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Abstract

Objective The immunological mechanisms behind

different mucosa against candidiasis are largely

unknown. In this study, we investigate the natural

protective mechanisms and local cytokine responses

of C. albicans-infected oral and vaginal epithelial

cells.

Method The cell lines (Leuk-1 and VK2/E6E7) were

cultured with C. albicans (SC5314, Dals3, and Dssa1)
in indicated ratio, respectively. The morphological

changes and colony growth of C. albicans were

observed to evaluate the fungicidal ability of epithelial

cells, and the cellular morphological changes and

LDH activity measurements were used to assess cell

damage. Further, we assess the production of cytoki-

nes and chemokines in co-culture supernatants using

enzyme-linked immunosorbent assay (ELISA).

Result Our results show that the oral and vaginal

epithelial cells use different strategies to combat this

pathogen. Infected oral epithelial cells are adept at the

production of cytokines (GM-CSF, IL-1a, and IL-1b)
and chemokines (IL-8, MIP-3a, and RANTES), and

yet, vaginal cells are more proficient at direct fungal

killing. However, both epithelial cells play only a

minor role in adaptive immunity to C. albicans.

Further, C. albicans Als3p and Ssa1p genes also

participate in local immune response since deletion of

ALS3 or SSA1 causes reduction in cytokine and
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chemokine levels in both oral and vaginal cells. The

dramatic decreases in both fungal % of cytotoxicity

and the secretion of such cytokines as GM-CSF, MIP-

3a, and RANTES in Dssa1-infected oral cells were

consistent with a delayed germination process in that

mutant.

Conclusion Human oral and vaginal epithelial cells

performed different host response to C. albicans by

fungal killing ability or secreting cytokines and

chemokines.

Keywords Candida albicans � Cytokines � Oral
epithelial cells � Vaginal epithelial cells

Introduction

Candida albicans, a commensal organism of the

gastrointestinal and female lower reproductive tracts,

is the most common pathogen of mucosal candidiasis,

leading to oropharyngeal candidiasis (OPC) in immuno-

compromised patients and to vulvovaginal candidiasis

(VVC) in immunocompetent individuals [1]. OPC is

commonly seen in patients with human immunodefi-

ciency virus (HIV) infections, or patients undergoing or

having undergone chemotherapy or allogeneic trans-

plantation when peripheral T cells are defective. On the

other hand, VVC commonly causes mucosal inflamma-

tion in healthy women of fertile age [2]. Given the

differences in clinical progress and distinction infection

sites, themechanisms behind the body’s defense against

mucosal candidiasis are largely unknown.

Cell-mediated immunity (CMI) by Th1-type

CD4?T cells is considered the predominant host

defense mechanism against mucosal C. albicans

infections [3]. However, CMI shows no vaginal

protection from Candida because women suffering

from recurrent VVC can sustain normal levels of

Candida-specific systemic Th1-type CMI [4]. Anti-

Candida activity of epithelial cells has been recog-

nized lately since epithelial cells can inhibit the

growth of C. albicans in vitro [5, 6], and HIV-infected

persons with OPC and women with VVC have

impaired epithelial cell activity against C. albicans

[7]. More evidences have been emerged lately indi-

cating that epithelial cells are playing a more impor-

tant role in host responses to the fungus such as

immunity, commensal/pathogen discrimination, and

damage repair. Moyes et al. [8] have demonstrated that

oral and vaginal epithelial cells responded to yeast or

hyphal form of C. albicans via the bi-phasic MAPK

(mitogen-activated protein kinase) pathways, which

may regulate the expression levels of various immune

effectors including IL-6, IL-8, IL-1a, G-CSF, GM-

CSF, and CCL20 epithelial cells [9]. The epithelial

cells at the outmost surfaces of the mucosa are the first

host cells that contact with pathogens, taking a charge

of the recognition process and C. albicans invasion.

The virulent factors of theC. albicans on the other side

are also the contributors of mucosal candidiasis for its

pathogenesis, which include Als3p and Ssa1p. As a

GPI-anchored glycoprotein, Als3p is responsible for

the adherence ofC. albicans to the oral epithelial cells,

followed by an immune response [10]. Yang et al. [11]

identified the second adhesin of C. albicans Ssa1p for

epithelial cells reorganization. As a member of Hsp70

family, Ssa1p on the surface of blastospores and

hyphae acts as the same of Als3p to lead endocytosis

after binding to host cell cadherin [12].

The discrimination of host immune responses to

fungus is not just limited to the initial parts of host–

pathogen interaction via either epithelial or myeloid-

originated immune cells. Given the fact that oral

candidiasis tends to affect immunocompromised HIV?

or AIDS patients and vaginal infection has a tendency

of immunocompetent individual, one would, however,

expect some degree of difference existing in immuno-

logical responses that result from an interplay among

epithelial cells and Candida in each infected location.

On the other hand, despite those general responses of

the host to C. albicans, some of C. albicans genes

reacted in a niche-specific manner, for example, SAP

gene family [13]. In order to better understand the

epithelial roles in site immunity, we assess the capa-

bility of fungal killing and cytokines response in vitro

using human oral- and vaginal-originated epithelial

cells. Meanwhile, both innate immune responses are

also studied in the absence ofALS3 or SSA1 to correlate

these two virulent factors with site immunity.

Materials and Methods

Human Epithelial Cell Lines and Cell Culture

Two human epithelial cell lines were used. Immortal-

ized human oral mucosal epithelial (Leuk-1) cell line
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was gifted from Dr. Wang (see acknowledgment).

VK2/E6E7 kindly gifted from Dr. Raina Fichorova

(see acknowledgment) is an epithelial cell line derived

from the vaginal mucosa of a healthy premenopausal

female undergoing vaginal repair surgery, following

immortalization by human papillomavirus VK6/

E6E7. Both cell lines were maintained and passaged

in keratinocyte serum-free medium (Gibco, USA)

supplemented with 50 lg/ml of bovine pituitary

extract and 0.1 ng/ml of epidermal growth factor in

a humidified incubator with 5% CO2 at 37 �C.

Candida albicans Strains and Growth

Candida albicans SC5314 was used for all assays as a

wild-type and mutant strain Dals3 or Dssa1 which has
both alleles of gene deleted. All of C. albicans strains

were routinely grown in liquid YPD (1% yeast extract,

2% bactopeptone, 2% D-glucose) medium at 30 �C in a

shaking incubator overnight. For maintenance of

strains on solid media, 2% agar was added. Prior to

use in experiments, C. albicans cells diluted at 1:20

ratio into fresh liquid YPD medium allow a log phase

growth for another 2–4 h at 30 �C. The fungal cells

were collected, washed with phosphate-buffered

saline, and then counted in a hemocytometer and

adjusted to the desired concentration in cell culture

medium immediately prior to the experiments.

Strains Morphological Analysis

C. albicans yeast cells of SC5314 (WT), Dals3, and
Dssa1 were added into a 24-well plate, respectively,

containing 1 ml KSFM and grown at 37 �C with 5%

CO2 for 2 h. The germ tube formation was then

examined. The differential interference contrast (DIC)

microscopy was used to image 8–10 fields for each

experiment randomly. MShot Image Analysis System

was applied to measure the length of germ tube.

Epithelial Cells Infection

C. albicans strains were inoculated into Leuk-1 and

VK2/E6E7 monolayer cultures at a multiplicity of

infection (MOI = Candida cell/epithelial cell ratios)

of 0.01–10 for cytokine analysis in all the experiments

below. All the mixtures of cell monolayer and fungal

cells post-infection were incubated at 37 �C with 5%

CO2 for 24 h as previously described [9]. Non-

infected controls contained cell culture medium

(KSFM) alone.

Detection of Fungicidal Ability of Epithelial Cells

Oral and vaginal cells were prepared and seeded into a

96-well plate cultured for 12 h at 37 �C with 5% CO2

prior to infection (there were about 1 9 104 cells/

well). The overnight cultures of each fungal strainwere

diluted accordingly. A 50 ll aliquot was added into the
first column of the plate tomix with epithelial cells (the

initial concentration of each strain is also about

1 9 104 cells/well and the MOI was 1:1) and then

serially diluted at 1:2 for six times. Strains incubated

without cells were diluted in parallel manner. All the

plates were incubated for 24 h and 48 h at 37 �C in a

5% CO2 atmosphere. Colonies in each well were

counted under microscopy. The survival rate of each

strain was calculated as the numbers of colonies with

epithelial cells were divided by the number of colonies

in the absence of cells 9 100%. Each experiment was

duplicated and repeated three times.

Cell Damage Assay

For epithelial cell damage assays, a total of 106 oral

and vaginal cells was seeded into a 6-well plate

cultured overnight and then mixed with the Candida

cells as of MOI of 0.01 for 24 h; 0.2% trypan blue was

used to stain dead cells and photographed.

Epithelial cell damage was also determined at

24 h by measuring lactate dehydrogenase (LDH)

activity in the culture supernatants with the MOI

from 0.01 to 10. The experiment was performed

using the CytoTox 96 Non-Radioactive Cytotoxicity

Assay kit (Promega, USA) according to the manu-

facturer’s protocol. For cell death calculation, the

formula is as follows: % cytotoxicity = (experimen-

tal–effector spontaneous–target spontaneous)/(target

maximum–target spontaneous) 9 100%.

Assessment of Cytokine and Chemokine

in Co-culture Supernatants

Supernatants were assayed for pro-inflammatory (G-

CSF, GM-CSF, IL-1a, IL-1b), Th1 and Th2

immunoregulatory (IL-12 and IL-4), and chemotactic

(MIP-3a, RANTES, IL-8) cytokines by enzyme-

linked immunosorbent assay (ELISA) using
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commercially available capture and biotinylated

detection antibodies, coupled with the Luminex

100TM machine according to the manufacturer’s

protocol (the MOI values of the experimental groups

were 0.01, 0.1, 1, 10, respectively). The trimmed

median value was used to derive the standard curve in

order to calculate the concentrations of cytokines in

the samples.

Statistical Analysis

Statistical analyses were performed using SPSS 16.0.

The results above were analyzed by the independent

samples t test or one-way ANOVA. Significant

differences were defined with a P value less than 0.05.

Results

The Fungal Killing Efficiency of Epithelial Cells

In order to assess the relative contributions of the oral

and vaginal cells in host defense mechanisms against

C. albicans, we first explore the difference of fungal

killing between two epithelial cells under different

MOI infections. Using wild type of C. albicans, oral

and vaginal cells showed the significant differences in

fungal killing at MOI of 1 and 10. When the Leuk-1

(oral) and VK2/E6E7 (vaginal) were infected tripli-

cate with an MOI of 1 (Fig. 1a, b), the fungal CFU

(colony-forming unit) decreased in VK2/E6E7 after

24 h (Fig. 1a) and 48 h (Fig. 1b) compared to control

wells (Candida cells only). In contrast to vaginal

epithelial cells, the fungal killing abilities of Leuk-1

could not be seen until 48-h incubation at MOI of 1

(P[ 0.05) (Fig. 1b). With more Candida cells in the

culture (MOI of 10), vaginal cells still have higher

capacity to suppress CFU than oral cells at 24 h and

48 h (P\ 0.05, P\ 0.01, respectively). Oral cells

again had no effects on fungal killing at both 24 h and

48 h. These results demonstrate that fungal killing by

the vaginal cells appears earlier and stronger than that

of oral cells.

Epithelial Cell Damages Induced by C. albicans

To better understand the invasive mechanism of C.

albicans on epithelial tissues, epithelial cell damages

were assessed in each epithelial cell line after culti-

vation with wild type of C. albicans. Two gene

deletion mutants, Dals3 and Dssa1, are also included

in this study to determine the virulent roles of each

gene on epithelial tissue. The viability of both

epithelial cell lines was evaluated by trypan blue

staining as shown in Fig. 2. Under microscopy, the

injured epithelial cells were prone to aggregate or

distribute alone with the hyphae of wild-type and

mutant strain (Fig. 2a1), as we have seen in a higher

magnification (Fig. 2a2). Both Dals3 and Dssa1
mutants have reduced infectivity to the oral and

Fig. 1 Fungal CFUs are calculated after epithelial cells Leuk-1

(oral) and VK2/E6E7 (vaginal) were infected with wild type of

Candida cells for 1 d (a) and 2 d (b) with MOI = 1. The CFUs

are also measured from both epithelial cell lines after incubation

with Candida cells for 1 d (c) and 2 d (d) at MOI = 8. Data

represent mean values ± SEM and are representative of three

independent experiments. *P\ 0.05; **P\ 0.01
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vaginal cells at 24 h with MOI of 0.01 when compared

to wild type (Fig. 2a1). With less fungal infectivity,

morphologic changes on both epithelial cells were

subtle, particularly in Dssa1 mutant-infected samples.

The epithelial cell damages were further assessed

with three fungal strains at various MOI mixtures and

calculated by LDH activity. As shown in Fig. 2b, the

cytotoxicity increased as the fungal burden was

increased in both oral and vaginal cells no matter

what fungal strain had been used. The overall cyto-

toxicity of vaginal cells in this study is higher than that

of oral cells (P\ 0.05). The Dssa1 mutant shows less

cytotoxic roles than that of wild type and Dals3
mutant, especially in oral cell infection (Fig. 2b1). For

vaginal cells, compared to a low cytotoxicity rate of

Dssa1, Dals3 mutant seems to slightly increase the

vaginal cell cytotoxicity when fungal burden was

same to the WT in regard to LDH release. This

enhanced cytotoxicity of Dals3 is consistent with a

stronger trypan staining as shown in Fig. 2a1 when

MOI was used at 0.01. These results suggest that Ssa1p

is required for both oral and vaginal cells invasion and

damage, but not Als3p, at least in vaginal cells.

Germ Tube Delayed Only in Dssa1 Strain

In correspondence with a less cytotoxic effect of

Dssa1 in both oral and vaginal cells, germ tube

formation is delayed in this mutant when cultured

in vitro. Compared to C. albicans wild type (SC5314)

and Dals3, the average length of germ tubes of Dssa1
is 4.2 ± 1.8 lm when cultivated in culture media

KSFM for 2 h at 37 �C in 5% CO2, which was

obtained by taking 8 * 10 image fields at random

with 10 cells in each field under the microscope. The

germ tube formation was defective in Dssa1 with

approximately 30–40% reduction compared to other

two strains (Fig. 3a). However, the morphology of the

germ tubes in both mutants could not be distinguished

from the wild-type strain (Fig. 3b). The ability to form

hyphae and colony of Dssa1 strain was significantly

different from WT and als3D strains when they were

Fig. 2 Cell damage of mucosal cells cultivated by different

strains. a Oral and vaginal cells are stained by trypan blue 24 h

post-infected with wild type,Dals3 andDssa1 mutants at MOI of

0.01. Morphology was assessed by DIC microscopy at 9 4 (a1)
and 9 200 (a2). b The cytotoxicity of oral and vaginal cells

infected by wild type and two mutants at different MOI for 24 h.

b1 Cytotoxic effects of each strain at different MOI condition;

b2 comparison of cytotoxic effects between oral and vaginal

cells with three strains. Data represent mean values ± SEM and

are representative of a minimum of three independent experi-

ments. Statistical analysis was performed using the unpaired,

two-tailed t test. *P\ 0.05; **P\ 0.01; ***P\ 0.001 present

the comparison between wild type and each mutant with each

MOI infection
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co-cultured with oral and vaginal cells at 24 h with

MOI of 0.01, which is shown in Fig. 2a1.

The Inflammatory Responses of Epithelial Cells

Following Exposure to C. albicans Strains

The cytokine and chemokine production of two types

of epithelial cells is also assessed upon infected by

different strains of C. albicans to distinguish the likely

defense mechanisms of each type of epithelial cells

against mucosal candidiasis. The induction of immune

response can be effectively induced at the highest MOI

of 10 in vaginal cells while at theMOI of 1 in oral cells

as reported previously. In this study, we tested fungal

burden at MOI of 0.01, 0.1, 1, and 10 for either wild

type or mutant of C. albicans with cell medium alone

as the control. Supernatants collected at 24 h were

assayed for pro-inflammatory (G-CSF, GM-CSF, IL-

1a, and IL-1b), chemotactic (MIP-3a, IL-8, and

RANTES), Th1 (IL-12p70), and Th2 immunoregula-

tory (IL-4) cytokines.

In our study, the overall strength of two types of

epithelial cells in the production of pro-inflammatory

cytokines was firstly tested in wild-type C. albicans.

The results shown in Fig. 4 indicate that oral Leuk-1

cells are able to release measured amounts of GM-CSF

(Fig. 4a) and G-CSF (Fig. 4b) even under uninfected

condition (average 53.52 pg/ml of GM-CSF and

316.7 pg/ml of G-CSF). In comparison with oral cell

line, such baseline levels of both cytokines are much

less in VK2/E6E7 cells with average 0.24 pg/ml of

GM-CSF and 44.38 mg/ml of G-CSF (P\ 0.001). No

matter what type of cell line we used in this

experiment, some degree of correlation exists between

the secretion of GM-CSF and fungal burden (Fig. 4a).

AtMOI of 0.01, the concentration of GM-CSF reached

the highest level of 528.5 pg/ml in Leuk-1 cells that is

significantly higher than 114.5 pg/ml in VK2/E6E7

cells (P\ 0.001). For G-CSF secretion, the difference

between two cell lines is much smaller (Fig. 4b).

Unlike GM-CSF, the highest secretion peak for G-CSF

in both cell lines appeared at MOI of 0.1 with 1988 pg/

ml in Leuk-1 and 1772 pg/ml in VK2/E6E7

(P\ 0.05). These results suggest that oral cells can

maintain both pro-inflammatory cytokines effectively

than vaginal cells and temporal expression of GM-

CSF or G-CSF may be required for mucosal defense

when dealing with variant population of fungal

burden. The similar results were also found in IL-1a
and IL-1bmeasurement. As shown in Fig. 4c & d, the

certain amount of IL-1a and IL-1b in both epithelial

cells was detected, with a higher amount from Leuk-1

than that from VK2/E6E7 in the presence of wild type

of C. albicans in the culture (P\ 0.05). Then, the

production of IL-1a and IL-1b in two cell types further
induced when infected with Candida cells with

highest at MOI of 1. However, the IL-1a production

in VK2/E6E7 cells seems to be higher than that of

Leuk-1 cells whenMOI is C 1 (higher fungal burden),

Fig. 3 Germ tubes formation of C. albicans wild type and

mutants. The average length of germ tube formed by wild type,

Dals3 and Dssa1 mutants was measured after incubated in

KSFM at 37 �C with 5% CO2 for 2 h (a). The morphology of

germ tube was assessed by DIC microscopy at 9 200 (b). The

length of germ tube in 8 * 10 fields was acquired using the

MShot Image Analysis System. Data represent mean val-

ues ± SEM and are representative of two independent exper-

iments. The scale bar in B is 10 microns. ***P\ 0.001

compared to wild type and Dals3, respectively
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while IL-1b levels are all lower in VK2/E6E7 cells

than that of Leuk-1 cells.

The Roles of Epithelial Cells on Chemotactic

Cytokines

The C. albicans-induced chemotactic roles of each

epithelial cell type were estimated by the production

of RANTES, MIP-3a, and IL-8, as shown in Fig. 5. At
the uninfected status, RANTES level is barely seen

(Fig. 5a) and no MIP-3a can be detected (Fig. 5b)

from vaginal cells, while oral cells are still able to

secrete both chemokines (P\ 0.05). The production

of RANTES, MIP-3a, and IL-8 from oral cells all

reached their peak points at MOI of 0.01, suggesting

that these chemotactic effects may function only when

small population of fungal cells present in the local

environment. The VK2/E6E7 cells seem to response

differently from Leuk-1 cells in RANTES level

(remaining low at all tested MOIs) and MIP-3a
(sustaining when MOI[ 0.1) when infected (Fig. 5a,

b) with wild type of C. albicans. The overall

chemokines produced from vaginal cells are less than

that of oral cells, especially seen in IL-8 (Fig. 5c) and

RANTES production.

Pro-inflammatory Cytokines for Adaptive

Immunity are not Affected by Epithelial Cells

The T cell response for adaptive immunity to C.

albicans depends on the cytokine milieu during its

activation such as IL-12/IFNc for Th1 cells and IL-4

for Th2 cells. To elucidate the roles of epithelial cells

on T cell subset polarization, we measure the C.

albicans-induced IL-12P70 and IL-4 levels in both

epithelial cell lines in the absence of dendritic cells

and T cells environment. As shown in Fig. 5d and e,

both cytokines are not only so low at their baselines

(uninfected) but also remained low levels throughout

the 24-h culture period with the C. albicans. For IL-4

response, vaginal cells reacted only when high con-

centration of C. albicans was added, but the absolute

concentration is only 2.8 pg/ml.

Fig. 4 Activation of inflammatory cytokines in Leuk-1 and

VK2/E6E7 cells upon C. albicans infection. Yeast cells were

added to oral and vaginal epithelial cell monolayers and

incubated under standard conditions for 24 h. The concentration

of fungal cells in culture mixture ranges from 0.01 to 10 MOI

(fungal/epithelial cells). Cell culture medium was collected, and

GM-CSF (a), G-CSF (b), IL-1a (c), and IL-1b (d) levels were
measured. Data represent mean values ± SEM and are repre-

sentative of three independent experiments. *P\ 0.05;

**P\ 0.01; ***P\ 0.001 obtained when compared with the

uninfected group
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Adhesins Als3p and Ssa1p are Required

for the Production of Pro-inflammatory Cytokines

from Epithelial Cells

The importance of Als3 and Ssa1p for C. albicans

virulence has long been recognized as adhesins to guide

an endocytosis. The interaction between these adhesins

andepithelial cells initiates the following fungal invasion

in the tissue. The outcome of which is either to destroy

the host cells or cause fungal death by recruiting more

immunecells.To investigatewhether cytokine induction

is correlated with recognition event, we measured all the

cytokines that mentioned above from epithelial cells

infected with gene deletion mutants (Dals3 and Dssa1).
The results shown in Fig. 6a–g indicate that both genes

play the minor roles for pro-inflammatory cytokine and

chemokine secretion in VK2/E6E7 cells except IL-a in

Dals3 (Fig. 6c), reflected by similar levels of each

cytokine in mutant strains compared to that of wild type.

On theother hand,most of thesecytokineandchemokine

levels are decreased in Leuk-1 cells when they are

infected by eitherDals3 orDssa1 compared towild type,

such as GM-CSF (Fig. 6a), IL-1a (Fig. 6c), IL-1b
(Fig. 6d), IL-8 (Fig. 6e), and MIP-3a (Fig. 6f)

(P\ 0.001–0.05). In regard to the individual function

of each gene on cytokine activation, we observed a

certain degreeofdiversity between twomutant strains on

the oral epithelial cells. For example,GM-CSF (Fig. 6a),

IL-8 (Fig. 6e),MIP-3a (Fig. 6f), andRANTES (Fig. 6g)
chemokines are significantly reduced inDssa1 infection.
When Dssa1-infected vaginal cells remain a wild-type

level of G-CSF, secretion of this cytokine is inversely

increased in Dssa1-infected oral epithelial cells

(Fig. 6b).

Discussion

Despite our increasing knowledge of immune cell and

fungal interactions, the relative importance of

Fig. 5 Activation of

chemokines and pro-

inflammatory cytokines

induced by C. albicans in

Leuk-1 and VK2/E6E7

cells. The fungal cells at

MOIs from 0.01 to 10 were

added to oral and vaginal

epithelial cell monolayers

and incubated under

standard conditions for 24 h.

Cell culture medium was

collected, and RANTES (a),
MIP-3a (b), IL-8 (c) IL-
12P70 (d), and IL-4

(e) levels were measured.

Data represent mean

values ± SEM and are

representative of three

independent experiments.

*P\ 0.05; **P\ 0.01;

***P\ 0.001 obtained

when compared with the

uninfected group
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epithelial cells in determining the course of mucosal

infection is still unclear. Most antifungal immunity

studies have focused on how immune cells such as

macrophages, dendritic cells, and neutrophils combat

the pathogens. With the discovery of a number of Toll-

like receptors (TLRs) (dectin-1, dectin-2, and others)

on these immune cells, molecules on the fungal cell

surface such as phospholipomannan and b-glucan that

correspond to each host receptor have also been

identified and characterized. However, these fungal

wall polysaccharides are not able to induce a cytokine

response in oral epithelial cells or in skin keratinocytes

[14], even though most receptors for immune cells are

also found in epithelial cells [15]. These results may

imply that epithelial cells use different mechanisms

for host response either by utilizing different host

Fig. 6 Effects of Als3p and

Ssa1p on cytokine

activation. The fungal cells

at MOIs from 0.01 to 10

were added to oral and

vaginal epithelial cell

monolayers and incubated

under standard conditions

for 24 h. The pro-

inflammatory cytokine (a–
d) and chemokine (e–
g) activation is shown.

*P\ 0.05; **P\ 0.01;

***P\ 0.001 compared

with the WT group
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receptors or by utilizing different fungal moieties for

downstream immune activation.

To better understand the roles of epithelial cells

against C. albicans, we investigate possible distinc-

tions that may be made in the immune roles of

epithelial cells originating from oral and vaginal

locations. Our results are consistent with others that

epithelial cells play a far more active role in combating

fungal infection. We also find that cells of oral origin

and vaginal origin carry out significantly different

strategies in defending against this pathogen. In this

experiment, we used two human epithelial cell lines:

Leuk-1 is an immortalized human oral mucosal

epithelial cell line, and VK2/E6E7 is obtained by

immortalization of primary vaginal cells. Both cells

have been used for oral/vaginal pathological studies

by others [16, 17]. Early studies on the fungicidal

activity of oral and vaginal epithelial cells suggest that

both types of cells can inhibit but not kill C. albicans.

By CFU recovery, we find that oral cells can hardly

inhibit the formation of fungal colonies, but the fungal

population can be significantly repressed by epithelial

cells of vaginal origin until the fungal load is increased

to about 10 times that of epithelial cells (MOI of 10).

As murine vaginal cells were using in this early study,

the fungal killing capability demonstrated in our study

may be partially reflected by the human vaginal cells

we used.

The interaction between C. albicans and epithelial

cells includes adherence and invasion that the former

requiresC. albicans adhesins such as Als3 and Ssa1 for

host recognition, and the subsequent invasion is

accomplished by a receptor-mediated endocytosis of

epithelial cells. Along with engulfment, C. albicans

can secrete tissue-degrading enzymes, such as pro-

teases and phospholipase to pierce the epithelial

barrier. To test the outcome of this degrading process,

we also examine the cell damage of each epithelial cell

type by lactate dehydrogenase release. Consistent with

their high fungal killing rate, infected vaginal cells are

also easily damaged. These results suggest that both

fungal killing and the dying of vaginal epithelial cells

may enhance the shedding of fungal burden from

vaginal locations.

Filamentation and active penetration appear to be

involved in epithelial damage [18], which is further

indicated by the presence of mostly dead cells around

the fungal hyphal elements, as seen under trypan blue

staining. Fungal Ssa1 and Als3 have been linked to the

same pathway to induce fungal endocytosis via

binding to E-cadherin receptor present in epithelial

cells. As host endocytosis was attenuated in Dssa1 and
Dals3 mutant, respectively, their effects on host cell

damage are different here. We find that deletion of

SSA1 reduces infectivity and results in markedly less

damage to oral epithelial cells and vaginal cells as

well, while Dals3 seems to produce similar changes or

even more in vaginal cells when compared to wild

type. Consistent with the observation of less host cell

damage, germ tube formation in Dssa1 is also delayed
in vitro. These results point out the relationship

between the particular host defense mechanism and

putative virulence factors in each infected location.

Mucosal epithelial cells can release cytokines in

response to pathogen infection [19, 20]. The key T cell

subsets most strongly associated with adaptive immu-

nity in candidiasis are Th1 and Th17. In contrast to

high levels of pro-inflammatory cytokines and

chemokines induced by Candida infection, both oral

and vaginal epithelial cells barely produce

detectable levels of IL-12, indicating that epithelial

cells do not contribute to adaptive immunity but are

important for innate immunity for mucosal candidia-

sis. The basal levels of pro-inflammatory cytokines

and chemokines from epithelial cells suggest that

these cytokines may be in some sort of homeostasis

and are critical for preserving mucosal hygiene.

The cytokines explored in this study were selected

based on the fact that they are important regulatory,

pro-inflammatory, or chemotactic cytokines and sub-

set T cell effectors. We demonstrate that an initial

difference of cytokine products exists between oral

and vaginal cells. Under similar conditions, the

cytokine production is higher in oral cells as reported

previously than in vaginal cells, indicating that oral

cells have a stronger innate immunity to Candida

infection despite the fact that the optimal concentra-

tion of fungal cells can be slightly different between

the two cell types for some cytokines. Cytokine type is

also somewhat limited in vaginal cells compared to

oral cells, as seen in GM-CSF and RANTES. Using

MOIs of 0.01, 0.1, 1, and 10, the peak production of

GM-CSF, IL-8, RANTES, and MIP-3a is induced by

anMOI of 0.01 infection, while optimal MOI is 0.1 for

G-CSF and 1 for IL-1a and IL-b in both cell lines.

Such cytokine profile diversity suggests that a tempo-

ral expression of each cytokine effector may depend

directly on fungal burden in oral and vaginal locations,
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which is likely necessary for the anti-Candida mech-

anism at the different stages of the disease and is in

turn directly related to the severity of the illness. For

example, the higher level of G-CSF at higher MOI

compared to GM-CSF and IL-8 may imply that the

former plays an important role when fungal burden is

increased and the latter acts at an earlier stage of

infection. In other words, while IL-8 and GM-CSF

recruit the immune cells, a sustained high level of

G-CSF in variant of fungal burdenmaintains persistent

responses at the two mucosal sites.

These cytokines and chemokines of innate immu-

nity in response to Candida infection have been well

established for recruiting and activation of a variety of

immune cells, including neutrophils, dendritic cells,

and T cells. IL-1a and IL-1b are the two major pro-

inflammatory family of cytokines, which act mainly at

expression of integrins on leukocytes and endothelial

cells [21, 22]; the latter provokes an inflammatory

response via the NF-KB pathway. Compared to higher

levels of GM-CSF and G-CSF, the absolute volume of

IL-1a and IL-1b is lower, but the secretion persists

from MOIs of 0.01–10. We observe that all four pro-

inflammatory cytokines are higher in oral cells than

those of vaginal cells, except IL-1a (equally between

two cell lines) after exposure to Candida. The

functional difference between IL-1a and IL-1b has

recently been proposed by others. IL-1a often remains

in the cells but is released outside when activated,

while IL-1b is only stimulated by the presence of

inflammasomes [23]. Also, Rider et al. [24] have

shown that IL-1a released from dying cells can initiate

inflammation by recruiting neutrophils, whereas IL-1b
promotes the recruitment and retention of macro-

phages. The new evidence further demonstrates that

IL-1a retained within the nucleus as a mechanism to

prevent inflammation and preserve immune tolerance

[25]. In agreement with these observations, our data on

infected vaginal cells with compatible IL-1a support

this IL-1a requirement for fungal tolerance in vaginal

mucosa. Also, the higher release of IL-1b by oral cells

tends to recruit more macrophages in oral location for

defeating Candida infection.

The chemokines are significant contributors in

inflammatory response. IL-8 release can recruit and

activate neutrophils to the site of mucosal infection

[26]. MIP-3a (CCL20/macrophage inflammatory pro-

tein-3a) is expressed constitutively by keratinocytes to
trigger an adaptive immune response. This chemokine

can attract immature dendritic cells to the site of

inflammation and therefore form a bridge between the

innate and adaptive immune response. RANTES, a

member of the b or CC family of chemokines, can

chemoattract activated T cells (particularly Th1 cells),

dendritic cells, and monocytes to the infected sites as

well [27]. In this study, the IL-8 and MIP-3a response

is significantly stronger in oral cells than that in

vaginal cells at an MOI of 0.01, but MIP-3a response

is better whenMOI was C 1. Meanwhile, RANTES in

vaginal cells remains very low no matter if Candida

cells are present suggesting that RANTES chemoat-

traction is less necessary for vaginal sites.

The overall reduction in cytokines and chemokines

in Dals3 and Dssa1 compared to wild type demon-

strates that cytokine response is correlated with

Candida adhesion and invasion. The further reduced

GM-CSF, MIP-3a, and RANTES and increased

G-CSF levels in Dssa1-infected oral cells are also

companied with the decrease in epithelial killing for

this mutant, and as a consequence, we suspect that

these four cytokines are more closely related to Ssa1p

for an epithelial cytotoxicity. By the same token, Als3p

is more important to maintain the healthy levels of IL-

1a and RANTES in vaginal cells.

In summary, epithelial cells in oral and vaginal

origins are actively response to kill and secrete

cytokines and chemokines upon Candida infection,

in which adhesins—Als3 and Ssa1—are required for

an effective immune response. Oral cells can produce

more cytokines when vaginal cells have a higher

capability to kill fungal cells, a requisite for main-

taining a healthy mucosal barrier for individual

mucosal location. This may explain why the esopha-

geal candidiasis is common in HIV or AIDS patients,

since cytokine production is defective in this situation.

On the other hand, the vaginal cells produce fewer

cytokine, but are prone to shedding, leading to mild

inflammation, but the incidence of vaginal candidiasis

is higher. As this study is a two-dimensional model

between epithelial cells and pathogen, the diversity of

immune response in two mucosal locations will be

further examined in an animal model in the presence

of immune cells.
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