
Annexin-A1 identified as the oral epithelial cell
anti-Candida effector moiety
E.A. Lilly1, J. Yano2 and P.L. Fidel Jr1,2

1 Department of Oral and Craniofacial Biology, Louisiana State University Health Sciences Center and School of Dentistry, New Orleans,

LA, USA

2 Department of Microbiology, Immunology, and Parasitology, Louisiana State University Health Sciences Center and School of Dentistry,

New Orleans, LA, USA

Correspondence: Paul L. Fidel Jr, Department of Oral and Craniofacial Biology, Louisiana State University School of Dentistry, 1100 Florida

Avenue, New Orleans, LA 70119, USA Tel.: + 1 504 941 8425; fax: + 1 504 941 8319; E-mail: pfidel@lsuhsc.edu

Keywords: Candida albicans; epithelial cells; innate immunity; oral mucosa

Accepted 4 April 2010

SUMMARY

Innate and adaptive immunity are considered crit-

ical to protection against mucosal candidal infec-

tions. Among innate anti-Candida mechanisms,

oral and vaginal epithelial cells have antifungal

activity. The mechanism is fungistatic, acid-labile

and includes a requirement for cell contact by

intact, but not necessarily live, epithelial cells.

The purpose of this study was to use the acid-

labile property to further characterize the effector

moiety. Surface material extracted from phos-

phate-buffered saline (PBS) -treated, but not acid-

treated, epithelial cells significantly inhibited the

growth of Candida blastoconidia in a dose-

dependent manner which was abrogated by prior

heat and protease treatment. Proteins extracted

from PBS-treated cells bound blastoconidia and

hyphae more intensely than those from acid-trea-

ted cells. Proteins from PBS-treated cells eluted

from Candida revealed two unique bands of

approximately 33 and 45 kDa compared with

acid-treated cells. Mass spectrometry identified

these proteins as Annexin-A1 and actin, respec-

tively. Oral epithelial cells stained positive for

Annexin-A1, but not actin. Western blots showed

reduced Annexin-A1 in proteins from acid-treated

epithelial cells compared with those from PBS-

treated epithelial cells. Lastly, it was demon-

strated that immunoprecipitation of Annexin-A1

from proteins extracted from PBS-treated oral

epithelial cells resulted in abrogation of inhibitory

activity. Taken together, these results indicate

that Annexin-A1 is a strong candidate for the epi-

thelial cell anti-Candida effector protein.

INTRODUCTION

Candida albicans, the causative agent in the majority

of cases of mucosal candidiasis, is a fungal organism

that is both a commensal of the gastrointestinal and

reproductive tracts, and an opportunistic pathogen of

the same mucosal tissues (Sobel, 1992, 2002). As a

commensal, C. albicans asymptomatically colonizes

both oral and vaginal epithelial surfaces. Clinically,

oropharyngeal candidiasis is a significant problem in

immunocompromised individuals and is extremely

common during human immunodeficiency virus (HIV)

infection, especially when CD4+ T cells are reduced

(Klein et al., 1984; Macher, 1988). In contrast, vulv-

ovaginal candidiasis is common in immunocompe-

tent, otherwise healthy women (Sobel, 1992, 2002).

To date, host defense mechanisms against muco-

sal candidiasis remain poorly understood. While cell-

mediated immunity by T helper type 1 CD4+ T cells

is considered a critical host defense mechanism

against mucosal C. albicans infections, innate
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mechanisms are considered to have protective roles

as well. One example involves epithelial cells. Our lab-

oratory has shown that epithelial cells from the oral

and vaginal mucosae of humans, the vaginal mucosa

of non-human primates, and the vaginal mucosa of

mice inhibit the growth of C. albicans in vitro at

relatively low effector-to-target ratios (Steele et al.,

1999a,b, 2000; Fidel et al., 2000). Additionally, HIV-

infected persons with oropharyngeal candidiasis and

women with recurrent vulvovaginal candidiasis have

been shown to have reduced oral and vaginal epithe-

lial cell anti-Candida activity (Steele et al., 2000;

Barousse et al., 2001), respectively, providing clinical

evidence that epithelial cells represent a protective

innate host immune defense mechanism against

C. albicans infections at the oral and vaginal mucosa.

Studies on the properties of the epithelial cell anti-

Candida activity demonstrated that both oral and

vaginal epithelial cells have a strict requirement for

cell contact with C. albicans with no demonstrable

role for soluble factors (Steele et al., 1999a, 2000). In

addition, epithelial cell anti-Candida activity is sensi-

tive to heat and detergents, but resistant to fixation

and irradiation, is not mediated by phagocytosis,

oxidative or non-oxidative mechanisms such as

defensins or calprotectins, and is fungistatic, not fun-

gicidal (Nomanbhoy et al., 2002). Studies to identify

the effector moiety demonstrated that the activity was

sensitive to treatment with acid as part of an acid-

labile mechanism (Yano et al., 2005). The purpose of

this study was to use the acid-labile property to

further characterize the effector moiety and identify

possible candidates for the antifungal activity.

MATERIALS AND METHODS

Human subjects

Oral epithelial cells were obtained exclusively from

healthy volunteers. Informed consent was obtained

from each participant, and all procedures were con-

ducted in accordance with the guidelines of the Insti-

tutional Review Board at Louisiana State University

Health Sciences Center.

Oral epithelial cell isolation

Oral epithelial cells were isolated as previously

described (Steele et al., 1999a, 2001). While gently

scraping the epithelium by teething action, 10–15 ml

of unstimulated saliva from each participant was

expectorated into a polypropylene centrifuge tube

and centrifuged at 550 · g for 5 min. The cell pellet

was washed and resuspended with sterile Hanks’ bal-

anced salt solution (Life Techonologies, Carlsbad,

CA, USA), and passed over a 20-lm nylon mem-

brane (Small Parts Inc., Miami Lakes, FL, USA). The

epithelial cell-enriched population collected from the

membrane was washed, resuspended in cryopreser-

vative solution [50% fetal bovine serum (FBS), 25%

RPMI-1640 tissue culture medium, 15% dimethyl sulf-

oxide], and stored at )70�C until use. At the time of

use, the cells were thawed, washed twice in phos-

phate-buffered saline (PBS), and enumerated by

Trypan blue dye exclusion. Viability was consistently

60–85% before and after thawing.

Target cells

C. albicans 3153A from the National Collection of

Pathogenic Fungi (London, UK) was grown on Sab-

ouraud dextrose agar (Becton Dickinson, Sparks,

MD, USA) at 34�C. One colony was used to inoculate

10 ml phytone–peptone (PP) broth (Becton Dickin-

son) 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

hemocytometer using Trypan blue dye exclusion.

Hyphae were produced as previously described

(Steele et al., 2000). Briefly, the blastoconidia were

resuspended in PP broth containing 10% FBS and

1% penicillin, incubated for 3 h at 37�C in 5% CO2

and washed with PBS.

Growth inhibition

[3H]glucose uptake

The growth inhibition assay was performed as previ-

ously described (Steele et al., 1999a, 2000, 2001).

Briefly, stationary-phase blastoconidia were added to

individual wells of a 96-well microtitier plate (Costar,

Cambridge, MA, USA) at 105 cells ml)1 in a volume

of 100 ll PP broth supplemented with 10% FBS and

1% penicillin–streptomycin. Epithelial cells were

added to triplicate wells in a volume of 100 ll PP

broth at an effector-to-target ratio of 5 : 1, which was

found to be optimal for this assay (Steele et al.,

2000). Controls included effector cells and target
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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, USA) during

which Candida transformed largely into hyphal forms

(Steele et al., 2000). Following the incubation, 100 ll

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 Technologies, Watertown, MA,

USA). The incorporated [3H]glucose was measured

by liquid scintillation. The incorporation of glucose

by Candida blastoconidia/hyphae and epithelial cells

during the 9-h incubation was generally 15,000–

30,000 counts min)1 (cpm) and 500–2000 cpm,

respectively. The percentage growth inhibition was

calculated as follows: % growth inhibition = 1 –

[(mean experimental cpm – mean effector cpm)/

mean Candida cpm] · 100.

For experiments requiring restriction of the yeast

form of Candida, C. albicans 3153A that spontane-

ously mutated and lacks the ability to form hyphae

(3153Ab) was used. The yeast was maintained on

Sabouraud dextrose agar, and the blastoconidia were

prepared in the same manner as those of 3153A.

The standard [3H]glucose uptake assay using 3153A

and 3153Ab was conducted in parallel, and similar

levels of [3H]glucose uptake were confirmed. Co-cul-

tures were examined under a microscope to confirm

the blastoconidia morphology before harvesting.

Hyphal forms of Candida were prepared as described

above, by incubating blastoconidia at 1 · 105

cells ml)1 (concentration used in the co-culture

assay) in PP broth with 10% FBS and 1% penicillin

and streptomycin for 3 h at 37�C before the co-

culture with epithelial cells. Following incubation and

confirmation of the hyphal form by microscopy,

hyphae were harvested, washed and equal volumes

were used in the standard [3H]glucose uptake assay

as described above.

Quantitative plate count

Experiments involving periodic acid-treated epithelial

cells require a quantitative plate count method to

measure the growth inhibition of C. albicans caused

by high constitutive [3H]glucose uptake by acid-trea-

ted epithelial cells (Steele et al., 1999a, 2000, 2001).

Briefly, effector and target cell cultures were prepared

as described above in the absence of [3H]glucose.

Following the 9-h incubation, 100 ll 0.3% Triton

X-100 (Sigma, St Louis, MO, USA) 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.

Numbers of colony-forming units (CFU) were deter-

mined after 48 h of incubation at 34�C. Wells contain-

ing C. albicans alone were included as controls. The

percentage growth inhibition was calculated as fol-

lows: % growth inhibition = (1 – experimental CFU/

Candida CFU) · 100.

Soluble protein analyses

Epithelial cell treatment

Epithelial cells were pretreated with periodic acid

(5 mM in PBS; Fisher Scientific, Fair Lawn, NJ, USA)

for 15 min at 37�C. Controls included epithelial cells

incubated in PBS alone. Following incubation, the

cells were washed with PBS and cell viability was

assessed by Trypan blue dye exclusion. Viability was

consistently 60–85% following treatment. Viable cells

(5 · 105 cells ml)1) were used in the quantitative

plate count assay to measure growth inhibition

activity.

Extraction of protein moieties on epithelial cells

PBS-treated or acid-treated epithelial cells (107

cells ml)1) were transferred into 2-ml microcentrifuge

tubes, and the surface proteins were biotinylated by

incubating the cells with EZ-Link�Sulfo-NHS-LC-

Biotin (1 mg ml)1 in PBS supplemented with 1 mM

magnesium chloride and 0.1 mM calcium chloride;

Pierce, Rockford, IL, USA) for 30 min at 4�C on a

nutator. Following the incubation, the cells were

washed three times with PBS supplemented with

100 mM glycine, and resuspended in 500 ll sterile

lysis buffer [50 mM trimethylol aminomethane (Tris;

Bio-Rad, Hercules, CA, USA), 5 mM ethyleneglycol

tetraacetic acid tetrasodium (Sigma), 150 mM sodium

chloride, 1% Triton-X (Sigma), 1 lg ml)1 protease

inhibitors cocktail (Sigma), 5 ll ml)1 phenylmethane-

sulfonyl fluoride (Sigma)] supplemented with 60 mM

octyl b-D-glucopyranoside (OBG; Sigma). The cells

were vigorously shaken by a pellet pestle motor for

30 s, incubated on ice for 10 min, and then centri-

fuged at 20,800 · g for 15 min. The supernatants

containing cell surface proteins were removed from

the cell pellets and collected into 5-ml Falcon tubes.
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This procedure was repeated twice, and the resulting

supernatants were pooled. The proteins from PBS-

treated and acid-treated epithelial cells were dialysed

against PBS (Slide-A-lyzer Dialysis cassette, 3500

molecular weight cutoff; Pierce) overnight at 4�C, and

the total protein concentrations were measured.

Briefly, bicinchoninic acid protein assay reagents

(Pierce) were added to undiluted and diluted proteins

and standards (2 mg ml)1 bovine serum albumin seri-

ally diluted 1 : 2) and incubated for 30 min at 65�C.

The absorbance values were determined at 595 nm

by a Multiskan Ascent photometric plate reader

(Labsystems, Franklin, MA, USA).

Growth inhibition by protein moieties

Blastoconidia (105 cells ml)1) were incubated with di-

alysed proteins from epithelial cells treated with PBS

or acid as described above. Candida was directly

added to the wells containing 100 ll extracted pro-

teins at � 250 lg ml)1 in the standard [3H]glucose

uptake assay. In addition, proteins were either dena-

tured by heat (incubated for 1 h at 95�C) or

digested with proteases (50 units ml)1, incubated for

3 h at 37�C and dialysed against PBS overnight),

and the growth inhibition assay was performed in

parallel. Controls included Candida incubated with

vehicles (PBS or PP broth) and fresh epithelial

cells.

Binding assay

Blastoconidia and hyphae were incubated with

100 lg ml)1 biotinylated proteins from PBS-treated or

acid-treated epithelial cells for 30 min at 37�C on a

nutator. Candida was washed three times with PBS

and cytospun on glass slides coated with Vectabond

Reagent (Vector, Burlingame, CA, USA). The slides

were fixed in chilled acetone for 5 min, washed with

PBS, and incubated with ready to use horseradish

peroxidase streptavidin (Vector) for 30 min at room

temperature. The slides were washed three times

with PBS and incubated with 3-amino-9-ethylcarbaz-

ole chromogen (AEC) supplied in an HRP-AEC Cell

and Tissue Staining Kit (R&D Systems, Minneapolis,

MN, USA) for 3 min or until the proper intensity of

staining emerged. The slides were washed with dis-

tilled water for 5 min, dried and mounted with Aque-

ous Mounting Medium (R&D Systems). Controls

included Candida incubated with dialysed lysis buffer

alone.

Slides were examined under a light microscope

(Nikon Instruments, Melville, NY, USA) for morpho-

metric analysis to measure staining intensity. Five

areas at 10· magnification (� 37,000 lm2 each) per

slide were identified in areas of positive staining.

These areas were gated, and the stained areas were

marked (‘painted’) using METAVUE Software (Universal

Imaging Corp., Downington, PA). For each slide,

staining intensity was calculated as a percentage

threshold per multiple units of area.

Western blots

Proteins extracted from PBS-treated or acid-treated

epithelial cells were separated by sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS–

PAGE) and Western blots were conducted. Briefly,

the proteins and molecular weight standards were

first prepared for SDS–PAGE with Laemmli sample

buffer (Bio-Rad) supplemented with b-mercaptoetha-

nol. Following heating for 5 min at 95�C, proteins and

the standards were loaded onto 10% polyacrylamide

gels (Bio-Rad) in Tris–glycine–SDS buffer (Bio-Rad)

under a constant current of 20 mA. Following electro-

phoresis, the proteins and the standards from the

SDS–PAGE were transferred to a nitrocellulose

membrane at 100 V for 1 h in Tris–glycine transfer

buffer with 20% methanol. The membrane was

washed twice with PBS with 0.1% Tween-20. The

signal was amplified using the Western Blot Amplifi-

cation Module as per the manufacturer’s instructions

(Bio-Rad). Finally, the blotted biotinylated proteins

were visualized by Opti-4CN substrate (Bio-Rad).

The images of protein expression were obtained

using a MultiImage Light Cabinet (Alpha Innotech,

San Leandro, CA, USA).

In addition, Western blots were performed on pro-

teins eluted from Candida following the binding

assay. For this, proteins extracted from PBS-treated

or acid-treated epithelial cells were incubated with

blastoconidia or hyphae for 30 min at 37�C on a

nutator as described above. After washing, both

forms of Candida were resuspended with elution

buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2% OBG

and 20% glycerol) for 2 h at room temperature with

frequent agitation. Following incubation, Candida was

centrifuged for 15 min at 20,800 · g. Eluted proteins

were collected. Controls included Candida incubated

with buffer alone and subjected to the same elution

protocol.
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Mass spectrometry

Proteins extracted from PBS-treated or acid-treated

epithelial cells were separated by SDS–PAGE and

visualized using Coomassie blue (Bio-Rad). Areas on

the gel where protein bands of interest were

observed (unique to PBS treatment and not present

with acid treatment) were excised and prepared for

matrix-assisted laser desorption/ionization time of

flight mass spectrometry (MALDI-TOF MS) analysis.

The five most abundant peaks were used to query all

entries of the NCBI-nr protein database using the

MASCOT search program (Matrix Sciences, London,

UK). MASCOT uses a probability-based mowse (molec-

ular weight search) score. The protein integrity score

is represented as ()10) · Log(P), where P is the

probability that the observed match is a random

event. A match is considered a significant, non-ran-

dom event if the protein integrity score is higher than

75 (P < 0.05) and the percentage confidence interval

is higher than 99.7.

Following mass spectrometry, Western blots were

performed on proteins from PBS-treated and acid-

treated cells to confirm the presence/absence of Ann-

exin-A1. Recombinant human Annexin-A1 protein

(10 ng; R&D Systems) was used as a positive con-

trol. Proteins were separated by SDS–PAGE and

transferred to a nitrocellulose membrane as

described above. The membrane was washed with

PBS with 0.1% Tween and blocked in 3% non-fat

milk for 1 h on an orbital shaker. After additional

washes, the membrane was incubated overnight at

4�C on an orbital shaker with polyclonal goat anti-

human Annexin-A1 antibody (0.2 lg ml)1; R&D Sys-

tems) in 2% non-fat milk. The membrane was

washed and incubated with biotinylated anti-goat

immunoglobulin G (0.05 lg ml)1; R&D Systems) in

PBS with 0.1% Tween and 1% bovine serum albumin

for 1 h at 25�C on an orbital shaker. After washing,

the signal was amplified with Western Blot Amplifica-

tion Module and visualized using Opti-4CN substrate

(Bio-Rad). The images of protein expression were

obtained using a MultiImage Light Cabinet (Alpha

Innotech).

Immunohistochemical staining

Oral epithelial cells were cytospun onto glass slides

fixed with Vectabond Reagent (Vector). Slides were

fixed in chilled acetone for 5 min and rehydrated

(PBS) for 5 min. The endogenous peroxidase activity

was blocked by incubating the sections in 3% hydro-

gen peroxide (peroxidase blocking reagent; R&D

Systems) for 5 min. After washing with PBS, non-

specific protein-binding sites in the tissue were

blocked by incubating the tissue in normal rabbit

serum (R&D Systems) for 15 min. This was followed

by the addition of two additional blocking reagents,

avidin–0.1% sodium azide (avidin-blocking reagent;

R&D Systems) and biotin–0.1% sodium azide (biotin-

blocking reagent; R&D Systems) (each for 15 min)

with a PBS wash in between. Following blocking, the

sections were washed with PBS and incubated for

1 h at 37�C with monoclonal rabbit anti-human Ann-

exin-A1 or actin antibodies (10 lg ml)1; Abcam,

Cambridge, MA, USA). Negative controls consisted

of cells incubated with isotype-specific, purified rabbit

immunoglobulin (Dako Corp., Cambridge, MA, USA).

After incubation with primary antibodies, the slides

were washed in PBS and incubated with a biotinylat-

ed anti-rabbit immunoglobulin G (10 lg ml)1; R&D

Systems) for 30 min. Next, the sections were washed

and incubated for 30 min with high-sensitivity strepta-

vidin–horseradish peroxidase conjugate (R&D Sys-

tems). To washed sections, the substrate AEC (R&D

Systems) was added for 5–10 min. Slides were

examined under a light microscope (Nikon Instru-

ments).

Immunoprecipitation

Annexin-A1 was immunoprecipitated from protein

extracts of PBS-treated cells using the Immuno-

precipitation Kit-Dynabeads� Protein G (Invitrogen,

Carlsbad, CA, USA). To conjugate the antibody to

the beads, polyclonal goat anti-human Annexin-A1

antibody (10 lg; R&D Systems) was incubated for

10 min at 25�C on a nutator with 1.5 mg (50 ll)

magnetic beads in 200 ll of the buffer provided in

the kit. Following conjugation, the complex was

resuspended in buffer and washed by removing the

supernatant after the tube was exposed to the

MPC�-E Magnetic Particle Concentrator magnet

(Dynal, Oslo, Norway). For immunoprecipitation,

500 ll of proteins extracted from PBS-treated cells

were added to the tube containing the antibody-con-

jugated beads and incubated for 10 min at 25�C on a

nutator. The supernatant was removed after expo-

sure to the magnet and stored at 4�C for further
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testing. The bead–antibody–protein complex was

washed three times in buffer as described above and

transferred to a fresh tube. The antibody–protein

complex was eluted from the beads by the addition

of 20 ll elution buffer as per the manufacturer’s

instructions. The suspension was incubated for 2 min

at 25�C on a nutator to dissociate the complex. After

incubation, the supernatant containing eluted anti-

body and protein was removed while exposing the

suspension to the magnet. The supernatant was

stored at 4�C prior to use.

Western blots were conducted on protein extracts

before and after immunoprecipitation as described

above using polyclonal goat anti-human Annexin-A1

antibody (0.2 lg ml)1; R&D Systems) and recombi-

nant human Annexin-A1 (10 ng; R&D Systems) as a

positive control. The eluted protein–antibody complex

was also included to confirm immunoprecipitation of

Annexin-A1. Lastly, protein extracts were tested

before and after immunoprecipitation in the standard

growth inhibition assay.

Statistical analysis

The unpaired Student’s t-test was used to analyse

data. Significant differences were defined at a confi-

dence level where the P-value was <0.05. All statis-

tics were evaluated using PRISM software (Graph

Pad, San Diego, CA, USA).

RESULTS

Effect of oral epithelial cell surface proteins on

anti-Candida activity

Based on the facts that epithelial cells mediate their

inhibitory activity against Candida through an acid-

labile property of the cell surface moiety and that the

activity does not require live epithelial cells, we first

sought to determine whether the extracted soluble

form of the cell surface protein moiety could inhibit

C. albicans growth. Results in Fig. 1A show that cell

surface proteins extracted from PBS-treated epithelial

cells exhibited levels of antifungal activity nearly

equivalent to those of intact epithelial cells

(P > 0.05), whereas the activity of the same amount

of proteins extracted from acid-treated cells was sig-

nificantly abrogated (P = 0.002). Fresh epithelial cells

confirmed the acid-labile property (68.0 ± 12.4% for

PBS treatment vs. 8.8 ± 4.2% inhibition for acid treat-

ment; data not shown). In addition, the surface pro-

teins extracted from PBS-treated cells demonstrated

antifungal activity in a dose-dependent manner,

whereas the surface proteins from acid-treated cells

showed negligible antifungal activity at all concentra-

tions (Fig. 1B).

Confirmation of the anti-Candida activity by a

protein moiety

To confirm whether the effector moiety is of protein

origin, extracted proteins from PBS-treated cells

were denatured by heat or digested with proteases

before the growth inhibition assay. Untreated pro-

teins were included as a positive control. The results

in Fig. 2 show that the anti-Candida activity

was significantly abrogated by protease treatment

(P = 0.047). Heat treatment also reduced the activity

but statistical significance was not attained

(P > 0.05).
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Figure 1 Anti-Candida activity of oral epithelial cell surface pro-

teins. (A) Cell surface proteins from phosphate-buffered saline

(PBS) -treated and acid-treated cells were extracted and placed

with Candida in the growth inhibition assay. The standard epithe-

lial cell–Candida co-culture was included as a positive control.

Results are cumulative of four experiments. (B) Proteins extracted

from PBS-treated and acid-treated cells were placed in a dose–

response manner with Candida based on total protein. The figure

represents cumulative results for four repeats. Results are

expressed as % growth inhibition of Candida by oral epithelial cell

proteins ± SEM.
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Epithelial cell anti-Candida activity against

blastoconidia and hyphae

To conduct future binding studies of extracted pro-

teins with Candida yeast and hyphae, it was first

important to confirm that the abrogation of the anti-

Candida activity by acid-treated epithelial cells could

occur with both morphological forms of Candida. The

results in Fig. 3 show that, compared with buffer-trea-

ted cells, the growth inhibition activity of acid-treated

epithelial cells was reduced against both blastoconi-

dia and hyphal forms of Candida when initiated and

held in each respective state for the duration of the

assay (P = 0.002 and P = 0.004, respectively). These

levels of activity were similar to that for the standard

assay where blastoconidia transform into hyphae

during incubation.

Binding of cell surface proteins on Candida

blastoconidia and hyphae

To address the physical interaction between the cell

surface proteins and Candida, biotin was added to

PBS-treated and acid-treated epithelial cells before

extraction. Equal amounts of biotinylated extracted

proteins were incubated with Candida blastoconidia

and hyphae. Proteins bound to Candida were then

visualized by the addition of streptavidin–horseradish

peroxidase and chromogen substrate. Controls

included Candida incubated with dialysed lysis buffer

alone and stained in parallel. The results in Fig. 4A

show that the surface proteins extracted from PBS-

treated epithelial cells bound both Candida blastocon-

idia and hyphae more intensely than those from

acid-treated cells.

To quantify the bound protein, morphometric analy-

sis was performed, which showed a significant

decrease in staining intensity (bound protein) on

blastoconidia (P = 0.03) and hyphae (P = 0.018)

incubated with surface proteins from acid-treated

epithelial cells compared with proteins from buffer-

treated epithelial cells (Fig. 4B).

Visualization of anti-Candida effector protein

candidates

To further evaluate the interaction between epithelial

cell surface proteins and Candida, extracted biotiny-

lated surface proteins from PBS-treated or acid-

treated epithelial cells were bound to and eluted from

Candida blastoconidia and hyphae and eluted pro-

teins were visualized by Western blots. The results in

Fig. 5 show that bands of approximately 45 and

33 kDa were observed in samples from PBS-treated

but not acid-treated epithelial cells.

Identification of the candidate effector proteins

The two bands observed in the Western blot results

were excised from SDS–PAGE preparations and

analysed by mass spectrometry. The 45 kDa protein

was identified to be actin (Table 1) with a reproduc-

ible protein integrity score (78.0 ± 10) (integrity score

> 75 considered accurate match). Similarly, the

33 kDa protein was identified to be Annexin-A1 with

Figure 2 Confirmation of the effector moiety as a protein. Extracted

proteins from phosphate-buffered saline (PBS) -treated cells were

denatured by heat or digested with proteases before the growth

inhibition assay. Untreated proteins were included as a positive con-

trol. Results are expressed as % growth inhibition of Candida by

oral epithelial cell proteins ± SEM for five experiments.
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Figure 3 Epithelial cell anti-Candida activity against blastoconidia

and hyphae. Growth inhibition of both morphological forms of Can-

dida by phosphate-buffered saline (PBS) -treated and acid-treated

epithelial cells was evaluated. Results are expressed as % growth

inhibition of Candida by oral epithelial cell proteins ± SEM for five

experiments.
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the reproducible significant protein integrity scores of

97 ± 23.81. Similar regions excised from lanes con-

taining acid-treated proteins showed no protein candi-

dates with significant integrity scores (24 ± 2.5 and

24, respectively).

Annexin-A1 and actin surface expression on oral

epithelial cells

To determine whether Annexin-A1 and/or actin were

present on the epithelial cell surface, oral epithelial

cells were isolated from saliva as described above,

cytospun onto slides, and immunohistochemically

stained for Annexin-A1 or actin. Negative controls

consisted of cells incubated with isotype-specific,

purified rabbit immunoglobulin. Results in Fig. 6

show surface expression of Annexin-A1 on oral epi-

thelial cells, whereas actin surface expression was

absent.

Acid treatment reduces Annexin-A1 on oral

epithelial cells

To confirm that acid treatment denatured/removed

Annexin-A1 from the surface of oral epithelial cells,

Western blots were performed using proteins

extracted from PBS-treated and acid-treated cells.

Results in Fig. 7 show significantly less Annexin-A1

in proteins from acid-treated cells compared with

those from PBS-treated cells.

Loss of anti-Candida activity after

immunoprecipitation of Annexin-A1

Immunoprecipitation was used to examine the func-

tional activity of Annexin-A1 in cellular protein extracts.

For this, anti-human Annexin-A1 antibody-conjugated

Figure 5 Visualization of anti-Candida effector protein candidates.

Extracted biotinylated surface proteins from phosphate-buffered sal-

ine (PBS) -treated and acid-treated epithelial cells were bound to

and eluted from Candida blastoconidia and hyphae. Eluted proteins

were visualized by Western blot. Bands of interest at 33 and

45 kDa in PBS-treated proteins were boxed in this representative

image of five repeats.

A B

40

30

20

10

0

%
 T

h
re

sh
o

ld
/u

n
it

 a
re

a
± 

S
E

M

PBSAcid

PBSAcidControl

PBS

HyphaeBlastoconidia
Acid

Figure 4 Binding of oral epithelial cell surface proteins on Candida blastocondia and hyphae. (A) Phosphate-buffered saline (PBS) -treated

and acid-treated proteins were biotinylated, extracted, and incubated with Candida blastoconidia and hyphae. Bound proteins were visualized

by the addition of streptavidin–horseradish peroxidase and chromogen substrate. Controls included Candida incubated with dialysed lysis buf-

fer alone. (B) Morphometric analysis. A percentage threshold of positive staining of bound proteins on Candida blastoconidia and hyphae per

multiple units of area was quantified (37,328 lm2) for each image ± SEM. Figures shown are representative of five repeats.
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magnetic beads were employed followed by elution

of the antibody–protein complex from the beads.

Western blots were conducted before and after

immunoprecipitation to confirm reduction/removal of

Annexin-A1. Western blot results in Fig. 8A show that

a significant amount of Annexin-A1 was removed

by immunoprecipitation. The eluted antibody–protein

complex shows the presence of precipitated Annexin-

A1 as well as the heavy (� 45 kDa) and light

(� 26 kDa) chains of the goat anti-human Annexin-

A1 antibody. To confirm the additional bands present

were the antibody chains, an additional Western blot

was performed using only biotinylated anti-goat

immunoglobulin G (detection) antibody. This revealed

Table 1 Protein integrity scores of excised bands from phosphate-buffered saline-treated proteins and comparable areas in periodic acid-

treated proteins at 45 and 33 kDa

Phosphate-buffered saline Acid

Protein Integrity scorea Protein

Integrity

score

45 kDa Actin, cytoplasmic 2 88, 68 Protein UNQ/PRO 1567 27, 22

Actin, alpha skeletal muscle 51, 39 C3orf14 22, 19

Coiled-coil somain-containing

protein 26

38 Succinyl-CoA ligase 18

Actin, aortic smooth muscle 35 Transmembrane protein 126A 16

Mast cell-expressed membrane

protein-1

29 V-set and transmembrane domain-

containing protein 2 precursor

14

33 kDa Annexin-A1 142, 88, 61 Peroxisomal membrane protein 2 24

Protein SSX3 22 Interleukin-1 receptor type I precursor 20

Coiled-coil domain

containing protein 72

20 Electron transfer flavoprotein subunit beta 19

Mps one binder kinase

activator-like 1A

20 AMSH-like protease 19

C12orf60 19 Mitochondrial proteolipid 17

abold type reflects integrity scores >75 representing good matches.

Annexin A1

Rabbit lgG isotype control

Actin

Figure 6 Annexin-A1 and actin expression on oral epithelial cells.

Oral epithelial cells were isolated from saliva and cytospun onto

glass slides. Cells were incubated with Annexin-A1 or actin primary

antibody and biotinylated secondary antibody then visualized by the

addition of streptavidin–horseradish peroxidase and chromogen

substrate. Controls included a rabbit immunoglobulin G isotype anti-

body. Magnification 10·. Figure shows representative images of

three repeats.

Figure 7 Reduction of Annexin-A1 in extracted proteins from

acid-treated oral epithelial cells. Western blots were performed

using proteins extracted from phosphate-buffered saline (PBS) -

treated and acid-treated cells in a dose–response manner based

on total protein. Recombinant human Annexin-A1 protein was

used as a control. The figure shows a representative image of

three repeats.
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the presence of the antibody chains only (data not

shown).

To examine anti-Candida activity, protein extracts

(� 250 lg protein ml)1) were used in the standard

growth inhibition assay before and after immuno-

precipitation. Results in Fig. 8B show significant abro-

gation of anti-Candida activity by supernatants

subjected to immunoprecipitation of Annexin-A1 com-

pared with before immunoprecipitation (P = 0.018).

DISCUSSION

To date, studies show that oral and vaginal epithelial

cell anti-Candida activity has a strict requirement for

cell contact via an acid-labile effector moiety. How-

ever, the effector function of the moiety does not

require metabolic activity of the epithelial cell (Noma-

nbhoy et al., 2002). Hence, it was possible to remove

the moiety, evaluate the activity in soluble form, char-

acterize it further, and begin to determine its identity.

The sensitivity of the moiety to acid treatment pro-

vided the tool by which to conduct the studies.

The first set of results showed that the cell surface

proteins extracted from PBS-treated, but not acid-

treated, epithelial cells were able to inhibit the growth

of Candida in a similar way to intact cells. In addition,

proteins from PBS-treated cells demonstrated the

activity in a dose-dependent manner. The trend

toward somewhat lower activity by the soluble pro-

teins compared with intact epithelial cells may be the

result of the soluble form of the effector protein hav-

ing a lower affinity when not attached to the epithelial

cells. Alternatively, the concentration of the effector

moiety may have been different in the two forms,

although higher activity could not be achieved by fur-

ther concentration of the soluble form (data not

shown). Nonetheless, these results provide evidence

that the effector moiety can act independent of epi-

thelial cells. A second set of studies confirmed that

the effector moiety was a protein; the anti-Candida

activity was significantly abrogated when the

extracted surface proteins were denatured with prote-

ases. A similar reduction occurred with heat although

statistical significance was not achieved, presumably

as a result of incomplete denaturation.

Taking into account the action by the soluble form of

the protein moiety, the next set of experiments sought

to evaluate the physical characteristics of the protein

moiety interaction with Candida. For this, we first con-

firmed that the cellular activity could occur with both

morphological forms of Candida initiated and held in

each respective state throughout the assay, together

with the acid-labile sensitivity against both morphologi-

cal forms. Then we used biotinylation of the epithelial

cells before protein extraction to visibly evaluate the

interaction of the proteins with both morphological

forms of Candida via streptavidin enzyme/substrate

reaction. Results revealed that proteins extracted from

acid-treated epithelial cells had significantly reduced

binding capacity to both forms of Candida compared

with PBS-treated epithelial cells. Consequently, acid

treatment appears to either remove or damage/inacti-

vate/denature much of the effector protein moiety.

Indeed, the amounts of protein collected from acid-

treated epithelial cells were consistently lower than
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Recomb.
protein
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Annexin-A1

A

B

Figure 8 Abrogation of anti-Candida activity following immunopre-

cipitation of Annexin-A1. (A) Western blots were performed using

protein extracts before and after immunoprecipitation. The figure

also shows eluted protein and the heavy and light chains of the

Annexin-A1 antibody used for immunoprecipitation. Recombinant

human Annexin-A1 protein was used as a control. Image is repre-

sentative of three repeats. (B) Protein extracts were used in the

standard growth inhibition assay before and after immunoprecipita-

tion. Controls included Candida incubated with vehicles (phosphate-

buffered saline or phytone–peptone broth) and fresh epithelial cells

alone. Results are expressed as % growth inhibition of Candida by

oral epithelial cell proteins ± SEM for three experiments.
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those from the same number of PBS-treated cells

(data not shown). Of particular note in these

studies, biotinylation of the epithelial cells before

extraction restricted the pool of proteins evaluated

to predominantly cell surface proteins, which were

of primary interest, despite the potential presence of

both surface and cytoplasmic proteins following

extraction.

Based on the differential binding of proteins from

PBS-treated and acid-treated epithelial cells to Can-

dida, we began studies to identify candidates for the

effector protein moiety. For this, biotinylated surface

proteins from PBS-treated and acid-treated epithelial

cells were extracted, bound to and eluted from Can-

dida, and the resulting proteins were analysed by

Western blots, a technique which again allowed us to

exclusively visualize epithelial cell surface proteins

specific to Candida. Results revealed bands of 45

and 33 kDa unique to PBS-treated epithelial cell-

derived proteins and not seen in the acid-treated

protein pool. These results suggested two viable

candidates for the effector moiety.

Proteomic analyses were conducted to identify the

two candidate proteins. Several initial approaches

failed. The first was to label the biotinylated surface

proteins from PBS-treated and acid-treated epithelial

cells with two distinct fluorophores and to perform

two-dimensional gel electrophoresis (2D-DIGE). How-

ever, this approach proved limiting because the

non-covalent bonding between biotin and fluoro-

phore-conjugated horseradish peroxidase dissociated

during the elution process. A second attempt at

2D-DIGE using two CyDye DIGE fluor minimal dyes

(Mayrhofer et al., 2006), which covalently bind lysine

residues of proteins, was equally limiting; the labeled

proteins could not be detected on 2D gels because

of the low levels of eluted proteins. A second

approach was to visualize the bands seen in the

Western blot results on Coomassie-stained one-

dimensional (1D) SDS–PAGE gels. However,

because the high sensitivity of Western blots

achieved by enzymatic amplification could not be

duplicated under Coomassie staining, none of the

bands in the eluted proteins could be detected. We

were therefore restricted to using Coomassie-stained

1D SDS–PAGE gels of extracted proteins (not bound

to and eluted from Candida). Conveniently, the same

45 and 33 kDa bands of interest were present and

absent, respectively, for PBS-treated and acid-treated

extracted epithelial cell proteins. Hence, although not

as optimal as Candida-eluted, we felt confident that

the same proteins were being visualized. Accordingly,

following excision of the matching bands and analy-

ses by mass spectrometry, the candidate effector

proteins of 45 and 33 kDa were identified to be actin

and Annexin-A1, respectively. We recognize, how-

ever, that this evidence remains indirect because the

proteins were not confirmed to be Candida-specific.

To this end, actin would not appear to be involved

in anti-Candida activity because the activity does not

involve metabolic reactions with the epithelial cells

and is not involved in inhibitory activities. Yet the acid

treatment obviously appears to have affected actin-

associated activities of the epithelial cells. In contrast,

Annexin-A1 is a known mediator of anti-inflammatory

actions (Croxtall et al., 2003) and is an inhibitor of

signal transduction pathways that lead to cell prolif-

eration (Liu et al., 2007). These properties are con-

sistent with the mechanism of the anti-Candida

activity and as such represent a viable effector

moiety candidate.

Immunohistochemical staining also supports this

concept because Annexin-A1, but not actin, was

shown to be present on the epithelial cell surface.

Consequently, although the biotinylation process

obviously interacted with some cytoplasmic proteins

as well, the surface expression of Annexin-A1 indeed

provided compelling evidence that Annexin-A1 repre-

sented a strong candidate for the antifungal effector

moiety.

With the identification of Annexin-A1 as a strong

candidate, we used Western blots to confirm its

acid-labile property. Indeed, a significant reduction of

Annexin-A1 was evident in protein extracts from acid-

treated cells when compared with those taken from

PBS-treated cells. The lack of complete elimination of

Annexin-A1 from the cells is consistent with initial

experiments showing a significant reduction, but not

complete elimination of inhibitory activity. Neverthe-

less, these results continue to support a strong candi-

dacy of Annexin-A1 as the effector moiety. Related

to these experiments, we also observed a difference

in size of the Annexin-A1 proteins extracted from the

cells and the recombinant protein (33 kDa vs.

39 kDa, respectively). This is likely due to Annexin-

A1 existing as both cytoplasmic and membrane-

bound protein. Hence, the process of removing the

surface proteins most likely cleaved the protein,
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resulting in the smaller size. Irrespective of this, pro-

teomic analysis recognized the peptide sequence

accurately enough to reveal a strong match.

A final series of experiments aimed to confirm that

Annexin-A1 was responsible for the anti-Candida

activity. To this end, the abrogation of activity follow-

ing immunoprecipitation of Annexin-A1 from the pro-

tein extracts provides strong support for Annexin-A1

as the effector moiety. In fact, the abrogation was

more dramatic than that demonstrated by acid treat-

ment although each procedure showed a small

amount of Annexin-A1 remaining via Western blot.

These results suggest that a threshold amount of

Annexin-A1 is likely required for anti-Candida activity.

Nevertheless, this is the first report suggesting that

Annexin-A1 has antifungal activity and the first report

to identify the elusive effector protein moiety. We

recognize, however, that as much as Annexin-A1

appears to represent the effector moiety exclusively,

contributions by other moieties are possible for com-

plete activity. We hypothesize that Annexin-A1 on

epithelial cells interacts with Candida and signals

Candida to retard or halt its growth as part of a

sophisticated symbiotic relationship. Annexin-A1, as

a non-inflammatory, static inhibitor of Candida

growth, may also aid Candida as a commensal by

holding its numbers at levels that would not initiate

inflammatory responses that could ultimately kill

Candida. Studies are ongoing to investigate further

its mechanism of action.
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