
Candida albicans, the causative agent in
the majority of cases of mucosal candidi-
asis, is a dimorphic fungal organism that is
both a commensal of the gastrointestinal
and reproductive tracts and an opportunis-
tic pathogen of the same mucosal tissues
(11, 12). Oropharyngeal candidiasis (OPC)
is a significant problem in immunocom-
promised individuals and is extremely
common during human immunodeficiency
virus (HIV) infection, especially when
CD4+ T cells are reduced (8, 9). Vulvo-
vaginal candidiasis (VVC) affects 75% of

women at least once in their reproductive
years, and it is equally common in both
immunocompetent and immunocompro-
mised women (11, 12).
Host defense mechanisms against oral

and vaginal candidiasis are poorly under-
stood. While cell-mediated immunity by
Th1-type CD4+ T cells is considered a
critical host defense mechanism against
mucosal Candida infections, innate mech-
anisms are considered to have protective
roles as well. We recently reported that
epithelial cells from the oral mucosa of

humans and from the vaginal mucosa of
humans, nonhuman primates, and mice
inhibit the growth of C. albicans in vitro at
relatively low effector to target (E : T)
ratios (6, 13, 15, 16). Compared to vaginal
epithelial cells, oral epithelial cells have
significantly greater activity at lower E : T
ratios (13, 15). Clinically, epithelial cell
anti-Candida activity has been found to be
reduced in HIV-infected persons with OPC
(13) and in women with recurrent VVC
(1), indicating that epithelial cells
represent a functional/active innate host
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Background: Candida albicans is the causative agent of oral and vaginal candidiasis.
Innate host defenses against C. albicans are important against each infection. Among
these are oral and vaginal epithelial cells that have anti-Candida activity. The mechanism
of action includes a requirement for cell contact with no role for soluble factors, and a
putative role for carbohydrates based on the sensitivity of the activity to periodic acid.
Methods: Periodic acid treatment of epithelial cells as well as the property of partial
resistance of antifungal activity to fixation was used to further dissect the mechanism of
action.
Results: The results herein effectively now challenge a role for carbohydrates alone.
Firstly, the putative carbohydrate(s) released into supernatants of periodic acid-treated
epithelial cells could not compete with fresh epithelial cells for activity, and equivalent
abrogation of activity was observed by periodic acid-treated cells irrespective of the
amount of carbohydrate released. Instead, the similar abrogation of activity following
treatment with other acids or when cocultured under acidic conditions suggests that the
activity is acid-labile. Finally, while activity requires intact epithelial cells, it does not
require live cells; activity was minimally affected by fixing epithelial cells prior to
coculture where the majority of cells remained impermeable to Trypan blue but were
defined as non–viable by positive nuclear staining with propidium iodide.
Conclusion: These results suggest that antifungal activity is dependent on contact by
intact, but not necessarily live, epithelial cells through an acid-labile mechanism.
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defense mechanism against C. albicans at
the oral and vaginal mucosa.
Studies on the mechanism of the anti-

Candida activity demonstrated that both
oral and vaginal epithelial cells have a
similar strict requirement for cell contact
with C. albicans with no demonstrable role
for soluble factors (13, 15). Additionally,
epithelial cell anti-Candida activity is
resistant to gamma-irradiation, partially
resistant to fixation, and not mediated by
phagocytosis, oxidative mechanisms, or
nonoxidative mechanisms such as defen-
sins or calprotectins. In contrast, the
activity is sensitive to heat and detergents,
suggesting a requirement for intact cells
(13–15). Furthermore, the antifungal activ-
ity is static, not cidal (10). Studies to
identify the effector moiety demonstrated
that treatments to remove membrane pro-
teins and lipid moieties had no effect on
the epithelial cell antifungal activity. In
contrast, the antifungal activity was sensi-
tive to treatment with periodic acid, sug-
gesting a role for a surface carbohydrate
(10, 14). To date, the putative membrane
carbohydrate moiety or moieties have yet
to be identified (10, 14). The purpose of
the present study was to further define the
mechanism by which epithelial cells exert
their anti-Candida activity and the role for
carbohydrates.

Materials and methods

Human subjects

Oral epithelial cells were obtained exclu-
sively from healthy volunteers. Informed
consent was obtained from each partici-
pant, and all procedures were conducted in
accordance with the guidelines of the
Institutional Review Board at Louisiana
State University Health Sciences Center.
Vaginal epithelial cells that have been

shown previously to have antifungal activ-
ity (2) were obtained from cervical vaginal
lavage samples collected from middle
adolescent females (mean age of
15.4 ± 0.9) enrolled as part of the Mid-
America Adolescent Sexually Transmitted
Disease (STD) Clinical Research Center
Young Women’s Project. Informed consent
was obtained from all participants as well
as permission from the accompanying
parent/guardian for entry into the study.
All procedures were followed in the con-
duct of clinical research in accordance with
the Institutional Review Boards at Louisi-
ana State University Health Sciences Cen-
ter, New Orleans, LA, and Indiana
University Medical Center, Indianapolis,
IN. Participants were enrolled and the
specimens were collected at Indiana

University Medical Center. Specimens
were subsequently shipped overnight to
Louisiana State University Health Sciences
Center, where they were processed and
stored. None of the samples used for this
study was from subjects with an STD.

Mice

Female CBA/J (H-2K) mice (6–8 weeks
old), purchased from the National Cancer
Institute, Frederick, MD, were used
throughout these studies. All animals were
housed and handled according to institu-
tionally recommended guidelines.

Human vaginal epithelial cell line

A human vaginal epithelial cell line (VK2;
R. Fichorova, Harvard Medical School,
Boston, MA) was used (5). The VK2 cell
line, immortalized with human papilloma-
virus 16 E6E7, was maintained in kera-
tinocyte serum-free medium (Life
technologies, Gaithersburg, MD) supple-
mented with 50 lg/ml bovine pituitary
extract, 0.1 ng/ml epidermal growth factor,
100 U/ml penicillin, and 100 lg/ml strep-
tomycin and passaged every 3–4 days.

Oral epithelial cell isolation

Human oral epithelial cells were isolated
as previously described (14, 15). Briefly,
10–15 ml of unstimulated saliva from each
participant was expectorated into a poly-
propylene centrifuge tube and centrifuged
at 800 · g for 5 min. The cell pellet was
washed with sterile phosphate-buffered
saline (PBS), resuspended in Hanks’ bal-
anced salt solution (HBSS) (Life technol-
ogies), and passed over a 20 lm sterile
nylon membrane (Small Parts Inc., Miami
Lakes, FL). The epithelial cell-enriched
population collected from the membrane
was washed, resuspended in cryopreserv-
ative solution (50% fetal bovine serum
[FBS], 25% RPMI 1640 tissue culture
medium, 15% dimethyl sulfoxide), and
stored at ) 70�C until use. At the time of
use, the cells were thawed, washed twice
in PBS, and enumerated by Trypan blue
dye exclusion. Viability was consistently
60–85% before and after freezing.

Vaginal epithelial cell isolation

Mouse vaginal epithelial cells were isola-
ted as previously described (10). Briefly,
vaginae from sacrificed mice were excised
and placed into a sterile glass Petri dish
containing 10 ml of dispase I-neutral pro-
tease (0.25 mg/ml; Roche Diagnostics,

Mannheim, Germany) and incubated on a
shaking platform (speed, 110 r.p.m.) at
4�C for 8 h. The epithelial sheets were
removed from the vaginal tissue with
forceps, minced with a sterile scalpel,
and placed in a 50 ml sterile tube. The
remaining dispase solution was added to
the cellular suspension and centrifuged at
800 · g for 5 min. The pellet was resus-
pended in 2 ml of 10 · Trypsin-EDTA
(Sigma, St. Louis, MO), and incubated at
37�C for 10 min. The resulting suspension
was sheared using an 18-gauge needle (10
times), followed by a similar procedure
using a 21-gauge needle. The cells were
washed twice with sterile PBS and enu-
merated by Trypan blue dye exclusion.
Viability was consistently 60–85%.
Human vaginal epithelial cells were

isolated as previously described (1).
Briefly, a vaginal lavage sample that
consisted of 5 ml of sterile physiological
saline continuously aspirated for 30–40 s
was collected from each subject. The
vaginal lavage was processed by centrifu-
gation, and the cell pellet was stored at
) 70�C in cryopreservative medium until
use. At the time of the assay, the cellular
fraction was enriched for epithelioid cells
by density gradient centrifugation, as des-
cribed elsewhere (16). The enriched pop-
ulation was resuspended in PBS and
counted by Trypan blue dye exclusion.
Viability was generally more than 80%.

Target cells

C. albicans 3153 A from the National
Collection of Pathogenic Fungi (London,
UK) was grown on Sabouraud dextrose
agar (Becton Dickinson, Sparks, MD) at
34�C. One colony was used to incubate
10 ml of phytone-peptone (PP) broth
(Becton Dickinson) supplemented with
0.1% glucose for 18 h at 25�C in a
shaking water bath. The blastoconidia
were collected, washed with PBS, and
enumerated on a hemacytometer using
Trypan blue dye exclusion.

Growth inhibition

[3H]-glucose uptake

The growth inhibition assay was per-
formed as previously described (13–15).
Briefly, stationary-phase blastoconidia
were added to individual wells of a 96-
well microtiter plate (Costar, Cambridge,
MA) at 1 · 105 cells/ml in a volume of
100 ll of PP broth supplemented with
10% FBS and 1% penicillin (100 U/ml)
and streptomycin (100 lg/ml). Epithelial
cells were added to triplicate wells in a
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volume of 100 ll of PP broth at an effector
to target ratio of 5 : 1, which was found to
be an optimal E : T ratio for this assay
(13). Controls included effector cells and
target cells cultured alone. The cultures
were incubated for 9 h at 37�C in 5% CO2

in the presence of 1 lCi [3H]-glucose
(ICN, Costa Mesa, CA). Following the
incubation, 100 ll of sodium hypochlorite
solution (bleach) was added to all wells
and left for 5 min, and the cell extracts
were harvested onto glass fiber filters using
a PHD cell harvester (Cambridge Tech-
nologies, Watertown, MA). The incorpor-
ated [3H]-glucose was measured by liquid
scintillation. The incorporation of glucose
by Candida and epithelial cells during
the 9 h incubation was generally
15,000–30,000 cpm and 500–2000 cpm,
respectively. The percent growth inhi-
bition was calculated as follows: %
growth inhibition ¼ 1 ) [(mean experi-
mental cpm ) mean effector cpm)/mean
Candida cpm] · 100.

Quantitative plate count

Experiments involving periodic acid-trea-
ted epithelial cells require a quantitative
plate count method to measure the growth
inhibition of C. albicans due to high
constitutive [3H]-glucose uptake by peri-
odic acid-treated epithelial cells (13–15).
Briefly, effector and target cell cocultures
were prepared as described above in the
absence of [3H]-glucose. Following the 9-h
incubation, 100 ll of 0.3% Triton X-100
was added to each well, and adherent
Candida cells were scraped from the
bottom surface of the wells with a pipette
tip. The contents of each well were serially
diluted (1 : 10) and plated on Sabouraud
dextrose agar. CFU counts were deter-
mined after 48 h incubation at 34�C. Wells
containing C. albicans alone were included
as controls. The percent growth inhibition
was calculated as follows: % growth inhi-
bition ¼ (1 ) experimental CFU/Candida
CFU) · 100.

Epithelial cell treatments

For examination of carbohydrate moieties,
epithelial cells were pretreated with peri-
odic acid (Fisher Scientific, Fair Lawn,
NJ) (5 mm, 15 min at 37�C). Controls
included epithelial cells incubated in PBS
alone. Following the incubation, the cells
were washed with PBS and cell viability
was assessed by Trypan blue dye exclu-
sion and confirmed by propidium iodide
(PI) and fluorescein diacetate (FDA) vital
staining. For PI/FDA staining, FDA

(50 lg/ml, stains live cells) and PI
(1 lg/ml, stains dead cells) (Sigma)
(3, 8, 10) were added simultaneously to
the epithelial cell pellets and placed in the
dark for 30 min at room temperature.
Following the incubation, the epithelial
cells were washed with PBS followed by
a second wash with 20% FBS and then a
final wash with PBS. The pellets were
resuspended with 100 ll of PBS, and 5 ll
of each cell suspension were added to a
slide and examined under fluorescent
microscopy (Nikon Instruments, Melville,
NY). Viable cells (5 · 105 cells/ml) were
used in the quantitative plate count assay
to measure growth inhibition activity. To
confirm carbohydrate release, the super-
natants from acid-treated and control cells
were assayed for total carbohydrate con-
tent by the Dubois assay (4). Briefly,
60 ll of 5% phenol and 540 ll of con-
centrated sulfuric acid (both from Fisher)
were added to undiluted supernatants and
standards (640 lg/ml of mannose serially
diluted 1 : 2) for 5 min at room tempera-
ture. The absorbance values were deter-
mined at 490 nm by a Ceres 900
automated microplate reader (Bio-Tek,
Winooski, VT).

Competitive inhibition studies

To examine whether the putative carbohy-
drate moiety could compete with fresh
epithelial cells for binding to Candida,
blastoconidia (1 · 105 cells/ml) were incu-
bated with supernatants from epithelial
cells treated with periodic acid as above.
The supernatants were dialyzed against
PBS (Slide-A-lyzer Dialysis Cassette,
7000 molecular weight cutoff; Pierce,
Rockford, IL) before incubation with
blastoconidia. The incubation with Can-
dida was either conducted for 30 min at
37�C, the cells washed, and added to fresh
epithelial cells in the standard [3H]-glucose
assay (pretreatment), or remained with
Candida to where fresh epithelial cells
were added along with [3H]-glucose assay
(direct treatment). Controls included Can-
dida similarly treated with dialyzed peri-
odic acid alone or supernatants from
epithelial cells treated with PBS instead
of periodic acid.

Effects of other acids on epithelial cell

activity

To further examine the issue of an effector
carbohydrate moiety, epithelial cells
(5 · 105 cells/ml) were pretreated with
trifluoromethane sulfonic acid (TFMS)
(Sigma) or hydrochloric acid (HCl)

(Fisher), (5, 1, 0.1 mM, 15 min at 37�C).
Controls included epithelial cells incuba-
ted in PBS alone. Cell viability by Trypan
blue dye exclusion, growth inhibition by
quantitative plate count, and carbohydrate
release were measured in parallel follow-
ing the periodic acid-treatment. In addi-
tion, the growth inhibition assay was
performed in an acidic medium to examine
the effects of acidity on epithelial cells
during the 9 h coculture period. PP broth
was adjusted to pH 4.2 with HCl. The
acidified PP broth was used for the [3H]-
glucose uptake assay as described above.
Controls included the standard PP broth
(pH 7.2).

Viability requirement of epithelial cell

activity

To examine viability requirements for
epithelial cell activity, epithelial cells were
fixed with 1% paraformaldehyde for
15 min at 37�C (Sigma). Controls included
epithelial cells treated with PBS alone
(unfixed). After fixation, epithelial cells
were washed 3 times with PBS and cell
viability was measured by Trypan blue dye
exclusion and vital staining with PI/FDA.
The standard [3H]-glucose uptake assay
was conducted on fixed and unfixed cells.
In other studies, fixed and unfixed epithe-
lial cells were left in culture medium (PP
broth) for 4 days at 37�C before [3H]-
glucose uptake assay was conducted. Cell
viability as measured by Trypan blue dye
exclusion and PI/FDA vital staining was
used to monitor viability before and after
culture.

Statistical analysis

The unpaired Student’s t-test was used to
analyze most data. A correlation coeffi-
cient was determined for the scatter plot
together with the P-value by a regression
analysis. Significant differences were
defined at a confidence level where P
was < 0.05. All statistics were evaluated
using Prism Software (Graph Pad, San
Diego, CA).

Results

Role of the putative effector moiety in the

growth inhibition activity

Based on the fact that epithelial cells
potentially mediate their inhibitory activity
against Candida through a putative carbo-
hydrate moiety, we sought to further
investigate the properties of this cell
surface moiety in the anti-Candida
activity.
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We first examined whether the periodic
acid-derived moiety could compete with
fresh oral epithelial cells to inhibit Can-
dida. Results in Fig. 1 show that fresh
epithelial cells had similar activity against
Candida treated with periodic acid-treated
cell supernatants, PBS supernatants or
periodic acid alone, both pretreated and
treated throughout the coculture period
(P > 0.05). Carbohydrates in the superna-
tants of treated epithelial cells included
1 ± 1 lg/ml for PBS-treated cell superna-
tants vs. 22 ± 1 lg/ml for periodic acid-
treated cell supernatants. Periodic acid
treatment was confirmed to reduce the
epithelial cell activity (78 ± 9% for PBS
treatment vs. 3 ± 3% inhibition for peri-
odic acid treatment). Similar results were
demonstrated for primary vaginal epithe-
lial cells or a vaginal epithelial cell line
(data not shown). Together, these results
began to challenge a role for carbohydrate
as the effector moiety.

Periodic acid-treatment and moiety

stripping vs. growth inhibition

To continue to address the role of carbo-
hydrate and the amounts of carbohydrates
released by periodic acid on anti-Candida
activity, stratified data of carbohydrates
released by periodic acid-treated oral epi-
thelial cells were compared with results in
growth inhibition. The results in Fig. 2A
show that anti-Candida activity of periodic
acid-treated epithelial cells was equally
abrogated under low (< 10 lg/ml, n ¼ 25
experiments) or high (> 10 lg/ml, n ¼ 14
experiments) carbohydrate release com-
pared to PBS-treated cells (P < 0.0001)

that had minimal carbohydrate release.
This was confirmed further by a scatter
plot and regression analysis, showing a
lack of a positive correlation between
carbohydrate release and abrogation of

growth inhibitory activity (r2 ¼ 0.010,
P ¼ 0.53) (Fig. 2B).

Effect of other acids on antifungal activity

We next evaluated whether the abrogation
of growth inhibition was generally acid-
labile rather than specific to periodic acid.
The results in Fig. 3 show that anti-
Candida activity of periodic acid-, TFMS-
or HCl-treated epithelial cells was equally
abrogated compared to PBS-treated epi-
thelial cells (P < 0.0001). In these experi-
ments, epithelial cell viability was similar
under each acid treatment (65–90%), but
neither TFMS nor HCl released significant
amounts of carbohydrates from the cells as
per the standard carbohydrate assay. Sim-
ilar results were observed for vaginal
epithelial cells (data not shown). As an
additional means to examine the effects of
acidity on epithelial cells, the [3H]-glucose
uptake assay was performed in an acidified
PP broth (pH 4.2). The results showed that
the growth inhibition of Candida by oral
epithelial cells was significantly reduced
under the acidic condition (69 ± 7% for
pH 7.2 vs. 33 ± 8% for pH 4.2 at a 10 : 1

Fig. 1. The putative carbohydrate cannot compete with fresh epithelial cells for anti-Candida
activity. Whole unstimulated saliva was collected from healthy volunteers (n ¼ 3), and epithelial-
enriched populations were isolated by nylon membrane retention. Candida was either pretreated with
epithelial cell supernatants containing putative carbohydrates (PA sup) prior to the coculture with
fresh epithelial cells (pretreatment), or treated throughout the coculture period (direct treatment).
Controls included similar treatment with supernatants from PBS-treated cells (PBS sup) and periodic
acid alone (PA). Figure shows cumulative data from three separate experiments. EC, epithelial cells.
SEM, standard error of the mean.

Fig. 2. Abrogation of growth inhibition is independent of the amount of carbohydrate release. A
retrospective study was conducted from experiments using whole unstimulated saliva collected from
healthy volunteers, and the resulting oral epithelial-enriched populations were treated with periodic
acid (PA) and examined for in vitro growth inhibition. Carbohydrate release was measured by the
Dubois assay. A) Percent growth inhibition for high (> 10 lg/ml) and low (< 10 lg/ml)
carbohydrate release. B) Scatter plot of carbohydrate release vs. percent abrogation of growth
inhibition. Figure shows cumulative data from 39 separate experiments. SEM, standard error of the
mean; CHO, carbohydrate.
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E : T ratio, P < 0.05). Although Candida
was restricted to blastoconidia in the acidic
environment, growth of Candida alone
was not affected by the acidic medium as
detected by [3H]-glucose uptake (data not
shown).

Viability requirement of epithelial cell

activity

Previous studies showed that the epithelial
cell anti-Candida activity was partially
resistant to fixation (14). This property was

examined more closely to elucidate the
viability (permeability) requirement for the
antifungal activity. For this, oral epithelial
cells were fixed with 1% paraformalde-
hyde as previously described (14), and cell
viability was determined by PI/FDA vital
staining in addition to Trypan blue dye
exclusion. As the images in Fig. 4 show,
the majority (� 75%) of both fixed and
unfixed cells were impermeable to Trypan
blue and thus deemed viable by definition,
whereas by PI/FDA staining, 16% of fixed
and 82% of unfixed cells were viable by
definition. Irrespective, significant anti-
Candida activity was observed for both
fixed (77%) and unfixed (97%) epithelial
cells. In a subsequent study, fixed and
unfixed cells were tested immediately after
fixation and following 4 days of culture.
Results in Fig. 5 show that equally high
anti-Candida activity was observed by
fixed and unfixed epithelial cells on day
0 when permeability by Trypan blue was
low, irrespective of that by PI, whereas
the activity was significantly reduced
on day 4, when cell permeability measured
by Trypan blue dye exclusion was

A B

C D

Fig. 4. Viability requirement of epithelial cell antifungal activity. Whole unstimulated saliva was collected from healthy volunteers (n ¼ 10), and
epithelial-enriched populations were fixed with 1% paraformaldehyde, and stained with fluorescein diacetate (FDA, 50 lg/ml) and propidium iodide (PI,
1 lg/ml) or Trypan blue. Controls included staining of unfixed cells. A) fixed cells stained with Trypan blue; B) fixed cells stained with FDA and PI; C)
unfixed cells stained with Trypan blue; D) unfixed cells stained with FDA and PI. Arrows point to representative live cells. Magnification, 100·.

Fig. 3. Effect of several acids on epithelial cell anti-Candida activity. Whole unstimulated saliva
was collected from healthy volunteers (n ¼ 4), and epithelial-enriched populations were treated with
periodic acid (PA), trifluoromethane sulfonic acid (TFMS) or hydrochloric acid (HCl) and examined
for in vitro growth inhibition of C. albicans by quantitative plate count. Figure shows cumulative
data from four separate experiments. SEM, standard error of the mean.
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substantially increased for both fixed and
unfixed cells.

Discussion

Studies to date show that vaginal and oral
epithelial cell anti-Candida activity
requires cell contact and a putative carbo-
hydrate moiety (10, 14). Although a
specific effector carbohydrate had yet to
be identified, the role for a carbohydrate
comes from the sensitivity of the antifun-
gal activity to periodic acid that cleaves
carbohydrates to aldehydes and thus relea-
ses the majority of the sugar moieties from
the cell surface. The present study focused
on a better understanding of the properties
and mechanisms of this potentially import-
ant innate host defense activity. The vast
majority of data were obtained from oral
epithelial cells, although vaginal epithelial
cells were employed as well in many of the
designs to confirm the similar action by
both types of cells.
Previous studies showed that adherence

of epithelial cells to Candida was not
affected by periodic acid treatment (10,
14), indicating that the putative carbohy-
drate moiety was directly involved in the
anti-Candida activity rather than a secon-
dary effect of adherence (10, 14). Despite
the effective cleavage of sulfated polysac-
charides, sialic acid residues, or glucose-
and mannose-containing carbohydrates, a
specific carbohydrate moiety was not
identified (10, 14).
Recognizing the difficulty in identifying

a specific effector carbohydrate, we rea-

soned that supernatants containing the
putative carbohydrate(s) could be used to
better understand the properties of the
moiety and the mechanism of action.
Results showed that supernatants contain-
ing the putative carbohydrates incubated
with Candida could not compete for the
inhibitory activity by fresh epithelial cells,
using both a pretreatment or direct treat-
ment design. The moiety equivalence to
that on epithelial cells (5 : 1 ratio equiv-
alence) was used in principle in these
assays and as such reduces the possibility
of a role for released carbohydrate. How-
ever, we recognize that the released moiety
may not resemble the intact moiety such
that it was unable to bind to receptors on
Candida in the same manner as that
present on the epithelial cells. Alterna-
tively, the concentration of the released
moiety may not have been saturating. In
any event, similar results were seen for
both oral and vaginal cells confirming, as
with all previous studies (10, 13–15), that
oral and vaginal epithelial cells function
similarly.
Taken together, results suggest that the

effector moiety on oral and vaginal epi-
thelial cells may not be a carbohydrate and
that periodic acid is simply inactivating the
cells instead. Support for this comes from
a retrospective analysis of a large number
of experiments conducted over several
years where it was determined that no
matter what level of carbohydrate was
stripped from the cells by periodic acid,
the same abrogation of growth inhibition
was observed. Thus, an acid-labile prop-

erty of the epithelial cell antifungal activity
became a distinct alternative possibility.
This was confirmed by a final series of
studies that evaluated the effects of two
additional acids. In one experiment, treat-
ment of oral or vaginal epithelial cells with
either TFMS or HCl abrogated the anti-
fungal activity without liberating appreci-
able carbohydrates or affecting epithelial
cell viability. In a second design, perform-
ing the standard [3H]-glucose uptake assay
under acidic conditions resulted in reduced
oral epithelial cell antifungal activity.
Therefore, future mechanistic studies will
focus on the interaction of Candida and
epithelial cells in the presence or absence
of acid treatment. These studies also
provided a possible explanation for the
weaker activity of vaginal epithelial cells
compared to oral epithelial cells (14). The
reduction of the oral cell activity in an
acidic environment suggests that the lower
activity by human vaginal epithelial cells
may be due to the general acidic microen-
vironment of the vaginal cavity. An alter-
native explanation is that the restriction of
Candida to blastoconidia at the lower pH
influenced the epithelial cell activity.
However, this is unlikely since a similar
study performed at room temperature that
restricted Candida to the blastoconidia had
no effect on the activity (13), and the
acidic pH in these studies had no effect on
the growth of Candida alone despite being
confined to blastoconidia.
Additional information regarding the

mechanism of action was garnered from
studies using fixed epithelial cells. Previ-
ously we reported that the anti-Candida
activity was partially resistant to fixation
(14). In those studies, Trypan blue was
used as the indicator of viability. As such,
the small numbers of positively stained
cells suggested that the fixed cells were
still viable when tested, or at least imper-
meable to Trypan blue. However, the
present study clearly shows that fixed cells
that had antifungal activity were indeed
non–viable, as evidenced by nuclear stain-
ing by propidium iodide. Together, these
results suggest that the antifungal activity
requires intact (impermeable to Trypan
blue) but not necessarily live epithelial
cells. The requirement for Trypan blue
impermeability had been suggested for
some time as growth inhibition was never
observed if the cells were not deemed
viable by Trypan blue dye exclusion (15).
This was confirmed in the present study by
the positive correlation of antifungal activ-
ity with Trypan blue dye exclusion from
fixed and unfixed cells tested immediately
after fixation compared to after 4 days in

Fig. 5. Effects of fixation on cell viability evaluation and antifungal activity. Whole unstimulated
saliva was collected from healthy volunteers (n ¼ 10), and epithelial-enriched populations were
fixed with 1% paraformaldehyde and examined for in vitro growth inhibition of C. albicans by [3H]-
glucose uptake immediately or after 4 days in culture medium at 37�C. Cell viability was determined
by Trypan blue (TB) dye exclusion and vital staining with FDA and PI. SEM, standard error of the
mean.
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culture. But obviously the requirement for
Trypan blue impermeability does not infer
a requirement for live cells. Of note, the
lack of a requirement for live cells is
consistent with the lack of any evidence
for intracellular signals (tyrosine kinases or
phospholipase C) in the epithelial cell
antifungal activity, as well as a lack of
involvement by microtubules and micro-
filaments (Fidel, unpublished data).
The results of this study provide a

considerable amount of new information
regarding the requirements and mechanism
for the epithelial cell antifungal activity.
The static antifungal activity, while not
having a strict requirement for live cells,
does require that the putative effector
moiety be adequately present on intact
cells. Furthermore, the activity appears to
be acid-labile rather than mediated by an
effector carbohydrate, although we under-
stand that the two may not be mutually
exclusive. In this regard, it is possible that
the experiments designed and conducted
involved a carbohydrate that was not able
to be evaluated in the absence of the
epithelial cells. However, our most recent
data suggest that surface proteins (or
glycoproteins) extracted from the epithelial
cells inhibit Candida growth (unpublished
data). Thus, while carbohydrates may be
involved at some level, it does not appear
that they are involved exclusively. We
propose that the static activity by epithelial
cells may represent a sophisticated symbi-
otic relationship between the host and
Candida, where the host benefits by Can-
dida staying ‘in check’, and Candida
benefits by not being killed. As for the
growth inhibition mechanism, inasmuch as
the moiety on the epithelial cells can exert

some action on Candida, it is equally
possible that, as a result of attachment to
the epithelial cells, Candida elicits a self-
controlling response that halts its growth.
Studies are in progress to further investi-
gate the effector moiety and to evaluate the
interaction between epithelial cells and
Candida at the molecular level.
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