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resistance against oral and vaginal candidiasis is largely unknown and/or controversial (3, 11, 19, 55). Recently, our laboratory reported that primary epithelial cells from murine,
nonhuman primate, and human vaginal mucosa (18, 55, 56)
and human oral mucosa (54) significantly inhibited the growth
of C. albicans in vitro at relatively low effector/target cell (E:T)
ratios of 10:1 to 1:1, with oral epithelial cells having significantly greater activity (⬃80% versus ⬃50% growth inhibition).
Additional studies demonstrated that for both vaginal and oral
epithelial cell activity, soluble factors collected from epithelial
cell-Candida cocultures could not replace the cellular requirement, and cell contact was a strict requirement for activity (54).
Subsequent studies with oral epithelial cells showed a wide
spectrum of anti-Candida activity against blastoconidia and/or
hyphal phases of C. albicans, as well as activity against several
Candida species (54). Additionally, oral epithelial cell-mediated anti-Candida activity was significantly reduced in HIVpositive persons with OPC (54).
In addition to our observations, epithelial cells have recently
been recognized as playing active roles in mucosal immune
responses. Epithelial cells of the reproductive and gastrointestinal tracts have been shown to express major histocompatibility complex class II molecules and process and present protein
antigens to T cells (26, 27, 62). In addition to antigen presentation for T-cell activation, epithelial cells secrete a variety of
cytokines and chemokines in response to pathogens that may
affect local immune responses (29). Finally, epithelial cells
produce a variety of antimicrobial peptides such as defensins,

Mucosal candidiasis is a significant problem in both immunocompetent and immunocompromised individuals, especially
those infected with human immunodeficiency virus (HIV) (34,
39). The majority of episodes of mucosal candidiasis are
caused by Candida albicans, a dimorphic fungal organism of
the gastrointestinal and lower female reproductive tracts. As a
commensal, C. albicans asymptomatically colonizes epithelial
surfaces. Although both the oral and the vaginal mucosa are
normally colonized with C. albicans, the oral mucosa is colonized at higher rates (up to 65% of normal healthy individuals
versus 5 to 25% of healthy women colonized vaginally) (28,
52). Clinical observations show that symptomatic oropharyngeal candidiasis (OPC) is often a manifestation of corticosteroid therapy (35), immunosuppression after transplantation
(7), and AIDS (34, 39). In contrast, OPC in healthy individuals
is relatively rare.
Host defense mechanisms against mucosal candidiasis are
poorly understood. Although cell-mediated immunity is considered an important host defense mechanism against mucosal
and/or systemic candidiasis (4, 5), the role of systemic cellmediated immunity against vaginal (20, 21, 22, 23, 58) and,
more recently, oral (37) candidiasis has been challenged to
various degrees. Likewise, the role of antibodies and innate
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Candida albicans is both a commensal and a pathogen at the oral mucosa. Although an intricate network of
host defense mechanisms are expected for protection against oropharyngeal candidiasis, anti-Candida host
defense mechanisms at the oral mucosa are poorly understood. Our laboratory recently showed that primary
epithelial cells from human oral mucosa, as well as an oral epithelial cell line, inhibit the growth of blastoconidia and/or hyphal phases of several Candida species in vitro with a requirement for cell contact and with
no demonstrable role for soluble factors. In the present study, we show that oral epithelial cell-mediated
anti-Candida activity is resistant to gamma-irradiation and is not mediated by phagocytosis, nitric oxide,
hydrogen peroxide, and superoxide oxidative inhibitory pathways or by nonoxidative components such as
soluble defensin and calprotectin peptides. In contrast, epithelial cell-mediated anti-Candida activity was
sensitive to heat, paraformaldehyde fixation, and detergents, but these treatments were accompanied by a
significant loss in epithelial cell viability. Treatments that removed existing membrane protein or lipid moieties
in the presence or absence of protein synthesis inhibitors had no effect on epithelial cell inhibitory activity. In
contrast, the epithelial cell-mediated anti-Candida activity was abrogated after treatment of the epithelial cells
with periodic acid, suggesting a role for carbohydrates. Adherence of C. albicans to oral epithelial cells was
unaffected, indicating that the carbohydrate moiety is exclusively associated with the growth inhibition activity.
Subsequent studies that evaluated specific membrane carbohydrate moieties, however, showed no role for
sulfated polysaccharides, sialic acid residues, or glucose- and mannose-containing carbohydrates. These
results suggest that oral epithelial cell-mediated anti-Candida activity occurs exclusively with viable epithelial
cells through contact with C. albicans by an as-yet-undefined carbohydrate moiety.
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histatins, and calprotectin (2, 60, 63). The purpose of the
present study was to further examine characteristics by which
oral epithelial cells exert their anti-Candida activity.
MATERIALS AND METHODS

ethanol (for fluorescent labeling of Candida) (a kind gift from Stuart Levitz,
Boston University School of Medicine, Boston, Mass.) for 1 min at room temperature, washed, and then counterstained with 0.4% trypan blue (Sigma) (38).
Coverslips were mounted to each slide for view under fluorescent microscopy.
Radioactive cultures were harvested at 9 h and served as a control for antiCandida activity.
In specific experiments, phagocytosis was evaluated by pretreating the epithelial cells with cytochalasin D, which functions to inhibit microfilament and/or
actin tubule formation. For this, epithelial cells were incubated with cytochalasin
D (1.2 to 24.0 M, 25 min at 37°C) (24). Initial concentrations were based on
published reports for other cells (24); additional concentrations were used when
no effects were observed. Controls included epithelial cells incubated in PBS
alone. Thereafter, cells were washed three times with PBS, enumerated, and
added to the Candida samples in the [3H]glucose uptake assay.
Examination of oxidative and nonoxidative mechanisms for epithelial cell
anti-Candida activity. To examine oxidative inhibitory pathways, the [3H]glucose
uptake assay was performed in the presence of 1 to 3 mM N-nitro-L-arginine
methyl ester (L-NAME; Sigma), 3 ⫻ 103 to 2 ⫻ 104 U of catalase (Boehringer
Mannheim, Indianapolis, Ind.)/ml, or 6 ⫻ 102 to 4.8 ⫻ 103 U of superoxide
dismutase (Calbiochem, La Jolla, Calif.)/ml. L-NAME, catalase, and superoxide
dismutase inhibit nitric oxide, hydrogen peroxide, and oxygen radicals, respectively (12). Initial concentrations were based on published reports using epithelial cell lines (12); additional concentrations were used when no effect was
observed. Controls included conducting the growth inhibition assay in tissue
culture medium (PP) without inhibitors. The concentrations of each compound
or enzyme alone demonstrated no effect on Candida growth (measured by
[3H]glucose uptake).
The nonoxidative mechanisms evaluated included soluble calprotectin and
defensins (36, 53). Calprotectin was evaluated by performing the [3H]glucose
assay in the presence of 30 M ZnSO4 (Sigma), which chelates calprotectin (53).
Defensins were evaluated by performing the [3H]glucose assay in the presence of
Ca2⫹- and Mg2⫹-free PP (divalent cations inhibit defensins) (36). Ca2⫹- and
Mg2⫹-free PP was prepared by incubating PP with Chelex 100 analytical ionexchange resin (Bio-Rad, Hercules, Calif.) for 1 h at room temperature. The
resin was removed thereafter by sterile filtration.
Epithelial cellular treatments. For physical treatments, epithelial cells were
placed in a shaking water bath for 30 min at 60°C (heat inactivation), pretreated
with paraformaldehyde (1%, 10 min at room temperature), or gamma-irradiated
(1,000 to 4,000 rads) by using a 137Cs source gamma-irradiator. Controls included untreated epithelial cells. The cells were washed three times with PBS,
enumerated, and added to the [3H]glucose uptake assay.
For examination of general membrane-associated moieties, epithelial cells
were pretreated with detergents, including sodium dodecyl sulfate (SDS; 1%;
30 s at room temperature) (1) and Nonidet P-40 (NP-40; 1%; 30 min at room
temperature) (25, 49) (both from Sigma) in a volume of 1 ml. For analysis of
existing membrane-associated protein moieties, epithelial cells were pretreated
with proteinase K (50 to 250 g/ml, 10 min at 37°C) (41) (Roche Corp., Mannheim, Germany) in a volume of 1 ml of PBS in the presence or absence of
cycloheximide (for inhibition of de novo protein synthesis [1 to 100 g/ml, 60 min
at 37°C]) (43). Initial concentrations of each reagent were based on published
reports for other cells (1, 25, 41, 43, 49); additional concentrations were used
when no effects were observed. Controls included epithelial cells incubated in
PBS alone. Thereafter, cells were washed three times with PBS, enumerated, and
added to Candida in the [3H]glucose uptake assay. To confirm the action of each
reagent, supernatants from each epithelial cell treatment and the respective
PBS-treated control were collected and assayed for total protein. Briefly, bicinchoninic acid reagent A (Pierce, Rockford, Ill.) was added to undiluted and
diluted supernatants and standards (2,000 g/ml of bovine serum albumin serially diluted 1:2) for 30 min at 65°C. Thereafter, the absorbance values were
determined at 595 nm by using a Ceres 900 automated microplate reader (BioTek, Wisnooski, Vt.) and Kineticalc software (Bio-Tek).
For examination of lipid moieties, epithelial cells were pretreated with phospholipase A2 (PLA2; 5 to 50 U/ml, 30 min at 37°C; Sigma) (8, 45) in a volume of
1 ml of PBS. To confirm PLA2 enzymatic activity, PLA2 was incubated with
autoclaved [14C]oleic acid-labeled Escherichia coli (a kind gift from Richard
O’Callaghan, Department of Microbiology, Immunology, and Parasitology, Louisiana State University Health Sciences Center, New Orleans) for 1 h at 37°C
(17). The reaction was stopped with 0.5% bovine serum albumin (Sigma), the
samples were centrifuged, and the products of hydrolysis (free [14C]oleic acid)
released into the supernatant were quantified by liquid scintillation.
For examination of carbohydrate moieties, epithelial cells were pretreated
with periodic acid (5 mM, 10 min at 37°C) (31, 44, 57) and a series of specific
carbohydrate-removing enzymes, either separately or in combination, including

Downloaded from http://iai.asm.org/ on June 25, 2019 by guest

Participants. Informed consent was obtained from each participant, and all
procedures in the clinical research were carried out in accordance with guidelines
of the Institutional Review Board at the Louisiana State University Health
Sciences Center, New Orleans, La. Specimens were collected exclusively from
healthy volunteers.
Epithelial cell isolation. Epithelial cells were isolated as previously described
(54). Briefly, 10 ml of unstimulated saliva from each participant was expectorated
into a sterile polypropylene centrifuge tube. The sample was processed by centrifugation at 800 ⫻ g for 5 min, and the clarified soluble fraction was stored at
⫺70°C. After being washed with sterile phosphate-buffered saline (PBS), the cell
pellet was resuspended in Hanks’ balanced salt solution (Life Technologies,
Gaithersburg, Md.) and passed over a 20-m-pore-size sterile nylon membrane
(Small Parts, Inc., Miami Lakes, Fla.). The epithelial cell-enriched population
collected from the membrane was washed, resuspended in cryopreservative (50%
fetal bovine serum, 25% RPMI 1640 tissue culture medium, 15% dimethyl
sulfoxide), and stored at ⫺70°C until use. Epithelial cells were confirmed by
hematoxylin and eosin staining as previously described (55).
Human epithelial cell line. A human epithelial cell line (KB, catalog no.
CCL-17; American Type Culture Collection, Rockville, Md.) was used. The KB
cell line was initially derived from an epidermoid carcinoma in the oral mucosa
of an adult male. However, recent reports have shown that KB cells are contaminated with HeLa cells, a human cervical epithelial cell line. Since the contaminating HeLa cells are epithelial in origin, we used the KB-HeLa cell line as
a purified epithelial cell population. KB cells were maintained in 90% minimum
essential Eagle medium with nonessential amino acids and Earle’s balanced salt
solution (Sigma, St. Louis, Mo.), supplemented with 10% fetal bovine serum and
also 1% penicillin (100 U/ml) and streptomycin (100 g/ml) (both from Life
Technologies), at 37°C in 10% CO2 and passaged every 3 to 4 days.
Target cells. C. albicans 3153A was from the National Collection of Pathogenic Fungi (London, United Kingdom). The isolate was grown on Sabourauddextrose agar (Becton Dickinson, Cockeysville, Md.) at 30°C, and one colony was
used to inoculate 10 ml of Phytone-Peptone (PP) broth (Becton Dickinson)
supplemented with 0.1% glucose. Broth cultures were grown to stationary phase
for 18 h at 25°C in a shaking water bath. The blastoconidia were collected,
washed with PBS, and enumerated on a hemacytometer by using trypan blue dye
exclusion.
Growth inhibition assay. A [3H]glucose uptake assay was employed as previously described (54, 55). Briefly, stationary-phase blastoconidia were added to
individual wells of a 96-well microtiter plate at 105 cells/ml in a volume of 100 l
of PP supplemented with 10% fetal bovine serum and 1% penicillin (100 U/ml)
and streptomycin (100 g/ml). Epithelial enriched cells were then added at
various E:T ratios in a volume of 100 l of PP. The cultures were incubated for
9 h at 37°C in 10% CO2 in the presence of 1 Ci of [3H]glucose (ICN, Costa
Mesa, Calif.). Controls included Candida and effector cells cultured alone.
Thereafter, 100 l of sodium hypochlorite solution was added to all wells for 5
min, and the cell extracts were harvested onto glass fiber filters by using a PHD
Cell Harvester (Cambridge Technologies, Watertown, Mass.). The incorporated
[3H]glucose was then measured by liquid scintillation. The incorporation of
glucose by Candida and primary epithelial cells during the 9 h assay was generally
30,000 to 40,000 cpm and 1,000 to 5,000 cpm, respectively, and 300 to 2,000 cpm
for the KB line cells. The percent growth inhibition was calculated as follows: %
growth inhibition ⫽ 1 ⫺ [(mean experimental cpm ⫺ mean effector cell cpm)/
mean Candida cpm] ⫻ 100.
In specific experiments, a quantitative plate count method was also employed
to monitor the growth inhibition of C. albicans (54, 55). Briefly, similar effectortarget cocultures were prepared in duplicate without [3H]glucose and incubated
at 37°C in 10% CO2 for 9 h. Thereafter, 100 l of 0.3% Triton X-100 was added
to all wells (for Candida removal), and samples of these cultures were then
serially diluted (1:10) and plated onto Sabouraud-dextrose agar. CFU counts
were determined after 48 h at 30°C. Controls for these studies included cultures
and plating of effector cells and C. albicans alone. The percent growth inhibition
was calculated as follows: % growth inhibition ⫽ 1 ⫺ (experimental CFU/
Candida CFU) ⫻ 100.
Analysis of phagocytosis. The growth inhibition assay was performed in the
presence and absence of [3H]glucose. After 9 h, aliquots from nonradioactive
epithelial cell/Candida cocultures, effector control wells, and target control wells
were collected and cytospun onto slides. The slides were stained with 1% dia-
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RESULTS
Role of oxidative and nonoxidative inhibitory pathways and
epithelial cell anti-Candida activity. Based on our previous
observation that cell contact was required for epithelial cellmediated anti-Candida activity (54), we first asked whether
phagocytosis and/or inhibition by oxidative mechanisms occurred during the inhibition activity. For evaluation of phagocytosis, epithelial cells in the cocultures were examined for
internalized Candida by fluorescent staining. The results illustrated in Fig. 1 show that all C. albicans blastoconidia and
hyphae associated with the epithelial cells observed under light
microscopy also fluoresced under fluorescent microscopy and
thus were considered external to the epithelial cells. We further investigated whether epithelial cells phagocytize C. albicans by pretreating the epithelial cells with cytochalasin D, an
inhibitor of microfilament formation. The results showed no
difference in anti-Candida activity by cytochalasin D-treated
cells compared to those treated with PBS (at an E:T ratio of
5:1, 94.4% versus 95.1% inhibition for PBS- versus cytochalsin
D-treated epithelial cells, respectively). Despite this lack of
phagocytosis, previous reports have shown that epithelial cells
exert bactericidal activity through oxidative mechanisms (12).
To address this, [3H]glucose uptake assays were performed in
the presence of several concentrations of inhibitors of nitric
oxide, hydrogen peroxide, and oxygen radicals. Compared to
controls, the presence of L-NAME (nitric oxide inhibitor),
catalase (hydrogen peroxide inhibitor), or superoxide dismutase (oxygen radical inhibitor) had no effect on anti-Candida activity by primary oral epithelial cells (at an E:T ratio of

FIG. 1. No evidence of phagocytosis in oral epithelial cell-mediated
anti-Candida activity. Whole unstimulated saliva was collected from
healthy human volunteers (n ⫽ 3), and epithelial cell-enriched populations were isolated by nylon membrane retention. Enriched epithelial
cells were then examined for in vitro growth inhibition of C. albicans.
Aliquots from nonradioactive cultures were cytospun onto slides and
stained with 1% diaethanol for analysis of phagocytosis. The figure
illustrates a representative preparation viewed under light (A) and
fluorescent (B) microscopy. Magnification, ⫻400.

5:1, 89.3% ⫾ 4.3% inhibition for controls, 84.4% ⫾ 6.2%
inhibition for L-NAME, 88.2% ⫾ 11.5% inhibition for catalase,
and 85.7% ⫾ 13.7% inhibition for superoxide dismutase). Similar results were observed with the epithelial cell line (data not
shown).
Although we previously found that soluble factors could not
replace the requirement for cell contact (54), the possibility
that soluble factors contributed to the inhibitory activity exclusively in the presence of cell contact by some nonoxidative
mechanism could not be eliminated. Defensins and calprotectin, small antimicrobial peptides, are potent epithelial cell-
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heparinase, heparitinase, chondroitinase (2 to 10 U/ml, 60 min at 37°C for all),
PNGase F (0.05 to 0.2 U/ml, 30 min at 37°C) (all from Sigma) (33, 64), alphaglucosidase (50 to 150 U/ml, 10 min at 37°C; Roche Corp, Mannheim, Germany)
(46), mannosidase (10 to 50 U/ml, 30 min at 37°C; Sigma) (50), and/or neuraminidase (0.5 to 2.5 U/ml, 60 min at 37°C; Sigma) (42). Initial concentrations
were based on published reports for other cells (33, 42, 46, 50, 64); additional
concentrations were used when no effects were observed. Controls included
epithelial cells incubated in PBS alone. Thereafter, cells were washed three times
with PBS, enumerated, and added to Candida in the [3H]glucose uptake assay. In
experiments with periodic acid pretreatments, initial experiments indicated that,
although periodic acid pretreatment had no effect on epithelial cell viability,
[3H]glucose uptake by epithelial cells was affected, potentially creating false
interpretations. Therefore, quantitative plate count analysis was performed to
measure growth inhibition activity. Previous parallel analyses have shown no
differences in the percent growth inhibition between quantitative plate count
analysis and the [3H]glucose uptake assay (54). To confirm the effects of each
carbohydrate enzyme pretreatment, supernatants from each treatment were collected and assayed for total carbohydrate content (15). Briefly, 25 l of 80%
phenol and 2.5 ml of concentrated sulfuric acid (both from Sigma) were added
to undiluted and diluted supernatants and standards (250 g/ml of mannose
serially diluted 1:2) for 20 min at room temperature. Thereafter, the absorbance
values were determined at 490 nm by using a Ceres 900 automated microplate
reader (Bio-Tek).
Adherence assay. A modified adherence assay was performed (51, 61). Briefly,
epithelial cells (105 cells/ml) were added after periodic acid pretreatment to C.
albicans (107 cells/ml) for 1 h at 37°C. Controls included PBS-treated epithelial
cells. Thereafter, the coculture was centrifuged at 300 ⫻ g for 10 s, and the
supernatant was discarded. The epithelial cell pellet was resuspended in 1 ml of
PBS and passed over a sterile 10-m-pore-size nylon membrane. The epithelial
cells retained on the membrane were collected and centrifuged at 300 ⫻ g for
10 s, and aliquots of the epithelial cell pellet were viewed microscopically.
Assessment of epithelial cell viability. After all epithelial cell treatments,
epithelial cell viability was assessed by trypan blue dye exclusion before addition
of the cells to the culture wells for the growth inhibition assay.
Statistical analysis. The unpaired Student t test was used to analyze data.
Significant differences were defined at a confidence level where P was ⬍0.05.
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derived anti-Candida compounds (36, 53). Since defensins may
be inhibited by low concentrations of divalent cations (Ca2⫹Mg2⫹), their function can easily be identified by increased
inhibitory activity under divalent cation-free culture conditions. In contrast, calprotectin can be identified by reducing
inhibitory activity in the presence of excess Zn2⫹ that replaces
the zinc (required for Candida growth) chelated by calprotectin. However, the results illustrated in Fig. 2 show no effect,
either positively or negatively, on epithelial cell-mediated antiCandida activity. Similar results were observed with the epithelial cell line at each E:T ratio (data not shown).
Physical characteristics of epithelial cell-mediated antiCandida activity. To address the physical characteristics of the
oral epithelial cell-mediated anti-Candida activity, epithelial
cells were subjected to gamma-irradiation, fixation, and heat
and then evaluated for growth inhibition of C. albicans. The
results presented in Fig. 3 show that epithelial cells that were
fixed with paraformaldehyde or subjected to heat resulted in a
significant decrease in anti-Candida activity at all of the E:T
ratios examined (P ⬍ 0.05). Further studies revealed that heat
and fixation resulted in a loss of epithelial cell viability (⬎80%
viability for controls versus ⬍10% and ⬍30% viabilities for
heat and fixation, respectively). In contrast, growth inhibition
activity by the epithelial cells was unaffected by as much as
4,000 rads of gamma-irradiation. Epithelial cell viability was
not affected by this level of radiation. Similar results were
observed when we used the epithelial cell line (at an E:T ratio
of 10:1, 46.6% ⫾ 7.0% inhibition was observed for controls,
49.2% ⫾ 6.5% inhibition occurred for irradiation, 10.7% ⫾
2.0% inhibition occurred for heat [P ⬍ 0.0005], and 20.7% ⫾
2.7% inhibition occurred for fixation [P ⬍ 0.014]), with a similar pattern of loss in cell viability.
Role of membrane moieties in epithelial cell-mediated antiCandida activity. To examine general membrane-associated
moieties, epithelial cells were pretreated with SDS and NP-40,

FIG. 3. Physical characteristics of oral epithelial cell-mediated antiCandida activity. Whole unstimulated saliva was collected from healthy
human volunteers (n ⫽ 3), and epithelial cell-enriched populations
were isolated by nylon membrane retention. Enriched epithelial cells
were pretreated with various doses of gamma-irradiation, 1% paraformaldehyde, or heat (65°C) and then washed and examined for in vitro
growth inhibition of C. albicans by measuring [3H]glucose uptake. The
figure shows cumulative results (mean % inhibition ⫾ the standard
error of the mean [SEM]). Asterisks represent significant differences
compared to controls (P ⬍ 0.05).

which both function to disrupt cell membranes, resulting in
protein and carbohydrate solubilization and/or release. The
total protein concentrations in supernatants after each treatment were as follows: SDS, 136.1 ⫾ 65.6 g/ml versus 29 ⫾
13.5 g/ml for PBS-treated cells; NP-40, 314.6 ⫾ 69.7 g/ml
versus 66.4 ⫾ 22.5 g/ml for PBS-treated cells. The detergenttreated epithelial cells, along with epithelial cells incubated in
PBS alone as a control, were evaluated in the growth inhibition
assay. Figure 4 shows that the epithelial cell-mediated antiCandida activity was significantly reduced after each detergent
treatment (for SDS at E:T ratios of 5, 2.5, and 1.2:1, P ⬍ 0.006,
0.009, and 0.005, respectively; for NP-40, P ⬍ 0.01, 0.007, and
0.04, respectively). Additional studies revealed that the detergent treatment, while not affecting cellular integrity, significantly reduced cell viability (⬎80% viability before treatment
versus ⬍10% viability after treatment). Similar results were
observed with the epithelial cell line (at an E:T ratio of 10:1,
0% inhibition was observed for both SDS and NP-40), together
with a similar loss of cell viability (⬎80% viability before treatment versus ⬍20% viability after treatment).
Since detergent treatment resulted in a significant loss of
epithelial cell viability, we could not predict roles for protein,
lipid, or carbohydrate moieties in the inhibitory activity. For
assessment of protein moieties, epithelial cells were pretreated
with proteinase K (nonspecific protein cleavage) in the presence or absence of cycloheximide (inhibition of de novo protein synthesis) and examined for anti-Candida activity. Total
protein concentrations in supernatants from epithelial cells
treated with proteinase K were 1,150.0 ⫾ 117.1 g/ml versus
140.1 ⫾ 7.6 g/ml for PBS-treated cells. Proteinase K had no
effect on epithelial cell viability. The results shown in Fig. 5
show that proteinase K treatment in the presence or absence of
cycloheximide had no effect on oral epithelial cell-mediated

Downloaded from http://iai.asm.org/ on June 25, 2019 by guest

FIG. 2. No evidence for nonoxidative soluble factors in oral epithelial cell-mediated anti-Candida activity. Whole unstimulated saliva
was collected from healthy human volunteers (n ⫽ 3), and epithelialenriched populations were isolated by nylon membrane retention. Enriched epithelial cells were then examined for in vitro growth inhibition
of C. albicans in medium containing Ca2⫹ and Mg2⫹ (control), Ca2⫹and Mg2⫹-free medium (for evaluation of defensins), and medium
containing excess Zn2⫹ (for evaluation of calprotectin). The figure
shows representative results from three separate experiments.
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cells were pretreated first with periodic acid to remove any
carbohydrate moiety. Total carbohydrate concentration in supernatants after periodic acid treatment was 21 ⫾ 3.9 g/ml
versus 1.7 ⫾ 1.0 g/ml for PBS-treated control cells. The results shown in Fig. 6 indicate a significant decrease in antiCandida activity by periodic acid-treated epithelial cells (P ⬍
0.0007). There was no demonstrable effect of periodic acid on
epithelial cell viability. Results from the epithelial cell line
showed similar results (83% inhibition for PBS-treated cells
versus 17% inhibition for periodic acid-treated cells that had a
FIG. 4. Protein moieties are not involved in oral epithelial cellmediated anti-Candida activity. Whole unstimulated saliva was collected from healthy human volunteers (n ⫽ 3), and epithelial cellenriched populations were isolated by nylon membrane retention.
Enriched epithelial cells were pretreated with SDS (A) and NP-40 (B).
Thereafter, cells were washed and examined for in vitro growth inhibition of C. albicans by measuring [3H]glucose uptake. The figure
shows show cumulative results (mean % inhibition ⫾ the SEM). Asterisks represent significant differences compared to controls (P ⬍
0.05).

anti-Candida activity. Similar results were observed with the
epithelial cell line (data not shown).
To assess the potential role of lipids in epithelial cell-mediated anti-Candida activity, epithelial cells were pretreated with
PLA2 (which cleaves phospholipid moieties). PLA2 activity was
confirmed through release of autoclaved [14C]oleic acid-labeled Escherichia coli (1,621 ⫾ 422 cpm) compared to controls
(353 ⫾ 153 cpm). The results showed that PLA2 had no effect
on epithelial cell-mediated anti-Candida activity (for an E:T
ratio of 5:1, 68.7% ⫾ 4.3% inhibition observed for controls
versus 57.7, 66.5, and 67.6% inhibition for 5, 20, and 50 U/ml,
respectively) or epithelial cell viability.
To address the role of membrane carbohydrates, epithelial

FIG. 6. Role of membrane carbohydrate moieties in oral epithelial
cell-mediated anti-Candida activity. Whole unstimulated saliva was
collected from healthy human volunteers (n ⫽ 3), and epithelial cellenriched populations were isolated by nylon membrane retention. Enriched epithelial cells were pretreated with periodic acid and thereafter
washed and examined for in vitro growth inhibition of C. albicans by
quantitative plate counts. The figure shows cumulative results (mean
% inhibition ⫾ the SEM) at an E:T ratio of 5:1. Asterisks represent
significant differences compared to controls (P ⬍ 0.05).
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FIG. 5. No role of membrane protein moieties in oral epithelial
cell-mediated anti-Candida activity. Whole unstimulated saliva was
collected from healthy human volunteers (n ⫽ 3), and epithelial cellenriched populations were isolated by nylon membrane retention. Enriched epithelial cells were pretreated with various concentrations of
proteinase K in the presence or absence of cycloheximide. Thereafter,
cells were washed and examined for in vitro growth inhibition of C.
albicans by [3H]glucose uptake. The figure shows representative results
for three separate concentrations of proteinase K, proteinase K (250
g/ml) in the presence of cycloheximide (CHX; 100 g/ml), and cumulative results of controls for each concentration of proteinase K
employed (mean % inhibition ⫾ the SEM).
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DISCUSSION
Previous results from our laboratory showed that oral epithelial cells possessed potent in vitro inhibitory activity against
both morphological phases of several Candida species. Further
studies found that the inhibitory activity was strictly dependent
on cell contact (54). The present study aimed to characterize
the properties of this anti-Candida activity so as to gain a better
understanding of this potentially important innate host defense
mechanism. We first examined whether phagocytosis and oxidative mechanisms were involved in the epithelial cell activity.
Some reports have shown that epithelial cells phagocytize C.
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18-fold release of carbohydrate into the supernatant posttreatment). Other studies investigated whether carbohydrates removed from the epithelial cell surface alone had inhibitory
activity. The results showed that neutralized supernatants collected from periodic acid-treated cells did not inhibit the
growth of C. albicans.
To address the role of whether the reduction in growth
inhibition activity by periodic acid-treated epithelial cells was
associated with a reduction in adherence, we examined the
adherence of C. albicans to the treated epithelial cells. The
results illustrated in Fig. 7 show that the adherence of C.
albicans to periodic acid-treated epithelial cells was virtually
identical (per cell) to their adherence to PBS-treated epithelial
cells. In a parallel assay to control for the function of the
treated cells, periodic acid-treated epithelial cells inhibited
50% C. albicans growth versus 90% inhibition by PBS-treated
cells.
To address the role of specific membrane carbohydrate moieties, epithelial cells were pretreated with heparinase, heparitinase, and chondroitinase for the removal of sulfated polysaccharides, neuraminidase for the removal of sialic acid residues,
and alpha-glucosidase and mannosidase for the removal of
glucose- and mannose-containing carbohydrates and with
PNGase F for the removal of asparagine-linked carbohydrate
moieties. Total carbohydrate concentrations after heparinase,
heparitinase, chondroitinase, alpha-glucosidase, mannosidase,
and neuraminidase treatment were 6.7 ⫾ 1.0, 6.4 ⫾ 0.8, 14 ⫾
2.8, 385.5 ⫾ 164.5, 13.8 ⫾ 4.7, and 21.9 ⫾ 21.0 g/ml, respectively, versus 6.3 ⫾ 0.6 g/ml for PBS-treated control cells.
PNGase F was the only enzyme that did not release any measurable carbohydrate from the cell surface. Since only chondroitinase, alpha-glucosidase, mannosidase, and neuraminidase
treatment resulted in significant elicitation of carbohydrates
into the culture supernatants, chondroitinase-, alpha-glucosidase-, mannosidase-, and neuraminidase-treated epithelial
cells were subsequently evaluated in the growth inhibition assay. Results showed that removal of each type of carbohydrate
moiety alone had no effect on the epithelial cell-mediated
anti-Candida activity (for an E:T ratio of 5:1, we found 75.8%
⫾ 3.4%, 78.2% ⫾ 4.2%, 90.1% ⫾ 1.3%, 75.1% ⫾ 8.1%, and
77.3% ⫾ 8.1% inhibition for PBS-, chondroitinase-, alphaglucosidase-, mannosidase-, and neuraminidase-treated epithelial cells, respectively). Similar results were observed with
the epithelial cell line (data not shown). Additional studies that
examined the combination of all of the above mentioned carbohydrate-specific enzymes also showed no effect on the antiCandida activity.
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FIG. 7. Periodic acid treatment of epithelial cells does not affect
adherence to C. albicans. Whole unstimulated saliva was collected
from healthy human volunteers (n ⫽ 3), and epithelial cell-enriched
populations were isolated by nylon membrane retention. Enriched
epithelial cells were pretreated with periodic acid and then washed and
examined for adherence to oral epithelial cells by using a standard
adherence assay. The figure shows a representative preparation of
PBS-treated cells (A) and periodic acid-treated cells (B) viewed under
light microscopy. Magnification, ⫻400.

albicans (14), while others have shown that epithelial cells are
unable to phagocytize particles greater than 1.0 m in diameter (32), which is approximately half the size of the blastoconidia form of C. albicans. Our studies found no evidence of
phagocytosis. Furthermore, the lack of observable phagocyto-
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several concentrations of PLA2 had no effect on anti-Candida
activity. As with the proteinase K pretreatments, PLA2 had no
effect on epithelial cell viability at all of the concentrations
examined. Therefore, phospholipids affected by PLA2 enzymatic activity, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol, do
not appear to play a role in the epithelial cell anti-Candida
activity. Although concentrations up to 10-fold above that recommended for other cells were employed and the enzyme was
found to be active in a [14C]oleic acid release assay, which is
similar to the protein experiments, we cannot exclude the remote possibility that yet higher concentrations of PLA2 would
be required to hydrolyze phospholipids that may be critical for
anti-Candida activity. Nevertheless, taken together, these results suggest that epithelial cell-mediated anti-Candida activity
is not mediated by a protein or lipid moiety and the abrogation
of inhibitory activity observed with heat, fixation, and detergent treatments was most likely a direct result of the loss in
epithelial cell viability.
A fourth series of studies evaluated the role of carbohydrate
moieties. The abrogation of inhibitory activity after pretreatment of the epithelial cells with periodic acid, which oxidizes
internal carbon-carbon bonds of carbohydrates to form aldehydes, suggested that the effector moiety on the primary oral
epithelial cell membrane was of carbohydrate origin. This was
further supported by similar results employing the epithelial
cell line. In fact, all results from studies with the primary oral
epithelial cells were confirmed by the epithelial cell line, thus
providing additional support and confidence in the interpretations. Interestingly, C. albicans was capable of adhering to
epithelial cells lacking the critical carbohydrate moiety(s) in a
standard adherence assay. This is significant since these results
suggest that the carbohydrate moiety truly functions to inhibit
yeast growth rather than simply a loss or reduction in cell
contact required for the epithelial cell anti-Candida activity.
Studies to identify a specific carbohydrate moiety showed no
role for chondroitin sulfate-, glucose-, and mannose-associated
residues and sialic acid residues in the epithelial cell-mediated
anti-Candida activity. The lack of release of carbohydrate moieties with PNGase F, heparinase, and heparitinase at concentrations at and above those recommended suggests that carbohydrates sensitive to these enzymes (asparagine-like moieties,
heparin sulfate) are not present or are present at very low
concentrations on primary oral epithelial cells. However, we
again cannot exclude the possible requirement of higher enzyme concentrations to release such moieties. Another possibility is that several of these moieties contribute to the activity
against Candida such that removal of any one does not affect
the inhibitory activity. However, the likelihood of this possibility was reduced by the fact that a similar lack of effect on
inhibitory activity was observed when all of the carbohydratespecific enzymes were combined as one epithelial cell pretreatment. Current studies are under way to investigate additional
membrane carbohydrate moieties.
Although our results did not identify one specific carbohydrate moiety responsible for the epithelial cell activity, the
epithelial cell-mediated anti-Candida activity, at the very least,
requires contact with a carbohydrate on viable epithelial cells.
Therefore, based on our data, binding of Candida to viable
epithelial cells may be a mechanism by which overgrowth of
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sis was consistent with the lack of effects of cytochalasin D
treatment, as well as the lack of any evidence for oxidative
killing by the epithelial cells.
With respect to nonoxidative mechanisms, although previous studies indicated that soluble factors alone could not replace the requirement for cell contact in the epithelial cellmediated anti-Candida activity, we could not rule out some
role for soluble factors against Candida in the direct presence
of cell contact. Accordingly, we tested for possible roles of
calprotectin and defensins, two antimicrobial peptides common to epithelial cells with known antifungal activity. However, we found no evidence that either played a role in the
epithelial cell-mediated inhibitory activity against Candida. Although it remains possible that other nonoxidative soluble factors play a role in the epithelial cell-mediated inhibitory process, calprotectin and defensins were considered the most
likely candidates based on their presence at the oral mucosa (6,
48) and the fact that they are derived from epithelial cells (2,
60). Current studies are under way to evaluate other nonoxidative soluble factors.
Further studies focusing specifically on the physical limitations of the oral epithelial cell-mediated anti-Candida activity
showed that, although the anti-Candida activity was resistant to
gamma-irradiation, both heat and fixation abrogated the antiCandida activity. Heat is often employed to degrade proteins
and other membrane constituents, and fixation techniques are
often used to preserve cells by cross-linking membrane moieties. Thus, our results initially indicated that the epithelial
cell-mediated growth inhibition activity may involve a membrane-associated moiety sensitive to such degradation or crosslinking. However, both heat and fixation also resulted in a
considerable loss in epithelial cell viability, which alone may
have affected anti-Candida activity.
Subsequent studies have therefore evaluated the role of the
epithelial cell membrane moieties in the anti-Candida activity.
These studies began by evaluating the effects of two commonly
used detergents, SDS and NP-40, which remove membrane
constituents by binding to and cleaving internal hydrophobic
moieties of the cell membrane. Both detergent treatments
resulted in significant cleavage of membrane proteins and a
significant decrease in anti-Candida activity. However, as with
heat and fixation, these detergent treatments also resulted in a
loss of epithelial cell viability despite the fact that cellular
integrity was maintained. A second series of studies investigated the effects of proteinase K, an enzyme which exhibits no
protein cleavage specificity and is considered to be the most
active endopeptidase known. However, despite confirmation of
proteinase K enzymatic activity at all concentrations examined,
no effect on epithelial cell-mediated anti-Candida activity was
observed. Results did not differ in the added presence of cycloheximide. Importantly, neither proteinase K nor cycloheximide affected epithelial cell viability. Together, these results
suggest that the epithelial cell inhibitory activity, while requiring cell contact, does not appear to involve a constitutively
expressed or de novo-synthesized membrane protein moiety.
However, it remains possible that higher concentrations of
proteinase K and/or cycloheximide may be required to affect
anti-Candida activity. A third series of studies investigated the
role of lipids in the epithelial cell anti-Candida activity. Results
demonstrated that pretreatment of the epithelial cells with
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Candida is controlled, with the remaining colonizing organisms
detected as asymptomatic colonization. It is both interesting
and intriguing that a carbohydrate moiety is involved in the
epithelial cell-mediated anti-Candida activity and not a protein
that is more commonly involved in receptor-mediated events.
However, studies show that mannose receptors, as well as
inflammatory mediators, have been implicated in anti-Candida
activity by several kinds of epidermal cells (10, 13). Clearly, the
lack of a role for protein moieties and the role for cell contact
in the epithelial cell activity eliminate these mechanisms. Carbohydrate moieties, on the other hand, have recently gained
importance in both microbial interactions and immune cell
interactions with host cells. Studies have shown that secretion
of membrane-associated glycosaminoglycans by intestinal mast
cells inhibits parasite attachment and thereby prohibits nematode infection (40). Other studies have shown that carbohydrate moieties on host cells serve as a receptor for bacterial
toxins such as that produced by Clostridium botulinum (16) and
are also critical in L-selectin–ligand interactions (30, 47). Additionally, several studies have shown that C. albicans uses
carbohydrate moieties, such as fucose and N-acetyl-D-glucosamine, on host cells for attachment (9, 59).
Another important issue is whether the epithelial cell-mediated anti-Candida activity functions by killing versus inhibition
of growth. The lack of any additional growth on culture plates
incubated up to 5 days would suggest a fungicidal effect. Studies are currently in progress to address this issue more formally. In any event, taken together, these are the first data to
suggest that a carbohydrate moiety is important in antifungal
activity. Not only do epithelial cells themselves represent a
potentially novel innate antifungal host defense mechanism,
but also their anti-Candida effector function through a membrane carbohydrate moiety appears to be novel.
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