of C. albicans is triggered 
by hyphae that the host cells produce pseudopods and engulf the 
microorganisms [5,6]. Two Candida invasins have been found: 
Agglutinin-like sequence 3 (Als3) and heat shock protein 1 (Ssa1) 
found on the surface of hyphae play a key role in induced endocytosis 
via binding to specific host ligands (E-cadherin on epithelial cells or 
N-cadherin on endothelial cells) [7]. However, the molecular network 
and potential cross-talk between these two mechanisms are still 
ill-defined. Furthermore, the contribution of hydrolytic activity to 
Candida invasion and interaction with host cells is largely unknown.

Secreted aspartic protease (Sap) family, consisting of 10 Saps, is the 
major hydrolytic enzyme produced by C. albicans. It is believed that 
Saps contribute both to increased endocytosis and active penetration. 
Previous studies showed that pepstatin A (Sap inhibitor) was able 
to block Candida induced endocytosis in its early stage of invasion, 
and reduce active penetration when combined with cytochalasin D 
(cytD) and butanedione monoxime (endocytosis inhibitors) [8]. 
Besides, significant reduction of induced endocytosis was evident 
in sap1-3Δ/Δ and sap4-6Δ/Δ knockout mutants, suggesting the key 
involvement of these Saps in this process. On the contrary, several 
studies showed a limited role of Saps 1-6 in Candida invasion in a 
reconstituted model of human epithelia as well as in a mice model 
[9,10]. Thus, further investigations are warranted to decipher into the 
functional of different Saps in Candida pathobiology.

By now, limited knowledge is available for C. albicans Sap7 for its 
functional significance in pathogenesis, especially in in vivo systems 
[11]. Here, we reported an investigation of C. albicans Sap7 in the 
invasion process of human oral epithelial cells.

Materials and Methods
Candida strains and culture conditions

C. albicans SC5314 was used as the wild type strain in this study 
for comparison. C. albicans sap7Δ/Δ mutant strain was constructed 
by Ura-blaster method [12] and the genotype is Δsap7::hisG/
Δsap7::hisG-URA3-hisG, which was confirmed by colony PCR with 
gene-specific primers. All fungal strains were prepared in liquid YPD 
(1% yeast extract, 2% bactopeptone, 2% D-glucose) medium on a 
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rotary shaker at 30ºC overnight. Cell concentrations were adjusted by 
hemocytometer counting in serum-free DMEM medium immediately 
prior to the experiments.

Oral epithelia cells
The OKF6/TERT2 cell line (passage 18) was a gift from J. 

Rheinwald’s Laboratory (Harvard University, Boston, MA) [13]. 
The OKF6/TERT2 cells were cultured in the humidified incubator 
containing 5% CO2 at 37ºC. For a standard experiment, 5×104 cells/
ml of OKF6/TERT2 cells were seeded into µ-Slide 8 well plates 
(ibidi, Germany) and cultured for 2-3 days post-seeding until 95% 
confluence.

Endocytosis assay
The number of fungal cells that were associated with and/or 

endocytosed by the OKF6/TERT2 cells was determined using a 
standard differential fluorescence assay with minor modifications 
[14]. Briefly, 95% confluence OKF6/TERT2 cells were infected 
with 1×105 fungal cells in serum-free DMEM medium. After 3 hrs 
incubation at 37ºC, the cells were gently rinsed by Hank’s Balanced 
Salt Solution (HBSS) twice to remove any nonadherent cells, and 
fixed with 3% paraformaldehyde. The adherent but not endocytosed 
fungal cells were stained by a polyclonal rabbit anti-Candida antibody 
conjugated with red fluorescent Alexa Fluor 568 for 1 h. Afterwards, 
the OKF6/TERT2 cells were permeabilized with 0.5% Triton X-100 
in PBS for 30 min. All cell-associated fungal cells (including both 
adherent and endocytosed) were labelled with anti-Candida antibody 
conjugated with green fluorescent Alexa Fluor 488, and observed 
under fluorescence microscope. The number of endocytosed fungal 
cells was determined by subtracting the number of adherent fungal 
cells (red fluorescing) from the number of cell-associated fungal cells 
(green fluorescing). Fungal cells which were partially internalized 
were regarded as endocytosed cells. In each well, at least 100 fungal 
cells were examined.

Invasion assay
The number of fungal cells that was active penetrated to oral 

epithelial cells was determined as described previously [14]. Briefly, 
the OKF6/TERT2 cells were cultured as described above. To block the 
induced endocytosis, the OKF6/TERT2 cells were pre-treated with 0.5 
µM cyt D for 30 min (this concentration of cyt D was found efficient 
to stop the rearrangement of actin cytoskeleton without affecting 
cell viability [8]) and co-incubated throughout the whole infection 
period. Thus, 1×105 fungal cells in serum-free DMEM medium were 
allowed to infect the OKF6/TERT2 cells for 3 h. Afterwards, non-
adhesive fungal cells were gently removed by HBSS washings, the 
OKF6/TERT2 cells were fixed as described above. All adherent fungal 
cells were stained with red-fluorescent Alexa Fluor 568. After further 
rinsing, the OKF6/TERT2 cells were permeabilized, and associated 
fungal cells were stained with green-fluorescent Alexa Fluor 488 
as described above. The percentage of invaded fungal cells was 
determined by the number of internalized cells (including partially 
internalized cells) by the number of all the adherent cells. At least 100 
fungal cells were examined.

Damage assay
Tissue damage of the OKF6/TERT2 cells was determined by 

measuring the amount of released Lactate Dehydrogenase (LDH) into 

the surrounding medium upon invasion by C. albicans SC5314 and 
C. albicans sap7Δ/Δ mutant strain using CytoTox 96 nonradioactive 
cytotoxicity assay [15].

Statistical analysis
All experiments were performed in three separate occasions, and 

triplicate was performed in each occasion. The difference between 
the wild type C. albicans SC5314 and the C. albicans sap7Δ/Δ mutant 
strain was statistically assessed by Student’s t-test. A P value <0.05 
was considered statistically significant.

Results and Discussion
The present study was a continuation of our ongoing research 

on the elucidation of the functional significance of C. albicans Saps 
in its pathobiology. Our previous study clearly revealed, for the first 
time, the potential role of C. albicans Sap9 in serum induced-hyphal 
formation and interaction with human oral epithelial cells [15], 
and laid a foundation for further investigations of ill-defined Saps, 
including Sap7. Previous studies showed a correlation between Sap7 
and virulence using an intravenous candidiasis model [8], and was 
proved to be insensitive to pepstatin A [16]. Here, we investigated 
the functional significance of Sap7 in C. albicans invasion to human 
oral epithelial cells using a C. albicans sap7Δ/Δ mutant strain and 
compared it with the wild type counterpart.

Sap7 plays a key role in C. albicans induced endocytosis, 
active penetration, and cell damage in human oral 
epithelial cells

Induced endocytosis and active penetration are two distinct 
routes for microorganism’s invasion into non-phagocytic host cells 
such as oral epithelial cells and endothelial cells. The ability of the 
C. albicans sap7Δ/Δ mutant strain in induced endocytosis was found 
reduced in all the fields examined (Figure 1). A reduction of 52% 

Figure 1: Fluorescence microscopic analysis of the interaction between 
Candida cells and human oral epithelial cells. The endocytosed cells were 
labelled as red fluorescence while the associated cells were labelled as green 
fluorescence.
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(P<0.05) of induced endocytosis was observed in the C. albicans 
sap7Δ/Δ mutant strain on OKF6/TERT2 cells (Figure 2A); the 
number of cell-associated C. albicans sap7Δ/Δ mutant strain was 
34% less than the wild type C. albicans SC5314, although the results 
were not statistically significance. It is envisaged that Sap7 facilitates 
Candida induced endocytosis via possible cellular interactions with 
other invasins on hyphae and/or other host cell receptors which 
warrant further investigations.

To investigate the role of Sap7 in active penetration, we co-
incubated the fungal cells with the human oral epithelial cells in the 
presence of the specific microfilament inhibitor cytD (0.5 µm) in an 
attempt to selectively block all induced endocytosis. The proportion 
of the C. albicans sap7Δ/Δ mutant strain that penetrated into the 
OKF6/TERT2 cells was significantly smaller than (25%; P<0.05) that 
of the wild type C. albicans SC5314 (Figure 2B), suggesting that Sap7 
might play a key role in C. albicans active penetration in human oral 
epithelial cells.

We measured the amount of released LDH into co-culture 
supernatant to investigate quantitatively the degree of tissue damage 
caused by the fungal cells. The ability of the C. albicans sap7Δ/Δ mutant 
strain to infect the OKF6/TERT2 cells was moderately reduced by 
27% (P<0.05) when compared with the wild type C. albicans SC5314, 
suggesting that the knockout of Sap7 gene led to a weakened invasion 
power to the human oral epithelial cells (Figure 2C).

Conclusion
Taken together, our present study clearly indicated that the 

C. albicans sap7Δ/Δ mutant strain exhibits attenuated capacity 
to adhering to and endocytosed by the human oral epithelial cells, 

and therefore suggesting that C. albicans Sap7 contributes to tissue 
invasion process and leads to host cell damage. As little is known 
about the cellular pathways/interacting molecules involved in C. 
albicans Sap7 pathogenesis, further investigations using proteomic 
study are warranted.
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