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a  b  s  t  r  a  c  t

Candida  albicans  is responsible  for the  majority  of  cases  of  vulvovaginal  candidiasis  (VVC),  an  infection
which  occurs  mainly  during  the  luteal  phase  of the  menstrual  cycle  or during  the  pregnancy,  when  levels
of progesterone  are  elevated.  One  of  the  most  important  candidal  virulence  factors  is  the  ability  to adhere
to  host  surfaces  and  form  biofilms.

The aim  of this  study  was  to determine  the  influence  of  progesterone  on  C. albicans  virulence,  namely
biofilm  formation  and colonisation/invasion  of a  reconstituted  human  vaginal  epithelium  (RHVE).  Biofilm
formation  on  the  RHVE  was  evaluated  by enumeration  of culturable  cells,  total  mass  quantification  and
scanning  electron  microscopy.  The  capacity  of C. albicans  strains  to  invade  and  colonise  the tissue  was
examined  by  fluorescence  microscopy  using  species-specific  peptide  nucleic  acid  (PNA)  probe  hybrid-
isation,  and  quantitatively  evaluated  by  RT-PCR  Candida  quantification  methodology.  Furthermore,  gene
(BCR1  and  HWP1)  expression  of  biofilm  and  RHVE-colonising  cells  was  evaluated  by quantitative  RT-PCR.

Results  confirmed  that  progesterone  reduced  the  capacity  of  C. albicans  strains  to  form  biofilms  and  to
colonise  and  invade  RHVE.  Additionally,  it was  demonstrated  that  progesterone  decreased  expression  of
BCR1 and HWP1,  which  are  important  virulence  determinants  of  C. albicans.  In  conclusion,  it was  evident
that  progesterone  can  have  a  major  influence  on  C.  albicans  pathogenicity  on vaginal  epithelial  cells  and
may  partly  explain  susceptibility  of  women  to  VVC  at different  stages  of  the  menstrual  cycle.
ntroduction

Yeast species of the genus Candida are responsible for 70–90%
f human fungal infections, with Candida albicans accounting for
pproximately 50% of all yeasts isolated from clinical samples
Eggimann et al., 2003). Interestingly, there has been a notable
ncrease in the relative proportion of infections caused by non-
andida albicans Candida (NCAC) species (Trick et al., 2002).
owever, C. albicans is still regarded to be the most virulent Candida

pecies. Infection with C. albicans represents an important public
ealth challenge with high economic and medical relevance due to
he increased costs of care, time of hospitalisation and high levels of

orbidity and mortality rates, especially in immunocompromised

atients (Sardi et al., 2013).

Vulvovaginal candidiasis (VVC) is an opportunistic fungal infec-
ion, caused by Candida species, that affects between 29 and 45%
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of healthy women during their lifetime in European countries
(Foxman et al., 2013) and approximately 75% of women of gestation
age in the United States (Sobel, 1992; Sobel et al., 1998).

The pathogenesis of VVC involves the initial adherence of the
yeast to the vaginal mucosa, followed by asymptomatic coloni-
sation, ultimately leading to infection (symptomatic vaginitis)
(Taguti Irie et al., 2006). This occurs when the colonisation site
of the host becomes favourable to the growth of yeast, which
is normally restricted to asymptomatic colonisation and limited
by immunological host responses. Conditions associated with
enhanced colonisation include host immunosuppression, diabetes
mellitus and pregnancy. The use of antibiotics and oral contra-
ceptives that contain high levels of oestrogen also seem to be
contributory predisposing factors (Sobel, 1992; Spinillo et al.,
1999). In the absence of these factors, clinical observations show
that VVC occurs predominantly during the luteal phase of the
menstrual cycle, when levels of progesterone and oestrogen are
elevated. In contrast, pre-menstrual girls and post-menopausal

women who are not receiving hormone replacement therapy,
rarely exhibit VVC (Kalo and Segal, 1988). However, the mecha-
nisms by which these hormones act in VVC are not fully known
(Fidel et al., 2000; Miller et al., 2000).
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Amongst the putative virulence factors of Candida are the abil-
ty to express adhesins to adhere to host tissues and also produce
iofilms (Ramage et al., 2005). Biofilms are microbial communities
ssociated with biotic or abiotic solid surfaces. Cells in a biofilm
isplay phenotypes that are distinct from their free-living coun-
erparts, including increased resistance to typical antifungal drugs
Douglas, 2003; Ramage et al., 2012). Biofilm formation is, in part,
ependent upon expression of the C. albicans transcription fac-
or biofilm cell wall regulator (BCR1) (Fanning et al., 2012). Host
ell recognition and colonisation by Candida is also facilitated by
dhesins, such as hyphal wall protein (HWP) (Calderone and Gow,
002), which is expressed by the hyphal form of C. albicans. Impor-
antly, the effect of progesterone on expression of these virulence
actors is not known and could be a contributory influence on Can-
ida biofilm formation and vaginal human epithelial colonisation
nd invasion.

This current work aimed to investigate the influence of proges-
erone on C. albicans biofilm formation on a reconstituted human
aginal epithelium (RHVE). The colonisation/invasion of this tissue
y C. albicans was assessed together with the expression of BCR1
nd HWP1 during C. albicans biofilm development.

aterial and methods

rganisms and growth conditions

Two Candida albicans strains were used in this work, which were
 reference strain C. albicans ATCC 90028 from the American Type
ulture Collection (ATCC) and a vaginal isolate, namely C. albicans
58234, acquired from the biofilm group of the Centre of Biological
ngineering, Minho University (Braga, Portugal) and previously iso-
ated from a patient of the Hospital of S. Marcos, Braga, Portugal. The
dentity of the isolate was confirmed using CHROMagar®Candida
CHROMagar, France) and by PCR-based sequencing using spe-
ific primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4
5′-TCCTCCGCTTATTGATATGC-3′) (Williams et al., 1995).

All Candida strains were subcultured on Sabouraud dextrose
gar (SDA; Merck, Germany) at 37 ◦C for 48 h. An inoculum of
ach strain, obtained from SDA plates, was suspended in 20 mL
f Sabouraud dextrose broth (SDB; Merck, Germany) and incu-
ated at 37 ◦C for 18 h under agitation (120 rev/min). Then, the
ells were harvested by centrifugation at 3000 × g for 10 min  at
◦C and washed twice with 15 mL  of phosphate buffered saline

PBS; pH 7). Pellets were suspended in RPMI (Sigma, St Louis,
O), buffered to pH 4.0 and the cellular density adjusted for each

xperiment, using a Neubauer haemocytometer (Marienfeld, Land-
önigshofen, Germany).

ffect of progesterone on Candida albicans biofilm formation

In order to study the effect of progesterone on C. albicans
iofilm formation, progesterone (Sigma Saint Louis, Missouri, USA)
as added at the beginning of the biofilm-formation process. To

he wells of 96-well microtiter plates (Orange Scientific, Braine-
’Alleud, Belgium), 200 �L of Candida suspension containing 1 × 107

ells mL−1 with 2 �M of progesterone in RPMI (pH 4) was added.
he progesterone concentration was selected according to the lev-
ls present in the plasma of pregnant women in the third trimester
Nohmi et al., 1995). The microtiter plates were incubated at 37 ◦C
nder agitation (120 rev/min) for 24 h. Yeast cultures without pro-
esterone and controls without Candida were also included, all at

H 4. After incubation, the medium was aspirated and the biofilms
ashed once with 200 �L of PBS to remove non-adherent cells. All

xperiments were performed in triplicate and in a minimum of
hree independent assays.
al Microbiology 304 (2014) 1011–1017

Quantification of cultivable cells from biofilms

Biofilms were physically removed from the wells using a pipette
tip and the suspensions were vigorously vortex mixed for 2 min  to
disaggregate cells. Serial decimal dilutions of recovered cells in PBS
were plated on SDA and incubated for 24 h at 37 ◦C. The results were
presented as total colony forming units (CFUs) per unit area (log10
CFUs cm−2) (Silva et al., 2009).

Quantification of biofilm biomass

Total biofilm biomass was quantified using a crystal violet (CV)
staining methodology (Silva et al., 2009). Biofilms in the microtiter
plate wells were fixed with 200 �L of methanol for 15 min. The
methanol was  removed and the microtiter plates were allowed to
dry at room temperature. A 200-�L volume of crystal violet (CV;
1%, v/v) was  then added to each well. After 5 min, the excess of
CV was removed and the biofilms were gently washed (×2) with
water. Finally 200 �L of acetic acid (33%, v/v) was added to each
well to release and dissolve the CV stain. The absorbance of the CV
solutions was  then measured at 570 nm and results presented as
absorbance per unit area (Abs cm−2).

Characterisation of biofilm structure

The structure of biofilms and morphology of Candida in the
presence and absence of progesterone was also characterised by
scanning electron microscopy (SEM). Preparation of biofilms was
as described above, but 24-well microtiter plates (orange Scien-
tific, Braine-l’Alleud, Belgium) were used. Developed biofilms were
dehydrated with increasing concentrations of ethanol (using 70%
ethanol for 10 min, 95% ethanol for 10 min  and 100% ethanol for
20 min) and then air dried for 20 min. Samples were kept in a des-
iccator until analysis. Prior to observation, the base of the wells
were removed and mounted on aluminium stubs, sputter coated
with gold and imaged using an S-360 scanning electron microscope
(Leo, Cambridge, USA).

Effect of progesterone on Candida albicans colonisation and
invasion of RHVE

RHVE tissues (SkinEthic Laboratories, Lyon, France) were inoc-
ulated for 24 h with 1 mL  of standardised C. albicans suspension
(2 × 106 cells ml−1) prepared in maintenance medium (SkinEthic
Laboratories, Lyon, France) and adjusted to pH 4 in the presence and
absence of 2 �M of progesterone. Tissues devoid of progesterone or
C. albicans were also included. All controls were performed at pH 4.
To determine the effects of progesterone on the measured parame-
ters, the RHVE was  also firstly incubated for 12 h with 1 mL (2 × 106

cells ml−1) of each C. albicans strain in the absence of progesterone.
The tissue was  then washed (×1) with 1 mL  of PBS to remove non-
adherent cells and 1 mL  of maintenance medium with 2 �M of
progesterone was added to each tissue. All infected tissues were
incubated at 37 ◦C in a 5% CO2 environment in a saturated humid-
ity for the required time period. After incubation, tissues were
washed (×2) with 1 mL  of PBS to remove non-adherent Candida. Tis-
sues were then bisected, with one-half being used for fluorescence
microscopy and the other for molecular studies.

Microscopic observation

The RHVE half of the tissue for microscopic analysis was  fixed

in 2% (v/v) formalin and stored at 4 ◦C until histological processing.
Tissues were then dehydrated, cleared and infiltrated with paraffin
wax-embedding material. The formalin-fixed paraffin-embedded
(FFPE) tissues were stored at room temperature. The tissues were
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ut (5 �m sections) and placed on Histobond + coated microscope
lides (Raymond A Lamb, East Sussex, UK), de-waxed and processed
hrough xylene, ethanol and water before peptide nucleic acid
robe hybridization (PNA FISH).

PNA FISH was employed on tissue sections using the Light PNA
ISHTM kit (AdvanDx Inc., Woburn MA,  USA). The species-specific
NA probes were used to ascertain the extent of invasion and
olonisation of the RHVE by C. albicans. The assay was performed in
ccordance with the guidelines of the manufacturer. Tissue sections
n microscope slides were overlaid with one drop of PNA probe.
fter 90 min  of incubation in the dark and in a humidified cham-
er at 55 ◦C, unbound probe was removed by washing the slides
sing a previously warmed wash solution at 55 ◦C for 30 min. The
reparation was then mounted with a medium (Vectashield, Vector

aboratories, California, USA) suitable for fluorescence microscopy,
hich also contained 4′,6-diamidino-2-phenylindole (DAPI) for
etection of epithelial cell nuclei.

Tissue sections (5 �m)  hybridised with PNA probes were
bserved by fluorescence microscopy, using a BX51 Olympus fluo-
escence microscope coupled with a DP71 digital camera (Olympus
ortugal SA, Porto, Portugal). A specific classification scale was used
o express the level of C. albicans RHVE colonisation. Colonisa-
ion categories were as follows: extensive (fungal elements totally
overed the surface); moderate (fungal elements covered a large
roportion of surface) and sparse (fungal elements covered only

imited areas of surface). Similarly, the following categories defined
he level of Candida RHVE invasion: high (fungal elements totally
nvaded all RHVE keratinocytes layers); moderate (fungal elements

oderately invaded the first RHVE top keratinocytes layers) and
ow (fungal elements only formed isolated clusters in the first RHVE
eratinocyte layer).

uantification of Candida cells in RHVE tissue sections

NA extraction

From the remaining FFPE tissue, four tissue sections of 5 �m
ere cut and placed in sterile 1.5-mL microcentrifuge tubes

Eppendorf AG, Hamburg, Germany). Paraffin was  removed using
 mL  of xylene and the tubes vigorously vortexed for 10 s. After cen-
rifugation (13,000 × g for 2 min), the supernatant was discarded
nd the residual xylene removed from the tissue pellet by adding

 mL  of absolute ethanol. After repeated centrifugation, the super-
atant was carefully removed. The tubes were left open for 10 min
t room temperature and DNA for PCR analysis was  extracted from
he tissue pellet using a commercial DNA extraction kit (QIAamp®
NA FFPE Tissue, Qiagen).

uantification of Candida by real-time PCR

Candida albicans were quantified using real-time PCR employ-
ng a CF X96 Real-Time PCR System (Bio-Rad, Berkeley, USA). Each
eaction mixture consisted of 10 �L of working concentration of
soFast EvaGreen Supermix (Bio-Rad, Berkeley, USA), 0.2 �L of each
rimer (50 �M)  designed previously (Table 1)) and 4 �L of DNA,

n a final reaction volume of 20 �L. Negative controls were per-
ormed using a reaction mixture with nuclease free H2O (Cleaver
cientific Ltd, UK) substituting for the template DNA. Template
NA for each positive control was obtained from FFPE tissues after

he step of DNA extraction described above. PCR cycling condi-
ions consisted of an initial denaturation step at 98 ◦C for 2 min,

ollowed by 40 cycles of denaturation at 98 ◦C for 5 s and primer
nnealing at 60 ◦C for 5 s. In each cycle, a dissociation stage of 60 ◦C
as run to generate a melting curve for confirmation of the speci-
city of the amplification product. Calibration curves (Ct vs. log
al Microbiology 304 (2014) 1011–1017 1013

cells) for each C. albicans strain were constructed using the same
PCR protocol as described above. For these, serial dilutions of Can-
dida were prepared using an improved Neubauer haemocytometer
(Marienfeld, Land-Königshofen, Germany) and the DNA for PCR
analysis extracted from the cell pellet using the DNA extraction
kit (QIAamp® DNA FFPE Tissue, Qiagen, Crawley, UK) with some
modifications.

Analysis of HWP1 and BCR1 gene expression in C. albicans
biofilms

Candida RNA extraction

For gene expression analysis, biofilms were prepared in the
presence (2 �M progesterone) and absence of progesterone as
described above, in both microtiter plates and RHVE. In the case of
microtiter plate biofilms, the culture medium was removed and the
wells washed with 1 mL  of PBS (pH 7) to remove non-adherent cells.
The biofilms were then physically removed from wells by scraping
with a pipette tip, and resuspended in 1 mL  of PBS and sonicated
(Ultrasonic Processor, Cole-Parmer, Illinois, USA) for 30 s at 30 W to
separate the cells from the biofilm matrix. Cells were harvested by
centrifugation at 8000 × g for 5 min  at 4 ◦C and collected in a 1.5-mL
microcentrifuge tube (QIAshredder®, Qiagen, Crawley, UK).

For RNA extraction from Candida adhered to tissues, fresh RHVE
tissue was  removed with a scalpel directly from the plastic scaf-
fold and placed in a 1.5-mL microcentrifuge tube (QIAshredder®,
Qiagen, Crawley, UK). To each microcentrifuge tube (QIAshredder®,
Qiagen, Crawley, UK) 600 �L of RLT buffer containing 500 �L of glass
beads (0.5 mm diameter) and 1/100 (v/v) of ˇ-mercaptoethanol
was added. These mixes were homogenised twice for 30 s using
a Mini-Bead-Beater-8 (Stratech Scientific, Soham, UK). After cell
disruption, the PureLink® RNA Mini Kit (Invitrogen, Carlsbad, USA)
was used for total RNA extraction according to the manufacturer’s
recommended protocol. To remove any DNA contamination, sam-
ples were treated with RNase-Free DNase I (Invitrogen, Carlsbad,
USA). The RNA extraction was  performed on three different inde-
pendents assays.

Synthesis of cDNA

To synthesise complementary DNA (cDNA), the iScript cDNA
Synthesis Kit (Bio-Rad) was used according to the manufacturer’s
instructions. For each sample, 0.5 �g of the extracted RNA was used
for cDNA synthesis. cDNA synthesis was performed firstly at 70 ◦C
for 5 min  and then at 42 ◦C for 1 h. The reaction was stopped by
heating for 5 min  at 95 ◦C.

Gene selection and primer design for quantitative real-time PCR

Primers for the ‘housekeeping’ genes (ACT1 alb), and puta-
tive virulence genes (HWP1, BCR1) were designed using
Primer3 web  software (http://fokker.wi.mit.edu). Full-length
gene sequences were obtained from the C. albicans database
http://www.candidagenome.org (Skrzypek et al., 2010). The speci-
ficity of each primer was  confirmed by comparing its respective
sequences to the C. albicans database using BLAST (Altschul et al.,
1997). To verify the specificity of each primer pair for its corre-

sponding target gene, PCR, using the various primer pairs, was
applied to genomic DNA extracted from each of the C. albicans
strains. The sequences of the primers developed in the present
study are provided in Table 1.

http://fokker.wi.mit.edu/
http://www.candidagenome.org/
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Table 1
Forward (FW) and reverse (RV) primers used for real-time PCR.

Sequence (5′ → 3′) Orientation Target

C. albicans identification GAGCGTCGTTTCTCCCTCAAACCGCTGG FW C. albicans
GGTGGACGTTACCGCCGCAAGCAATGTT RW

ACT1 gene TGCTGAACGTATGCAAAAGG FW ACT1
TGAACAATGGATGGACCAGA RV

HWP1 gene TCTACTGCTCCAGCCACTGA FW HWP1
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CCAGCAGGAATTGTTTCCAT 

BCR1 gene GGCTGTCCATGTTGTTGTTG 

GAGCACGCATCTATGGCTTA 

uantitative real-time PCR (qRT-PCR)

qRT-PCR (CF X96 Real-Time PCR System; Bio-Rad, Berkeley,
SA) was used to determine the relative levels of HWP1 and BCR1
RNA transcripts in the biofilm samples, with ACT1 used as a refer-

nce housekeeping gene. Each reaction mixture consisted of 10 �L
working concentration) of SsoFast EvaGreen Supermix (Bio-Rad,
erkeley, USA), 0.2 �L of forward and reverse primers (50 �M)
Table 1), 5.6 �L of dH2O (Cleaver Scientific Ltd, UK), 4 �L of two-
old diluted cDNA samples together with the respective target gene
rimers. Negative controls (dH2O), as well as, non- reverse trans-
riptase controls (NRT) were included in each run. Real-time PCR
as performed with an initial denaturation step at 98 ◦C for 2 min,

ollowed by 40 cycles of denaturation at 98 ◦C for 5 s, and primer
nnealing at 58 ◦C for 5 s. In each cycle, a dissociation stage at 60 ◦C
as run to generate a melting curve for verification of amplifica-

ion product specificity. Control samples were included on each
late to ensure that multiple plates could be compared. The Ct

alue of each sample was determined, and the relative gene expres-
ion levels calculated using the �Ct method (Livak and Schmittgen,
001), which was  normalised to the housekeeping gene (Ct aver-
ge = 25.3 ± 0.36). Each reaction was performed in triplicate and
ean values of relative expression were determined for each gene.

tatistical analysis

Results were compared using a two-way ANOVA with the
onferroni test, using GraphPad Prism 6 software. All tests were
erformed with a confidence level of 95%.

esults

nfluence of progesterone on biofilm formation by Candida

lbicans

Initially, Candida growth curves were determined in RPMI
buffered to pH 4) with and without progesterone and no effect

ig. 1. Cell viability [Log (CFU/cm2)] (A) and absorbance values of (B) crystal violet solut
uffered to pH 4 in absence or presence of 2 �M of progesterone. Error bars represent sta

 �M of progesterone (control) (p < 0.001).
RV
FW BCR1
RV

was observed in the normal yeast growth (data not shown). Then,
biofilm formation of two different C. albicans strains, in the pres-
ence (2 �M)  or absence of progesterone, was  evaluated using CFU
enumeration (Fig. 1 A) and CV staining (Fig. 1B).

It was evident that the presence of progesterone significantly
reduced the biofilm formation of both strains (Fig. 1). The number of
viable cells [log (CFUs/cm2)] (Fig. 1A) decreased by approximately
3log10 in case of C. albicans ATCC 90028 (p < 0.001) and 2log10 in
the case of C. albicans 558234 (p < 0.001). Similarly, a significant
decrease in total biomass values (p < 0.001) occurred in the pres-
ence of progesterone in RPMI medium for both Candida strains
(Fig. 1B).

SEM analysis was  used to examine biofilm structure and to
determine possible differences concerning Candida morphological
characteristics (Fig. 2).

Biofilms of C. albicans exhibited different structures and
cell morphologies depending on culture environment conditions
(Fig. 2). Biofilms formed by both C. albicans strains in the absence of
progesterone exhibited both yeast and hyphal morphology. How-
ever, biofilms of C. albicans ATCC 90028 formed a multilayered
and compact biofilm that covered the entire surface. Biofilms of C.
albicans 558234 consisted of non-contiguous cell aggregates with
less hyphal forms. However, in the presence of 2 �M of proges-
terone, biofilms were greatly reduced in cell number and presence
of hyphal forms.

Expression of the biofilm cell wall regulator 1 (BCR1) and hyphal
wall protein (HWP1) genes were determined in an effort to under-
stand the basis behind the observed biofilm changes following SEM.
Results of these studies are presented in Fig. 3 and expressed as the
mean percentage expression, relative to the expression of ACT1 dur-
ing biofilm formation. ACT1 gene expression levels were constant
in all assays.

The results (Fig. 3) showed that both BCR1 and HWP1  expres-

sion varied in a strain-dependent manner and with the presence
of progesterone. It is important to highlight that in the presence of
progesterone there was a statistically significant (p < 0.001) down
regulation of gene expression for both strains.

ions (Abs CV/cm2) obtained from 24 h biofilm of C. albicans strains formed in RPMI
ndard deviation. ***Statistical difference obtained when compared with absence of
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Fig. 2. Scanning electron microscopy of C. albicans 24-h biofilms formed in RPMI in the absence or presence of 2 �M of progesterone. Original magnification was  ×1000.
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ig. 3. Relative BCR1 (A) and HWP1 (B) expression obtained from 24-h biofilms of 

rror  bars represent standard deviation. ***Statistical difference obtained when com

nfluence of progesterone on RHVE colonisation and invasion by C.
lbicans

Candida albicans colonisation and invasion of RHVE was  exam-
ned after 24 h of infection. Progesterone (2 �M) was  added at two
ifferent time points at the beginning and after 12 h of colonisa-
ion (Fig. 4 and Table 2). The addition of progesterone, at 12 h was
erformed to compare its influence in the development of RHVE

nfection by C. albicans.
The results showed that for both strains and in all conditions

ested, colonisation of the RHVE occurred. However, the degree of
olonisation varied with strain and the presence of progesterone.
andida albicans 558234 (vaginal isolate) exhibited the highest

evel of colonisation (moderate) in the absence of progesterone
Fig. 4D). Under the same environmental conditions, C. albicans
TCC 90028 exhibited sparse colonisation (Fig. 4A). Additionally,
oth C. albicans strains demonstrated sparse colonisation in the
resence of progesterone (Fig. 4B and E). In general, after 24- and
2-h exposure to progesterone, only a few clusters of C. albicans
ere detected on the surface of the RHVE layers (Fig. 4C and F).

urthermore, only C. albicans 558234 appeared to be able to invade

he epithelium (Fig. 4 D and F).

Real-time PCR was used to quantify the number of infecting
. albicans under the different conditions tested (Table 2). qRT-
CR showed that both C. albicans strains were present at higher
cans formed in RPMI (pH 4), in the presence and absence of 2 �M of progesterone.
d with absence of progesterone (p < 0.001).

numbers in the RHVE sections infected without progesterone
(p < 0.001), thereby supporting the findings of the fluorescence
microscopy. There were no discernible differences in terms of Can-
dida quantification when progesterone was added at time point 0
or at 12 h. It was noted that C. albicans 558234 (vaginal strain) was
always present in a higher number than C. albicans ATCC 90028.

HWP1 expression was  measured to better understand the effect
of progesterone on RHVE colonisation and invasion. Fig. 5 presents
the mean n-fold expression levels of HWP1 by C. albicans ATCC
90028 and C. albicans 558234 infecting the RHVE. The controls
represent gene expression in absence of progesterone.

The results presented in Fig. 5, indicate that HWP1 expres-
sion was strain dependent and was  significantly reduced by the
presence of progesterone (p < 0.001). HWP1 expression was
dependent on time of contact with progesterone, since after a
pre-period of infection (12 h) without progesterone had higher
expression of HWP1 gene compared to addition at 0 h.

Discussion

Vulvovaginal candidiasis (VVC) is an infection characterised by

vulvovaginal inflammation and the presence of Candida species.
VVC is the second most common cause of vaginitis, after bacterial
vaginosis, and represents approximately one-third of all vaginitis
cases (Workowski and Berman, 2010). The frequency of vaginal
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Fig. 4. Candida albicans RHVE infection after 24 h, assessed by fluorescence microscopy and YTL PNA FISHTM. (A) C. albicans ATCC 90028 and (D) C. albicans 558234 adhered
without progesterone, (B) C. albicans ATCC 90028 and (E) C. albicans 558234 adhered for 2
C.  albicans 558234 with addition of progesterone after 12 h of infection.

Table 2
qRT-PCR quantification of C. albicans infecting the reconstituted human vaginal
epithelium for 24 h in the presence or absence of 2 �M of progesterone.

Progesterone
[2 �M]

qRT-PCR (Log10 number of cells/ml)

C. albicans ATCC 90028 C. albicans 558234

Control 2.76 ± 0.11 3.56 ± 0.13
Addition at 0 h 2.17 ± 0.15*** 2.77 ± 0.21***
Addition at 12 h 2.29 ± 0.17*** 2.95 ± 0.12***

*

c
s
a

m
l
m
l
C
s
m

F
o
o
a
(

**Statistically different to absence of progesterone (p < 0.001).

olonisation by Candida increases with predisposing risk factors
uch as pregnancy, antibiotic use, immunosuppression, diabetes
nd HIV infection (De Leon et al., 2002; Sobel et al., 1998).

Progesterone is a C-21 steroid hormone involved in the female
enstrual cycle, pregnancy and embryogenesis. Progesterone

evels are relatively low during the pre-ovulatory phase of the
enstrual cycle, rise after ovulation and are elevated during the

uteal phase (Špaček et al., 2007). It has also been shown that
andida has oestrogen and progesterone receptors, that when

timulated, increase fungal proliferation (Reed, 1992). Further-
ore, women who take oral contraceptive pills (corresponding to

ig. 5. Relative expression of the hyphal wall protein 1 (HWP1) gene in the absence
r  presence (added at 0 h or after 12 h) of progesterone during C. albicans colonisation
f  reconstituted human vaginal epithelium. Error bars represent standard devi-
tion. ***Statistical difference obtained compared to the absence of progesterone
p  < 0.001).
4 h in the presence of 2 �M of progesterone and (C) C. albicans ATCC 90028 and (F)

constant high levels of progesterone and oestrogen) have a higher
incidence of VVCs (Sobel et al., 1998).

This current study examined the influence of progesterone on C.
albicans virulence factors, namely biofilm formation and colonisa-
tion/invasion of a reconstituted human vaginal epithelium (RHVE).

Initially, experiments were performed to examine the effect of
both oestrogen and progesterone on C. albicans biofilm formation.
However, preliminary studies with oestrogen failed to demon-
strate any effects on biofilm formation and therefore the focus was
directed towards progesterone.

The effect of progesterone was  measured in terms of both num-
ber of viable cells and total biomass (Fig. 1), and results were
corroborated by SEM (Fig. 2). Oestrogen has previously been shown
to be the principle reproductive hormone that supports and sus-
tains experimental vaginal C. albicans infection (Fidel et al., 2000).
In contrast, progesterone was found to have no demonstrable effect
on vaginal infection or on associated systemic and/or local immune
responsiveness. However, in the present study a possible role for
progesterone in VVC has been highlighted. It is known that one of
the central regulators of biofilm formation is the factor BCR1 (Finkel
et al., 2012; Nobile et al., 2006a, 2012). In these current studies
expression of BCR1 by C. albicans biofilms in the presence of pro-
gesterone was significantly reduced (Fig. 3 A). Furthermore, SEM
(Fig. 2) revealed a significant decrease in hyphal forms of C. albicans,
in the presence of the hormone. In efforts to explain these find-
ings, expression of hyphal wall protein (HWP1) was  also measured
and again was found to decrease in the presence of progesterone
(Fig. 3B). HWP1 is a determinant of C. albicans pathogenicity, and
involved in biofilm formation (Staab, 1999; Sundstrom et al., 2002).
Additional studies have shown that reduced HWP1 gene expres-
sion results in thin biofilms and a significant reduction in hyphal
mass (Nobile et al., 2006b). Based on the work of this present study,
it is possible that progesterone affects C. albicans biofilm struc-
ture through modulation of the biofilm-associated genes, BCR1 and
HWP1.

In order to investigate the influence of progesterone
on C. albicans vaginal pathogenicity, a commercially avail-
able reconstituted human vaginal epithelium (RHVE, Nice,
France) was  used. It was evident that both tested C. albicans

strains could colonise the RHVE (Fig. 4 and Table 2), with
limited clusters of cells present within the upper layers
of the epithelium and few filamentous forms. However,
notably both colonisation and invasion substantially decreased
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Williams, D.W., Wilson, M.J., Lewis, M.A., Potts, A.J., 1995. Identification of Can-
C.T. Alves et al. / International Journal of

n the presence of progesterone, without any apparent
lteration of the RHVE (Fig. 4 and Table 2). These results are
n accordance with those of Špaček et al. (2007) who  showed
hat progesterone levels in luteal phase of recurrent VVC patients
6.40 nmol/L) was lower compared with non-infected controls
34.2 nmol/L).

Down regulation of HWP1 was evident in the presence of pro-
esterone, as verified for biofilms, and was associated with reduced
olonisation and invasion. The effect of progesterone on HWP1
xpression decreased slightly when added after 12 h of the infec-
ion process. Furthermore, colonisation and invasion of the RHVE
y C. albicans increased slightly when progesterone was  added 12 h
ost infection compared to when added at start of RHVE infection.

n 1992, Reed had shown that Candida had receptors to proges-
erone and as these were activated, the degree of pathogenicity
ncreased. The findings of this present study would appear to con-
radict the findings of Reed (1992), as it would have been expected
hat a longer exposure to progesterone would have led to increased
ctivation of the receptors leading to enhanced pathogenicity, this
as not the case. Furthermore, C. albicans 558234 expressed higher

evels of HWP1 (Fig. 5) when progesterone was added 12 h post
nfection, compared to those infections with progesterone pres-
nce for 24 h. These findings were supported by hyphal detection
sing fluorescence microscopy (Fig. 4 F).

In summary, progesterone was able to modulate C. albicans
iofilm formation (cell viability, total biomass and structure), as
ell as the colonisation and invasion of RHVE. These effects may

elate to the down regulation of the biofilm-related genes BCR1
nd HWP1 by progesterone. Additionally, HWP1 gene expression
y C. albicans infecting RHVE suggests an important role of proges-
erone in hyphal development. If these effects can be extrapolated
o the in vivo situation then relative progesterone levels may  play
mportant roles in the progression of C. albicans vaginal infection.
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