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Classical antifungal drugs have been subjected to restrictions due to drug toxicity, drug
resistance, bioavailability, and detrimental drug interactions. Type | interferon (IFN) exerts
direct distinct immunostimulatory or immunomodulatory actions; however, little is known
regarding the anti-fungal reactions of vaginal epithelial cells (VECs) induced by the type
I IFN response. Therefore, in the present study, we evaluated the cytotoxic activity,
immunocompetent cytokine responses, and non-B IgG production of the VK2/EGE7
VEC line following recombinant human IFN a-2b (rhIFNa-2b) treatment in response to
Candida albicans. When treated with rhIFNa-2b, the production of IL-2, IL-4, and IL-
17 were significantly up-regulated compared to the infected control cells (P < 0.05).
Our scanning electron microscopy results revealed that C. albicans can invade VECs by
inducing both endocytosis and active penetration. RhIFNa-2b was able to transform
the VECs into a thallus and stretched pattern, promoting the fusion of filopodia to
form a lamellipodium and enhancing the mobility and the repair capacity of the VECs.
In addition, rhIFNa-2b could effectively inhibit the adhesion, hyphal formation, and
proliferation of C. albicans. Collectively, these responses restored the immune function
of the infected VECs against C. albicans in vitro, providing a theoretical basis for this
novel treatment strategy.

Keywords: vulvovaginal candidiasis, vaginal epithelial cells, Candida albicans, rhIFN«-2b, cytokines

INTRODUCTION

Candida albicans is an opportunistic fungal pathogen that typically exists as a harmless commensal
in the urogenital tract; however, approximately 75% of women who are of reproductive-age suffer
from a vaginal Candida infection at least once in their lifetime (Sobel, 1997; Brown et al., 2012).
In addition to the cost of treatment, these symptomatic episodes cause a significant decrease in the
quality of life (McClelland et al., 2009).

Abbreviations: ANOVA, one-way analysis of variance; ELISA, enzyme-linked immunosorbent assay; FME familial
Mediterranean fever; ICyg, the 10% inhibition concentration; IFN, interferon; K-SFM, keratinocyte-serum free medium; MS,
multiple sclerosis; PBS, phosphate-buffered saline; rhIFNa-2b, recombinant human IFNa-2b; SDA, Sabouraud’s dextrose
agar; SEM, scanning electron microscopy; sIgA, secretory IgA; TLR, toll-like receptor; VECs, vaginal epithelial cells; VVC,
vulvovaginal candidiasis; YPD, yeast peptone-dextrose.
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Previous studies have demonstrated that soluble immune
modulators (e.g., cytokines and chemokines) play putative roles
for local host defense and immunotherapeutic strategies to
control or prevent infections with C. albicans. Interleukin-
2 (IL-2) both mediates the proliferation and activation of
T cells, as well as activates natural killer cells and B cells
(Borish and Steinke, 2003). IL-4 signaling and subsequent
cytokine production (e.g., IL-10) in response to Candida are
known to dampen cell-mediated protection, leading to increased
susceptibility to Candida infection (Romani, 1999). In addition,
IL-6 is a multifunctional cytokine with both pro-inflammatory
and immunoregulatory functions (Basu et al., 2008). IL-8 is
a well-known mediator of neutrophil recruitment to areas of
inflammation and/or infection in vivo (Baggiolini and Clark-
Lewis, 1992). Moreover, the level of IL-8 is a useful biomarker of
the antimicrobial response in the female genital tract (Spear et al.,
2008). While IL-17 plays a role in host defense against multiple
infectious diseases, it also promotes inflammatory-mediated
pathology in autoimmune diseases and other conditions (Onishi
and Gaffen, 2010). Moreover, there is accumulating evidence for
the protective role of the Th17-axis against Candida infection in
which IL-17 signaling promotes the production of antimicrobial
peptides and chemotactic mediators (e.g., S100 proteins) by
epithelial cells (Liang et al., 2006). Recently, there is growing
evidence that many normal non-B cells, including certain
gland epithelial cells or endothelial cells, can also express
immunoglobulin G (IgG), the function of which remains unclear
(Jiang et al., 2015). Moreover, gland epithelial cell-derived IgM
was reported to exhibit natural antibody activity (Hu et al,
2012). Based on these findings, we proposed that IgG may be
expressed by VECs and provide antimicrobial activity in response
to Candida infection.

Classical antifungal drugs have been subjected to restrictions
due to drug toxicity, drug resistance, bioavailability, and
detrimental drug interactions (Brown et al., 2012). Moreover,
improvements in the clinical outcome of VVC in the last decade
have experienced little progress (Smeekens et al., 2013). Thus,
deciphering the various molecular and cellular mechanisms
of human antifungal immunity for the development of new
drugs to treat fungal infections is an urgent issue (Armstrong-
James and Harrison, 2012; Leibund Gut-Landmann et al., 2012).
Recent emphasis has shifted to adjuvant immunotherapy to
further reduce the morbidity of VVC, and previous studies have
supported the prominent role of the type I IFN pathway in the
anti-Candida host defense response (Smeekens et al., 2013).

The type I IFN family includes a singular IFN-f and multiple
IFN-a subtypes (Biondo et al, 2011). Although the antiviral
and antitumor functions of IFN-a/p have been well established,
a growing number of recent studies have focused on the
role of type I IFN as part of the anti-inflammatory response
(Biondo et al.,, 2011). Moreover, type I IFN exerts direct distinct
immunostimulatory or immunomodulatory actions in response
to extracellular stimuli of viral or bacterial origin following
TLR engagement, including proinflammatory and microbicidal
responses against common extracellular bacterial pathogens
(Zimmerer et al.,, 2008). In addition, a number of studies have
demonstrated the effectiveness of this family of cytokines in

reducing inflammation in various experimental and clinical
settings for the management of autoimmune or inflammatory
disorders, including MS, FME, and Behcet’s syndrome (Kotter
et al.,, 2004; Barkhof et al., 2007; Tweezer-Zaks et al., 2008).
However, little is known about the activation of the type I IFN
system and the induction of anti-fungal responses in VECs, which
are considered the first line of defense provided by the innate
immune system (Cole, 2006).

Therefore, the aim of this study was to evaluate the
mechanisms underlying the antifungal effects of type I IFNa in
VVC for the wider clinical application as a potential antifungal
drug for the prevention of VVC.

MATERIALS AND METHODS

Materials

Recombinant human IFNa-2b (molecular weight: 17 Kda) was
obtained from ZhaoKe (Hefei) (Pharmaceutical Co., Ltd., Hefei,
China). The specific activity of 1.0 x 10°> U/g of rhIFNa-2b was
5 g in a transparent hydrophilic gel. A 5 g hydrogel (water soluble)
was dissolved in a 50 mL serum-free RPMI1640 culture medium
to prepare a drug stock solution of 100 mg/mL, and was passed
through a 0.22 WM membrane filter for sterilization. All drug
solutions were stored at —20°C until further experiments. All
other reagents and chemicals were of the highest purity grade
available.

Candida albicans strains (ATCC-64548) were grown
aerobically overnight on SDA (Becton Dickinson, Cockeysville,
MD, USA) plates, were propagated in YPD medium, and
incubated overnight in an orbital shaker at 37°C. For in vitro
experiments, C. albicans cells were harvested and washed in
sterile PBS (Sigma Chemical Co., St. Louis, MO, USA) and the
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FIGURE 1 | Effect of rhIFN«-2b on VEC viability. VK2/EGE7 cells were
treated with rhIFNa-2b for 24 h. The mean values for the remaining four values
and standard deviations (error bars) are shown. ***, significant difference
compared to 0 mg/mL of rhIFNa-2b control group (P < 0.0001).
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cell suspension was prepared in RPMI 1640 and adjusted to a cell
density of 1.0 x 10° cells/mL for all experiments. All experiments
were performed in triplicate on three separate occasions.

Cell Line and Culture

Human VEC line, VK2/E6E7 cells (ATCC® CRL-2616), were
obtained from the American Type Culture Collection (Rockville,
MD, USA) and grown cultured in K-SFM (Gibco, USA)
supplemented with 5 ng/mL recombinant epidermal growth
factor and 50 pg/mL bovine pituitary extract (Invitrogen
Corporation, Grand Island, NY, USA) with 100 units/mL each
of penicillin and streptomycin (Life Technologies, Grand Island,
NY, USA) at 37°C with 5% CO; in a high humidity environment.
All experiments were performed with VK2 cells during the
exponential growth phase (48 h after plating).

Cell Treatment
The VK2 cells were cocultured with C. albicans (1 x 10°/mL)
at a ratio of 1:1 in separate wells in 24-well tissue culture

plates (Costar, Corning, NY, USA) in a humidified atmosphere
containing 5% CO, at 37°C for 12 h. Following a coculture
for 12 h, the culture medium was replaced with 1.25 mg/mL
of rhIFNa-2b (IC;p) as described above for an additional
24 h.

Cytotoxic Assay

Cell viability was determined by an in vitro CCK-8 (Dojindo
Laboratories, Tokyo, Japan) assay as previously described (Wang
et al., 2016). Briefly, the cells were plated into 96-well plates
(2 x 10* cells/well) into a humidified atmosphere containing 5%
CO; at 37°C for 24 h before the cells were treated. After 24 h, the
DMEM medium was removed and replaced with concentrations
of 0, 1.25, 2.5, 5, and 10 mg/mL rhIFNa-2b for 24 h at 37°C.
At the end of the incubation, the VK2 cells were treated with
a CCK-8 solution (10 pL in 100 pL K-SFM) and incubated
at 37°C for 1 h. The absorbance was recorded at 450 nm
using a micro-plate reader (BioTek, Winooski, VT, USA). Cell
viability (%) was calculated according to the following formula:

(P < 0.001); ***, significant difference compared to the V group (P < 0.0001).
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FIGURE 2 | Effect of rhIFN«-2b on the production of IL-2 (A), IL-4 (B), IL-6 (C), IL-8 (D), and IL-17 (E) (expressed as pg/mL) by the VEC line, VK2/EGE7 cells
cultivated alone, grown with 1.25 mg/mL rhIFNa-2b, and infected with C. albicans (1 x 10°/mL). The supernatants were collected and the cytokine levels were
assessed by performing an ELISA 12 h post-infection and a subsequent 24 h of co-incubation with 1.25 mg/mL of rhIFNa-2b. V represents the VECs cultivated
alone; V+I represents VECs co-incubated with 1.25 mg/mL of rhIFNa-2b for 24 h; V+C represents VECs infected with Candida albicans for 12 h; V+C+| represents
the VECs infected with C. albicans for 12 h, then treated with 1.25 mg/mL of rhIFNa-2b for another 24 h. **, significant difference compared to the V group

TABLE 1 | Th1/Th2 cytokine ratios.

Cytokine (pg/mL) \") V+I V+C V+C+I F-value P-value
IL-2 46.81 + 3.07 67.67 + 1.99 38.48 + 2.84 45.87 + 3.04 61.519 <0.0001*
IL-4 37.65 + 0.85 31.70+0.78 23.12 +£0.76 46.08 + 0.62 485.992 <0.0001*
IL2/IL-4 1.24 +£0.08 2.14 4+ 0.09 1.66 + 0.07 1.00 +0.08 117.183 <0.0001*

V represents the VECs cultivated alone; 4+ represents the VECs co-incubated with 1.25 mg/mL of rhiIFNa-2b for 24 h; V+C represents the VECs infected with Candida
albicans for 12 h; V+C+l represents the VECs infected with C. albicans for 12 h, then treated with 1.25 mg/mL of rhiFNa-2b for another 24 h. *P < 0.0001.
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Cell viability % = [ODys¢ (treated) — ODyso (blank)]/[ODysg
(control) — ODysq (blank)] x 100.

Enzyme-linked Immunosorbent Assay
(ELISA)

The collected supernatants were centrifuged (1500 x g for
10 min at 4°C) prior to measuring the concentrations of bioactive
functional factors. Only the supernatant was separated and stored
in a deep freezer at —80°C for later analysis. The IL-2, IL-
4, IL-6, IL-8, IL-17, as well as the epithelial-derived IgG and
sIgA concentrations were determined in the supernatant samples
using an ELISA Ready-SET-Go kit (eBioscience, USA) according
to the manufacturer’s instructions. The concentrations of lubricin
less than minimal sensitivity were considered to be 0 pg/mL.
The absorbances were read with a 490 nm filter using a Ceres
900 automated microplate reader (Bio-Tek Corp., Winooski, VT,
USA), with bovine serum albumin used as the standard.

Scanning Electron Microscopy (SEM)

The cell samples were prepared for imaging by adding a freshly
prepared fixative buffer (2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer) overnight at 4°C. The cells were centrifuged
at 12,000 x g and the pellet was cut into small blocks (~2 mm
squares) with an acetone-cleaned razor blade. The samples
were rinsed twice (3 min each) in 0.1 M phosphate buffer
and then placed in 1% Zetterquist's osmium for 30 min. The
samples were subsequently dehydrated through graded ethyl
alcohol (70% ethanol for 10 min, 95% ethanol for 10 min, 100%
ethanol for 20 min) and dried using the critical point drying
method (BALTEC, Balzers, Liechtenstein). The dried samples
were glued onto SEM stubs, sputter-coated with a 10 nm thick
layer of gold (BALTEC, Balzers, Liechtenstein), viewed and
photographed using a scanning electron microscope (S-3400N,
Hitachi, Japan) in a high-vacuum mode at 15 kV. The number
of living VK2 cells, dead VK2 cells, hypha, and blastospores
were evaluated by counting 30 consecutive fields under SEM
(magnification x 2000).

Statistical Analysis

Data are presented as the means £ SEM. The statistical analyses
were performed using SPSS version 13.0 (SPSS, Chicago, IL,
USA). A ANOVA was used to analyze the differences for
the multiple comparisons as appropriate. Whenever statistically
significant differences were found, LSD post hoc test was
used. Each experiment was performed in triplicate and three
independent experiments were performed. A threshold value of
P < 0.05 was considered to be statistically significant.

RESULTS

Effects of rhIFN«-2b on VK2/EGE7 Cell
Viability

To mimic the clinical situations in which antibiotics or
antifungals may be safe and well-tolerated in the human
body, rhIFNa-2b was used to treat VK2 cultures for 24 h to

determine whether the concentrations of 0, 1.25, 2.5, 5, and
10 mg/mL of rhIFNa-2b would adversely affect VEC growth
(Figure 1). As shown in Figure 1, after 24 h treatment, high
doses (>1.25 mg/mL) of rhIFNa-2b did have a significant
inhibitory effect on VEC viability and growth, while there were
no significant effects observed in the presence of low doses (0 and
1.25 mg/mL). ICjy as calculated by SPSS 13.0 was 1.25 mg/mL.
This dose was defined as a safe dose with little toxic side effects
and the highest concentration at which there were no effects of
rhIFNw-2b on cell viability (>90% survival) (Namiecinski et al.,
2004; Qiao et al., 2013). Thus, 24 h treatment with a dose of
rhIFNa-2b up to 1.25 mg/mL exhibited no cytotoxic effect on the
VK2 cells, and was selected for further experiments.

rhiIFN«-2b Modulates Cytokine Release

by Human VECs

The level of IL-2, IL-4, IL-6, IL-8, and IL-17 production by VK2
cells was determined after 12 h of challenge with C. albicans. All
of the cytokines listed above were significantly down-regulated
compared to the control group (IL-2: P = 0.006; other ILs:
P < 0.0001). In particular, IL-2 and IL-17 declined 0.82-fold
from baseline levels of 46.81 £ 3.07 pg/mL (P = 0.006) and
0.51-fold from 60.03 £ 2.71 pg/mL (P < 0.0001), respectively
(Figure 2). When treated with 1.25 mg/mL rhIFNa-2b alone,
the level of IL-2 (67.67 £+ 1.99 pg/mL, P < 0.0001), and IL-17
(71.84 £ 1.92 pg/mL, P < 0.0001) were significantly up-regulated,
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FIGURE 3 | Effect of rhIFN«-2b on the production of vaginal
epithelial-derived IgG (expressed in pg/mL) by the VEC line, VK2/E6E7
cells. Supernatants were collected, and the IgG levels were assessed by
performing an ELISA after 12 h of infection and a subsequent 24 h of
co-incubation with rhIFNa-2b. V represents the VECs cultivated alone; V+I
represents the VECs co-incubated with 1.25 mg/mL of rhIFNa-2b for 24 h;
V+C represents the VECs infected with C. albicans for 12 h; V+C+l represents
the VECs infected with C. albicans for 12 h, then treated with 1.25 mg/mL of
rhiIFNa-2b for another 24 h. ***, significant difference compared to the V
group (P < 0.0001); **, significant difference compared to the V+C group

(P = 0.004). Each sample was repeated three times. The error bars indicate
the standard deviation.
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while the level of IL-4 (31.70 £ 0.78 pg/mL, P < 0.0001),
and IL-8 (22.37 & 0.75 pg/mL, P < 0.0001) were significantly
down-regulated. Moreover, when rhIFNa-2b was added 12 h
post-challenge with C. albicans, IL-2 and IL-17 were significantly
up-regulated when compared with the untreated vaginal cells
infected with C. albicans (45.87 £ 3.04 pg/mL, P = 0.011 and
57.32 + 1.63 pg/mL, P < 0.0001, respectively). In addition,
the level of IL-4 production exhibited significant up-regulation
(46.04 £ 0.62 pg/mL, P < 0.0001) compared to the untreated
vaginal cells infected with C. albicans (Figure 2). We determined
the Th1/Th2 balance by calculating the IL-2/IL-4 ratio (Netea
et al., 2002, Table 1).

The Regulation Pattern of VEC-derived

IgG by rhIFN«-2b
To determine whether RhIFNa-2b had an effect on IgG and
sIgA secretion by VECs, the production of epithelial-derived
IgG and sIgA was compared between the treated and untreated
vaginal cells infected with C. albicans (Figure 3). However, sIgA
previously assumed to be the most abundant Ig isotype secreted
by VECs was undetectable in our study (Data not shown).
Surprisingly, we found that VECs spontaneously secrete
epithelial-derived IgG under baseline conditions (Figure 3).
The baseline level of IgG secreted by the VK2 cells was
0.64 & 0.13 pg/mL, which increased to 0.81 £ 0.16 pg/mL when

the cells were treated with rhIFNa-2b alone (P = 0.126) and
dropped sharply to 0.24 £ 0.02 pg/mL following C. albicans
infection (P = 0.004). The level of IgG was found to change
minimally following the co-inoculation of rhIFNa-2b following
infection compared to the untreated vaginal cells infected with
C. albicans (0.24 = 0.02 vs. 0.15 £ 0.13, P = 0.402).

rhiIFNa-2b Promotes the Repair
of Infected Cells

We examined the interactions between rhIFNa-2b on
C. albicans-infected VECs using SEM. Microvilli are actin-based
structures found on the apical aspect of many epithelial cells, and
differ in function and characteristic morphology based on type
(Sauvanetetal., 2015). The VK2 cells were covered with microvilli
or microvilli crests (net-like membrane ruffles; Figure 4A). After
12 h of infection, large amounts of blastoconidia adhered to
the surface of the infected cells and germinated to produce
pseudohyphae penetrating into the VK2 cells (Figure 4B).
Significant differences were noted in the number of living VK2
cells, dead VK2 cells, pseudohyphae, and blastospores after
12 h of infection under SEM (magnification x 2000) compared
with the uninfected condition (P < 0.0001; Figure 5 and
Table 2).

However, rhIFNa-2b treatment significantly reduced
the number of invasive blastoconidia and pseudohyphae

S

S-3400N 5.00kV 5.6mm x3.00k SE 6/7/2016 15:42

arrows.

FIGURE 4 | Effect of rhIFN«-2b on VEC-mediated anti-Candida activity. SEM of the control cells (A), C. albicans infected cells at 12 h (B), and rhIFNa-2b
treated cells (C,D). (C,D) represent the VECs infected with C. albicans for 12 h, then treated with 1.25 mg/mL rhIFNa-2b for another 24 h. Microvilli are indicated by
small red arrows, filopodia are indicated with a small yellow arrow, pseudohyphae are indicated with a small blue arrow, and living VK2 cells indicated with white
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(Figures 4C,D). Moreover, thIFNa-2b could both effectively
inhibit the adhesion, hyphal formation, and proliferation of
C. albicans, but could also notably restore VEC morphology and
viability. Significant differences were noted in the number of
living VK2 cells, dead VK2 cells, pseudohyphae, and blastospores
after rhIFNa-2b treatment under SEM (magnification x 2000)
compared with the infected condition (P < 0.0001; Figure 5 and
Table 2). In contrast, there was no significant difference between
the uninfected and treated conditions (P = 0.441, P = 1.000,
P =0.647, and P = 0.448, respectively).

Pseudopodia, including filopodia and lamellipodium, are
specialized actin subcellular structures which mediate cellular
adhesion, migration, and transmigration through cell and matrix
barriers (Schachtner et al., 2013). The treated adherent epithelial
cells gradually assumed a more thallus-like morphology and
completely stretched, maintaining an intact cell membrane,
and exhibiting filopodia fusion to produce a lamellipodium.
C. albicans is capable of stimulating epithelial cells to produce
pseudopod-like structures that surround the fungus and draw it
into the cell in a process that may be one of the mechanisms used
for epithelial cell invasion (Phan et al., 2007). Furthermore, the
initially observed invasive blastoconidia and pseudohyphae were
significantly reduced or completely absent in these treated VECs.
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FIGURE 5 | Effect of rhIFN«-2b on VECs and C. albicans. The number of
living cells, dead cells, hypha, and blastospores were evaluated by counting
30 consecutive fields under SEM (magnification x 2000) after 12 h of infection
and a subsequent 24 h of co-incubation with rhIFNa-2b. V represents the
VECs cultivated alone; V+C represents the VECs infected with C. albicans for
12 h; V+C+l represents the VECs infected with C. albicans for 12 h, then
treated with 1.25 mg/mL of rhIFNa-2b for another 24 h. ***, significant
difference compared to the V group and V+C+I (P < 0.0001). The error bars
indicate the standard deviation.

DISCUSSION

According to different sources and antigenicity, IFN can be
divided into three distinct types: IFNa, IFNB, and INFy. IFNa
is primarily derived from T cells, B cells, NK cells, and
macrophages, is also called leukocyte IFN, and belongs to the
family of type I IFNs. Currently, human IFNa is one the
first IFNs produced by recombinant DNA technology, and has
been extensively demonstrated to regulate the immune system
and induce a potent innate immune response against various
types of infectious diseases (Tian et al, 2013; McNab et al,
2015).

Due to its immunotherapeutic effect against viral infection,
IFNo has been synthetically produced in different forms as
a therapeutic drug, including rhIFNa-2b in a hydrophilic gel
(Syed and Ahmadpour, 1998). Increasing evidence shows that for
external use, this novel immune regulating agent can:(1) induce
the production of endogenous IFNs; thus, regulating immune
function, enhancing the phagocytic function of macrophages, and
effectively improving the local vaginal immunity (Smeekens et al.,
2013); (2) promote the synthesis of antiviral proteins which play
a vital role in mediating antiviral effects (Zhao et al., 2016); (3)
inhibit tumor cell proliferation and the suppression of oncogenes,
inducing cellular apoptosis through mitochondria-, ER stress-,
and death receptor-induced apoptotic pathways (Shi et al., 2016);
and (4) exert estrogen-like effects via estrogen receptor f subtypes
(Niu et al., 2015), thereby improving the micro-environment
of the vagina and promoting the regeneration of the squamous
epithelium. VVC is most commonly observed in individuals
with immune defects, a compromised immune system, or
following the use of estrogen analogous to immunocompromised
settings (De Repentigny, 2004; Naglik et al., 2008). Therefore,
the application of adjunctive immunotherapy to improve host
defense is an attractive strategy to improve the outcome of
patients with VVC (Delsing et al., 2014).

The balance between Thl and Th2 cytokines is important
during the initiation of an immune response against C. albicans.
In particular, a Thl cytokine response is associated with
resistance to candidiasis, whereas a Th2 response results in
promoting a humoral, proinflammatory response associated with
increased susceptibility to infection (Netea et al, 2002). In
addition to Thl and Th2 cell responses, the role of the Th17
subset in host defense against fungi has become increasingly
evident (Hernandez-Santos and Gaffen, 2012). Moreover, Th17
cells that produce IL-17 are crucial for protection against oral or
mucocutaneous candidiasis (Curtis and Way, 2009).

TABLE 2 | Quantification of VK2 cells, hypha, and blastospores (SEM, magnification x 2000).

Counts \" V+C V+C+l F-value P-value
Living cells 2.63 +0.189 0.33 + 0.100 2.43 +1.278 48.700 <0.0001*
Dead cells 0.00 + 0.000 1.30 £ 0.199 0.00 + 0.000 42.866 <0.0001*
Hypha 0.00 + 0.000 7.93 £ 0.527 0.20 + 0.074 216.528 <0.0001*
Blastospores 0.00 + 0.000 7.13 +£0.848 0.583 +0.124 64.494 <0.0001*

V represents the VECs cultivated alone; V+C represents the VECs infected with C. albicans for 12 h; V/+C+I represents the VECs infected with C. albicans for 12 h, then

treated with 1.25 mg/mL of rhIFNa-2b for another 24 h. *P < 0.0001.
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According to our results, when VK2/E6E7 cells were infected
with C. albicans, the production of all cytokines, especially IL-17,
was significantly dampened. However, following treatment with
rhIFNa-2b, the level of all cytokines (i.e., IL-2, IL-4, and IL-17)
was significantly increased compared to the infected control.
When treated with rhIFNa-2b alone, an increase in the balance
of the Th1/Th2 ratio reflected the enhanced cell-mediated
protection against C. albicans with a Th1-biased response. Our
results indicate that rhIFNa-2b can indirectly up-regulate local
vaginal cellular immunity prior to infection, enabling a rapid
response to C. albicans and provide enhanced protection within
the vaginal microenvironment. The up-regulation of IL-2, IL-4,
and IL-17 with a reduced Th1/Th2 ratio was observed following
treatment with rhIFNa-2b after C. albicans infection, which
appeared to promote a Thl7-biased response. Our data are
in line with the previous finding that rhIFNa-2b initiates an
early Th17-type innate immune response in VECs following
C. albicans infection through promoting the production of
granulocyte colony-stimulating factor, antimicrobial peptides,
CXC chemokines, and recruiting neutrophil granulocytes during
inflammation (Ouyang et al., 2008).

To date, Igs have been found to be produced by only
differentiated B lymphocytes. However, recent evidence has
demonstrated that non-B cancer cells and normal non-B cells
are capable of producing Igs (Qiu et al, 2013). In addition,
our previous research has also confirmed that normal VECs
can secrete a type of functional non-B IgG rather than sIgA,
challenging the classical concept that B cells are the only source
of Ig (Li et al., 2016). Our study also confirms that non-B IgG
expressed by VECs can be up-regulated following treatment with
rhIFNa-2b alone. This form of IgG appears to be involved in the
innate immune response of the vagina against mycotic infections,
similar to the traditional IgG expressed by B cells, by recognizing
foreign pathogens, neutralizing them directly, or activating other
immune cells for their removal (Jiang et al., 2015). However, a
reduction in IgG production was observed following rhIFNa-2b
treatment post-C. albicans infection, which is interpreted as being
due to decreased production by the VECs. Further studies should
ascertain if vaginal epithelial-derived IgG participates in the local
mucosal immunity of the vagina.

In this study, we used SEM to investigate the interaction
between C. albicans and VECs. Our data suggest that C. albicans
invades VECs via the induction of endocytosis and active
penetration (Dalle et al., 2010). When treated with rhIFNa-2b for

REFERENCES

Armstrong-James, D., and Harrison, T. S. (2012). Immunotherapy for fungal
infections. Curr. Opin. Microbiol. 15, 434-439. doi: 10.1016/j.mib.2012.06.001

Baggiolini, M., and Clark-Lewis, I. (1992). Interleukin-8, a chemotactic and
inflammatory cytokine. FEBS Lett. 307, 97-101.

Barkhof, F., Polman, C. H., Radue, E. W., Kappos, L., Freedman, M. S., Edan, G.,
et al. (2007). Magnetic resonance imaging effects of interferon beta-1b in
the BENEFIT study: integrated 2-year results. Arch. Neurol. 64, 1292-1298.
doi: 10.1001/archneur.64.9.1292

Basu, S., Quilici, C., Zhang, H. H., Grail, D., and Dunn, A. R. (2008). Micelacking
both G-CSF and IL-6 are more susceptible to Candida albicans infection: critical

24 h compared to infectious conditions, fungal viability appears
to decline significantly as denoted by decreased C. albicans
adhesion, invasion, and cellular injury. Furthermore, treated
epithelial cells gradually become more thallus and completely
stretched, exhibiting filopodia fusion and the production of a
lamellipodium. The lamellipodium is a cytoskeletal protein actin
projection on the leading edge of the cell, representing the
mobility and the ability to repair from injury (Liu et al., 2015).

CONCLUSION

Our data suggest an important protective role of type I IFN
responses in the protective host response against yeast via:
(1) stimulating the production of various functional cytokines
by up-regulating IL-2 related cellular immunity and the IL-17
pathway; (2) increasing the secretion of vaginal epithelial-derived
IgG, regulating antibody-mediated protection which plays an
indispensable role in mucosal immunity against vaginitis; (3)
effectively inhibiting the adhesion, hyphal formation, and
proliferation of C. albicans; and (4) enhancing the mobility and
the repair ability of the VECs. Further studies should explore
the various molecular mechanisms and signaling pathways in the
type I IFN responses against yeast.

AUTHOR CONTRIBUTIONS

The main experimental conception and design: ZL; Performed
the experiments: TL and XN; Analyzed the data and contributed
reagents: TL, XN, and ZL; Writing the manuscript: TL and XN.
All the authors approved the final version.

FUNDING

This work was supported by a grant from the National Natural
Science Foundation of China [grant number 81571394].

ACKNOWLEDGMENT

The authors would like to thank Dr. Xiaoyan Qiu for providing
helpful comments for the paper.

role of neutrophils in defense against Candida albicans. Growth Factors 26,
23-34. doi: 10.1080/08977190801987513

Biondo, C., Signorino, G., Costa, A., Midiri, A., Gerace, E., Galbo, R,, et al.
(2011). Recognition of yeast nucleic acids triggers a host-protective type I
interferon response. Eur. J. Immunol. 41, 1969-1979. doi: 10.1002/eji.201
141490

Borish, L. C., and Steinke, J. W. (2003). Cytokines and chemokines. J. Allergy Clin.
Immunol. 111, S460-S475.

Brown, G. D., Denning, D. W,, and Levitz, S. M. (2012). Tackling human fungal
infections. Science 336, 647. doi: 10.1126/science.1222236

Cole, A. M. (2006). Innate host defense of human vaginal and cervical mucosae.
Curr. Top. Microbiol. Immunol. 306, 199-230.

Frontiers in Microbiology | www.frontiersin.org

April 2017 | Volume 8 | Article 697


https://doi.org/10.1016/j.mib.2012.06.001
https://doi.org/10.1001/archneur.64.9.1292
https://doi.org/10.1080/08977190801987513
https://doi.org/10.1002/eji.201141490
https://doi.org/10.1002/eji.201141490
https://doi.org/10.1126/science.1222236
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Lietal

IFNa-2b Promotes Vaginal Candida Defense

Curtis, M. M., and Way, S. S. (2009). Interleukin-17 in host defence against
bacterial, mycobacterial and fungal pathogens. Immunology 126, 177-185.
doi: 10.1111/§.1365-2567.2008.03017.x

Dalle, F., Wichtler, B., LOllivier, C., Holland, G., Bannert, N., Wilson, D., et al.
(2010). Cellular interactions of Candida albicans with human oral epithelial
cells and enterocytes. Cell. Microbiol. 12, 248-271. doi: 10.1111/j.1462-5822.
2009.01394.x

De Repentigny, L. (2004). Animal models in the analysis of Candida host-pathogen
interactions. Curr. Opin. Microbiol. 7, 324-329. doi: 10.1016/j.mib.2004.06.001

Delsing, C. E., Gresnigt, M. S., Leentjens, J., Preijers, F., Frager, F. A., Kox, M., et al.
(2014). Interferon-gamma as adjunctive immunotherapy for invasive fungal
infections: a case series. BMC Infect. Dis. 14:166. doi: 10.1186/1471-2334-14-
166

Hernéndez-Santos, N., and Gaffen, S. L. (2012). Th17 cells in immunity to Candida
albicans. Cell Host Microbe 11, 425-435. doi: 10.1016/j.chom.2012.04.008

Hu, F., Zhang, L., Zheng, J., Zhao, L., Huang, J., Shao, W., et al. (2012). Spontaneous
production of immunoglobulin m in human epithelial cancer cells. PLoS ONE
7:¢51423. doi: 10.1371/journal.pone.0051423

Jiang, D., Ge, J., Liao, Q., Ma, J., Liu, Y., Huang, J., et al. (2015). IgG and IgA
with potential microbial-binding activity are expressed by normal human skin
epidermal cells. Int. J. Mol. Sci. 16, 2574-2590. doi: 10.3390/ijms16022574

Katter, I, Gunaydin, I., Zierhut, M., and Stiibiger, N. (2004). The use of interferon
alpha in Behget disease: review of the literature. Semin. Arthritis. Rheum. 33,
320-335.

Leibund Gut-Landmann, S., Wuthrich, M., and Hohl, T. M. (2012). Immunity to
fungi. Curr. Opin. Immunol. 24, 449-458. doi: 10.1016/§.c0i.2012.04.007

Li, T,, Niu, X,, Zhang, X., Wang, S., and Liu, Z. (2016). Baofukang suppository
promotes the repair of vaginal epithelial cells in response to Candida albicans.
AMB Express 6,109. doi: 10.1186/s13568-016-0281-1

Liang, S. C,, Tan, X. Y., Luxenberg, D. P., Karim, R., Dunussi-Joannopoulos, K.,
Collins, M., et al. (2006). Interleukin (IL)-22 and IL-17 are coexpressed by Th17
and cooperatively enhance expression of antimicrobial peptides. J. Exp. Med.
203, 2271-2279. doi: 10.1084/jem.20061308

Liu, S., Xiong, X., Zhao, X., Yang, X., and Wang, H. (2015). F-BAR family proteins,
emerging regulators for cell membrane dynamic changes-from structure to
human diseases. J. Hematol. Oncol. 8:47. doi: 10.1186/s13045-015-0144-2

McClelland, R. S., Richardson, B. A., Hassan, W. M., Graham, S. M., Kiarie, J.,
Baeten, J. M., et al. (2009). Prospective study of vaginal bacterial flora and
other risk factors for vulvovaginal candidiasis. J. Infect. Dis. 199, 1883-1890.
doi: 10.1086/599213

McNab, F., Mayer-Barber, K., Sher, A., Wack, A., and O’Garra, A. (2015). Type I
interferons in infectious disease. Nat. Rev. Immunol. 15, 87-103. doi: 10.1038/
nri3787

Naglik, J. R., Fidel, P. L. Jr., and Odds, F. C. (2008). Animal models of mucosal
Candida infection. FEMS Microbiol. Lett. 283, 129-139. doi: 10.1111/j.1574-
6968.2008.01160.x

Namiecinski, M., Pulaski, L., Kochman, A., Skolimowski, J., Bartosz, G., and
Metodiewa, D. (2004). Cytotoxicity, cytoprotection and neurotoxicity of novel
deprenyl-related propargylamines, stable nitroxide free radicals, in vitro and
in vivo. In Vivo 18, 171-180.

Netea, M. G., van der Graaf, C. A, Vonk, A. G., Verschueren, I., van der Meer, J]. W.,
and Kullberg, B. J. (2002). The role of Toll-like Receptor (TLR) 2 and TLR4 in
the host defense against disseminated candidiasis. J. Infect. Dis. 185, 1483-1489.
doi: 10.1086/340511

Niu, X. L., Wang, Y., Yao, Z., Duan, H., Li, Z., Liu, W., et al. (2015). Autocrine
interferon-y may affect malignant behavior and sensitivity to tamoxifen
of MCF-7 via estrogen receptor § subtype. Oncol. Rep. 34, 3120-3130.
doi: 10.3892/0r.2015.4294

Onishi, R. M., and Gaffen, S. L. (2010). Interleukin-17 and its target genes:
mechanisms of interleukin-17 function in disease. Immunology 129, 311-321.
doi: 10.1111/§.1365-2567.2009.03240.x

Ouyang, W., Kolls, J. K., and Zheng, Y. (2008). The biological functions of
T helper 17 cell effector cytokines in inflammation. Immunity 28, 454-467.
doi: 10.1016/j.immuni.2008.03.004

Phan, Q. T., Myers, C. L., Fu, Y., Sheppard, D. C., Yeaman, M. R., Welch, W. H.,
et al. (2007). Als3 is a Candida albicans invasin that binds to cadherins and

induces endocytosis by host cells. PLoS. Biol. 5:e64. doi: 10.1371/journal.pbio.
0050064

Qiao, B., Kerr, M., Groselj, B., Teo, M. T., Knowles, M. A., Bristow, R. G,,
et al. (2013). Imatinib radiosensitises bladder cancer by targeting homologous
recombination. Cancer Res. 73, 1611-1620. doi: 10.1158/0008-5472.CAN-12-
1170

Qiu, X., Sun, X., He, Z., Huang, J., Hu, F., Chen, L., et al. (2013). Immunoglobulin
gamma heavy chain gene with somatic hypermutation is frequently expressed
in acute myeloid leukemia. Leukemia 27, 92-99. doi: 10.1038/leu.2012.184

Romani, L. (1999). Immunity to Candida albicans: Thl, Th2 cells and beyond.
Curr. Opin. Microbiol. 2, 363-367. doi: 10.1016/S1369-5274(99)80064-2

Sauvanet, C., Wayt, J., Pelaseyed, T., and Bretscher, A. (2015). Structure, regulation,
and functional diversity of microvilli on the apical domain of epithelial cells.
Annu. Rev. Cell. Dev. Biol. 31, 593-621. doi: 10.1146/annurev- cellbio-100814-
125234

Schachtner, H., Calaminus, S. D., Thomas, S. G., and Machesky, L. M. (2013).
Podosomes in adhesion, migration, mechanosensing and matrix remodeling.
Cytoskeleton 70, 572-589. doi: 10.1002/cm.21119

Shi, W. Y., Cao, C., and Liu, L. (2016). Interferon o induces the apoptosis of cervical
cancer HeLa cells by activating both the intrinsic mitochondrial pathway
and endoplasmic reticulum stress-induced pathway. Int. J. Mol. Sci. 17:E1832.
doi: 10.3390/ijms17111832

Smeekens, S. P., Ng, A., Kumar, V., Johnson, M. D., Plantinga, T. S., van
Diemen, C., et al. (2013). Functional genomics identifies type I interferon
pathway as central for host defense against Candida albicans. Nat. Commun.
4, 1342. doi: 10.1038/ncomms2343

Sobel, J. D. (1997). Vaginitis. N. Engl. J. Med. 337, 1896-1903.

Spear, G. T., Zariffard, M. R., Cohen, M. H.,, and Sha, B. E. (2008). Vaginal
IL-8 levels are positively associated with Candida albicans and inversely
with lactobacilli in HIV-infected women. J. Reprod. Immunol. 78, 76-79.
doi: 10.1016/j.jri.2007.11.001

Syed, T. A., and Ahmadpour, O. A. (1998). Human leukocyte derived interferon
-alpha in a hydrophilic gel for the treatment of intravaginal warts in
women: a placebo-controlled, double-blind study. Int. J. STD AIDS. 9,
769-772.

Tian, S., Li, Q., Yao, W., and Xu, C. (2013). Construction and characterization
of a potent, long-lasting recombinant human serum albumin-interferon ol
fusion protein expressed in Pichia pastoris. Protein Expr. Purif. 90, 124-128.
doi: 10.1016/j.pep.2013.05.002

Tweezer-Zaks, N., Rabinovich, E., Lidar, M., and Livneh, A. (2008). Interferon
alpha as a treatment modality for colchicine-resistant familial Mediterranean
fever. J. Rheumatol. 35, 1362-1365.

Wang, Y., Chen, B., Wang, Z., Zhang, W., Hao, K., Chen, Y., et al. (2016).
Marsdenia tenacissimae extraction (MTE) inhibits the proliferation and induces
the apoptosis of human acute T cell leukemia cells through inactivating
PI3K/AKT/mTOR signaling pathway via PTEN enhancement. Oncotarget 7,
82851-82863. doi: 10.18632/oncotarget.12654

Zhao, L.J., He, S. F., Liu, Y., Zhao, P., Bian, Z. Q., and Qi, Z. T. (2016). Inhibition
of STAT pathway impairs anti-hepatitis C virus effect of interferon alpha. Cell.
Physiol. Biochem. 40, 77-90. doi: 10.1159/000452526

Zimmerer, J. M., Lesinski, G. B., Ruppert, A. S., Radmacher, M. D., Noble, C.,
Kendra, K., et al. (2008). Gene expression profiling reveals similarities
between the in vitro and in vivo responses of immune effector cell to
IFN-alphal. Clin. Cancer Res. 14, 5900-5906. doi: 10.1158/1078-0432.CCR-
08-0846

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Li, Niu, Zhang, Wang and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

April 2017 | Volume 8 | Article 697


https://doi.org/10.1111/j.1365-2567.2008.03017.x
https://doi.org/10.1111/j.1462-5822.2009.01394.x
https://doi.org/10.1111/j.1462-5822.2009.01394.x
https://doi.org/10.1016/j.mib.2004.06.001
https://doi.org/10.1186/1471-2334-14-166
https://doi.org/10.1186/1471-2334-14-166
https://doi.org/10.1016/j.chom.2012.04.008
https://doi.org/10.1371/journal.pone.0051423
https://doi.org/10.3390/ijms16022574
https://doi.org/10.1016/j.coi.2012.04.007
https://doi.org/10.1186/s13568-016-0281-1
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1186/s13045-015-0144-2
https://doi.org/10.1086/599213
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/nri3787
https://doi.org/10.1111/j.1574-6968.2008.01160.x
https://doi.org/10.1111/j.1574-6968.2008.01160.x
https://doi.org/10.1086/340511
https://doi.org/10.3892/or.2015.4294
https://doi.org/10.1111/j.1365-2567.2009.03240.x
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1371/journal.pbio.0050064
https://doi.org/10.1371/journal.pbio.0050064
https://doi.org/10.1158/0008-5472.CAN-12-1170
https://doi.org/10.1158/0008-5472.CAN-12-1170
https://doi.org/10.1038/leu.2012.184
https://doi.org/10.1016/S1369-5274(99)80064-2
https://doi.org/10.1146/annurev-cellbio-100814-125234
https://doi.org/10.1146/annurev-cellbio-100814-125234
https://doi.org/10.1002/cm.21119
https://doi.org/10.3390/ijms17111832
https://doi.org/10.1038/ncomms2343
https://doi.org/10.1016/j.jri.2007.11.001
https://doi.org/10.1016/j.pep.2013.05.002
https://doi.org/10.18632/oncotarget.12654
https://doi.org/10.1159/000452526
https://doi.org/10.1158/1078-0432.CCR-08-0846
https://doi.org/10.1158/1078-0432.CCR-08-0846
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Recombinant Human IFNα-2b Response Promotes Vaginal Epithelial Cells Defense against Candida albicans
	Introduction
	Materials And Methods
	Materials
	Cell Line and Culture
	Cell Treatment
	Cytotoxic Assay
	Enzyme-linked Immunosorbent Assay (ELISA)
	Scanning Electron Microscopy (SEM)
	Statistical Analysis

	Results
	Effects of rhIFNα-2b on VK2/E6E7 Cell Viability
	rhIFNα-2b Modulates Cytokine Release by Human VECs
	The Regulation Pattern of VEC-derived IgG by rhIFNα-2b
	rhIFNα-2b Promotes the Repair of Infected Cells

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgment
	References


