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albicans via Pattern Recognition Receptor Interactions Are Sufficient
but Not Necessary for the Acute Neutrophil Response during
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Vulvovaginal candidiasis (VVC), caused by Candida albicans, affects women worldwide. Animal and clinical studies suggest that
the immunopathogenic inflammatory condition of VVC is initiated by S100 alarmins in response to C. albicans, which stimulate

polymorphonuclear neutrophil (PMN) migration to the vagina. The purpose of this study was to extend previous in vitro data
and determine the requirement for the alarmin S100A8 in the PMN response and to evaluate pattern recognition receptors
(PRRs) that initiate the response. For the former, PMN migration was evaluated in vitro or in vivo in the presence or absence of
$100 alarmins initiated by several approaches. For the latter, vaginal epithelial cells were evaluated for PRR expression and C.
albicans-induced S100A8 and S100A9 mRNAs, followed by evaluation of the PMN response in inoculated PRR-deficient mice.
Results revealed that, consistent with previously reported in vitro data, eukaryote-derived S100A8, but not prokaryote-derived
recombinant S100A8, induced significant PMN chemotaxis in vivo. Conversely, a lack of biologically active S100A8 alarmin,
achieved by antibody neutralization or by using S100A9 ™'~ mice, had no effect on the PMN response in vivo. In PRR analyses,
whereas Toll-like receptor 4 (TLR4)- and SIGNR1-deficient vaginal epithelial cells showed a dramatic reduction in C. albicans-
induced S100A8/S100A9 mRNAs in vitro, inoculated mice deficient in these PRRs showed PMN migration similar to that in
wild-type controls. These results suggest that S100A8 alarmin is sufficient, but not necessary, to induce PMN migration during
VVC and that the vaginal PMN response to C. albicans involves PRRs in addition to SIGNR1 and TLR4, or other induction

pathways.

ulvovaginal candidiasis (VVC) is an opportunistic fungal in-

fection predominantly caused by Candida albicans. The dis-
ease affects approximately 75% of healthy women during their
reproductive years (1). An additional 5 to 10% of women suffer
from recurrent VVC (RVVC), defined as 3 or more episodes of
VVC per year. RVVC cases can be either primary, where repetitive
idiopathic infections occur with no known predisposing factors,
or secondary, where recurrence is the result of the inability to
avoid certain known predisposing factors (e.g., use of high-estro-
gen oral contraception, hormone replacement therapies, frequent
antibiotic usage, and diabetes mellitus).

Historically, RVVC had been attributed to a putative local
immune deficiency (reviewed in reference 2). However, nu-
merous studies employing a mouse model of Candida vaginitis
and clinical studies evaluating women with primary RVVC
showed that protection is not mediated by local or systemic adap-
tive immunity and their associated cytokines/chemokines (2-7).
The lack of protection provided by C. albicans-specific adaptive
immunity was further supported by evidence of immunomodu-
lation that may regulate such responses (8—10). Instead, epithelial
cells appear to mediate innate resistance to C. albicans by inhibit-
ing its growth with little or no associated inflammation via an-
nexin-Al (11). Symptomatic infection, on the other hand, was
shown to be associated with a vaginal cellular infiltrate predomi-
nantly consisting of polymorphonuclear neutrophils (PMNs)
(12). With no clinical or experimental evidence that the PMNs
were protective, these findings suggested that the acute inflamma-
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tory response by PMNs in response to C. albicans was instead
responsible for the symptoms associated with infection.

More recently, an established experimental mouse model of
Candida vaginitis was exploited to further investigate factors/im-
mune mediators involved in the acute PMN response during in-
fection/symptomatic conditions. Proteomic analyses of vaginal
secretions in mice under a symptomatic condition identified the
alarmins S100A8 and S100A9 as strong candidates for PMN che-
motactic factors produced in response to C. albicans (13). Fur-
thermore, the study revealed that S100 alarmins were produced by
vaginal epithelial cells following interaction with C. albicans. S100
alarmins are cytosolic and secretory proteins produced by a vari-
ety of cell types, including PMNs, monocytes, and epithelial cells
(14-18). In VVC, epithelial cell-derived S100 alarmins are sug-
gested to be secreted in response to C. albicans as an initial signal
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for PMN migration, which becomes amplified further by subse-
quent production via recruited PMNs in the vaginal cavity. In
murine models of infection, the alarmins were shown to exert
both antimicrobial and PMN chemotactic properties and have
been linked to a variety of inflammatory diseases (16, 19-26).
Among the two proteins, antibody neutralization of SI00A8 sig-
nificantly reduced the PMN chemotactic ability of vaginal lavage
fluid in vitro (13), suggesting that SI00A8 could be a key inflam-
matory factor associated with the symptomatic condition. How-
ever, the functional role of S100A8 in PMN chemotaxis in the
vaginal cavity is yet to be confirmed.

Based on the requirement for C. albicans adherence to the vag-
inal epithelium during the early stage of colonization, the induc-
tion of the S100 alarmin response by vaginal epithelial cells likely
involves interaction via pattern recognition receptors (PRRs) with
C. albicans. Indeed, Toll-like receptor 4 (TLR4) expressed on
phagocytes as well as vaginal epithelial cells plays a significant role
in proinflammatory responses to C. albicans (27, 28). In addition,
TLR2, SIGNRI, dectin-1, and mannose receptor (MR) are also
known to be involved in recognition of C. albicans (29-37). The
purposes of the present study were to further evaluate the biolog-
ical role of SI00A8 alarmin for the vaginal PMN response in the
established mouse model and to identify PRRs involved in the
induction of the alarmin response.

MATERIALS AND METHODS

Mice. Female CBA/] mice, 6 to 10 weeks of age, purchased from Charles
River at the National Cancer Institute (NCI, Frederick, MD), were used
throughout the studies unless indicated otherwise. Breeders of
S100A9 ™'~ mice, which express normal SI00A8 mRNA but lack both
S100A8 and S100A9 at the protein level, were obtained from Thomas Vogl
(University of Miinster, Muenster, Germany). Age-matched C57BL/6
mice (NCI) were tested in parallel as the wild-type strain. For evaluation
of PRRs, TLR4-defective female C3H/HeJ mice were purchased from
NCI. Mannose receptor-negative (MR /™) female mice (C57BL/6 back-
ground) were obtained from Judy Teale (University of Texas, San Anto-
nio, TX). Breeders of SIGNR1 '~ (BALB/c background) were obtained
from Andrew McKenzie (MRC Laboratory of Molecular Biology, Cam-
bridge, United Kingdom). Age-matched C3H/HeOuJ (Jackson Laborato-
ries, Bar Harbor, ME), C57BL/6 (NCI), and BALB/c (NCI) mice were
tested in parallel as wild-type strains for C3H/He], MR™/7, and
SIGNR1 ™/~ mice, respectively. Of note, previous studies by several
groups reported no difference in experimental vaginal C. albicans burden
among several genetically distinct mouse strains, including those used in
the present study (13, 38, 39). All animals were housed and handled ac-
cording to institutionally recommended guidelines. All animal protocols
were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the LSU Health Sciences Center, New Or-
leans, LA.

Vaginal C. albicans inoculation. Vaginal inoculation with C. albicans
in mice was conducted as previously described (7, 40). Briefly, mice were
administered 0.1 mg of B-estradiol 17-valerate (Sigma Chemical Co., St.
Louis, MO) in 100 pl of sesame oil (Sigma) by subcutaneous injection 72
h prior to inoculation, and then again weekly until the completion of the
study. Estrogen-treated (estrogenized) mice were intravaginally inoculated by
introducing 20 pl of phosphate-buffered saline (PBS) containing 5 X 10* C.
albicans (3153A) blastoconidia into the vaginal lumen. Inoculation was
conducted exclusively using blastoconidia from a stationary-phase cul-
ture (cultured for 12 to 18 h at 30°C in Phytone-peptone broth with 0.1%
glucose). Uninoculated control mice were estrogenized and given PBS
intravaginally. Groups of 5 to 10 mice were evaluated either longitudinally
or terminally at specific time points postinoculation. Upon euthanasia or
under anesthesia, vaginal lavage samples were collected using 100 .l of
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sterile PBS with gentle aspiration and agitation for ~30s. To assess vaginal
fungal burden, serial dilutions of the vaginal lavage fluid were cultured on
Sabouraud-dextrose agar plates (BD Diagnostics, Sparks, MD) supple-
mented with gentamicin (Invitrogen, Carlsbad, CA). CFU were enumer-
ated after incubation for 48 h at 34°C. Supernatants of the remaining
lavage fluids were sterilely filtered and stored at —70°C until use.

Quantification of vaginal PMNs. Smear preparations of 10 pl vaginal
lavage fluid collected from each inoculated and uninoculated mouse were
stained using the Papanicolaou technique (Pap smear). PMNG, if present,
were identified by their trilobed nuclear morphology and were the pre-
dominant cell type among other infiltrating leukocytes as previously con-
firmed (13, 41). PMNs were enumerated in 5 nonadjacent high-powered
fields (X400) per mouse by light microscopy and averaged. Previous stud-
ies confirmed that the Pap smear technique was as efficient and consistent
as PMN quantification by flow cytometry or direct microscopic counts
using a hemocytometer (13).

Construction of mouse S100A8- and S100A9-expressing strains of
C. albicans. S100A8- and S100A9-expressing C. albicans strains were con-
structed and provided by Glen Palmer (42). Briefly, a gene fusion contain-
ing the SI00A8 or S100A9 open reading frame (ORF) tagged with a leader
peptide of C. albicans secreted aspartyl protease 2 (SAP2, amino acids 1 to
56) was constructed to facilitate secretion of the S100 proteins by the C.
albicans strains. This gene fusion was placed in an expression cassette
under the control of the C. albicans ACT1 promoter, and the construct
was transformed into C. albicans strain CAI4 (ura3~' ™) to reconstitute the
URA3 gene at its native locus, negating the positional effect of URA3
expression. While entering the endoplasmic reticulum, followed by trans-
port to the Golgi apparatus, the SAP2 leader peptide of the fusion protein
is cleaved by Kex2 protease at a Lys-Arg dipeptide, liberating the intact
S100A8 or S100A9, which is then transported to the cell surface for exo-
cytosis (see Fig. S1 in the supplemental material). A control strain was
constructed by transforming the vector alone into the wild-type C. albi-
cans strain CAI4 and tested in parallel with SI00A8- and S100A9-express-
ing strains. Growth curve evaluation indicated no change in growth rates
of all modified strains in vitro. Secretion of the target proteins were vali-
dated by Western blotting and enzyme-linked immunosorbent assay
(ELISA), confirming the presence of SI00A8 or S100A9 in culture super-
natants (~400 ng/ml and ~200 ng/ml, respectively) (42). Prior to use, C.
albicans strains were cultured overnight to reach the stationary growth
phase in yeast extract-peptone-dextrose (YPD) medium at 30°C with
shaking. Culture supernatants were obtained by centrifugation at 800 X g
for 5 min and sterilely filtered prior to storage at —80°C.

Immunocytochemistry and immunohistochemistry. For immuno-
cytochemical analysis of PRR expression on vaginal epithelial cells, cellu-
lar fractions of vaginal lavage fluid from inoculated and uninoculated
estrogen-treated mice were cytospun onto glass slides using a cytospin 4
cytocentrifuge (Thermo Fisher Scientific, Rockford, IL) at 1,000 rpm for 5
min. Slides were fixed in ice-cold acetone for 5 min and stored at —20°C
until use. Forimmunohistochemical analysis of PRR expression in vaginal
epithelia, vaginae from estrogenized inoculated or uninoculated mice
were excised and placed in Tissue-Tek cryomolds (Miles Corp., Elkhart,
ID) containing optimal cutting temperature medium (Sakura Finetek
USA, Torrance, CA) in an orientation that allowed cross-sectional cut-
ting. Tissues were stored at —70°C and cut in 6-pm sections. Tissue sec-
tions were collected on glass slides and fixed in ice-cold acetone for 5 min.
Upon hydration, all immunostaining steps were performed using the cell
and tissue staining kit containing horseradish peroxidase (HRP)-conju-
gated 3-amino-9-ethylcarbazole (AEC; R&D Systems) with appropriate
primary and secondary antibodies. First, cell or tissue specimens were
blocked with peroxidase, goat serum, avidin, and biotin blocking buffers,
followed by an overnight incubation with monoclonal rat anti-mouse
antibody specific for TLR4, TLR2, MR, SIGNRI, or dectin-1 (10 jg/ml;
R&D Systems) or an isotype control (rat IgG2a or IgG2b) at 4°C. The
slides were washed and incubated with biotinylated anti-rat IgG for 1 h.
The slides were washed and incubated with streptavidin-HRP for 30 min.
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Finally, the slides were washed and reacted with AEC chromogen sub-
strate. Specimens were counterstained with CAT hematoxylin (Biocare
Medical, Concord, CA), preserved in aqueous mounting medium (R&D
Systems), and observed by light microscopy. For quantitative analyses of
immunocytochemical data, the numbers of positively stained epithelial
cells were enumerated in five nonadjacent fields per sample at 100X, and
the percent positively stained epithelial cells was calculated.

Primary cell culture and in vitro C. albicans infection. Mouse pri-
mary vaginal epithelial cell cultures were established from vaginal tissue
explants obtained from estrogenized uninoculated mice deficient in MR,
TLR4 (C3H/He]J), and SIGNRI as well as C57BL/6, C3H/HeOu]J, and
BALB/c mice as wild-type controls, respectively. Vaginal explants were
placed in the centers of wells in a 12-well culture plate (Corning) contain-
ing 500 pl keratinocyte serum-free medium (KSFM; Invitrogen) supple-
mented with 50 pg/ml bovine pituitary extract, 0.1 ng/ml epidermal
growth factor, 100 U/ml penicillin, and 100 pg/ml streptomycin and cul-
tured at 37°C with 5% CO,. Upon reaching near confluence, epithelial
cells were inoculated with 1 X 10° C. albicans in a volume of 1 ml KSFM
for 24 h. This time point was identified as optimal for S100 alarmin mRNA
induction following preliminary evaluation of SI00A8 and S100A9 ex-
pression from 6 to 48 h postinoculation (data not shown).

Gene expression analysis. Vaginal epithelial cells were harvested from
the cultures described above by incubation in 250 pl trypsin-EDTA
(0.05%; Invitrogen) for 1 min at 37°C. In select experiments, vaginal ep-
ithelial cells were harvested by dispase treatment of vaginae excised from
inoculated mice as previously described (13). The cells were washed
in PBS and subjected to total RNA extraction using the RNeasy minikit
(Qiagen, Valencia, CA). Synthesis of cDNA from 10 ng of total RNA was
completed using 20 U SuperScript III reverse transcriptase with 5 mM
dithiothreitol (Invitrogen), GeneAmp 10X PCR buffer II with 5 mM
MgCl, (Applied Biosystems, Foster City, CA), 1 mM deoxynucleoside
triphosphates (GE Healthcare), and 20 U of RNasin RNase inhibitor (Pro-
mega, Madison, WI) in a total volume of 10 pl and primed with random
hexamers in a 96-well thermal cycler (25°C for 10 min, 48°C for 30 min, and
95°C for 5 min). Real-time PCR was performed by using TagMan gene ex-
pression assays predesigned for mouse SI00A8 and S100A9 genes (assay IDs
Mn01220132_g1 and Mm00656925_m1, respectively; Applied Biosystems)
and Brilliant IT quantitative PCR master mix (Stratagene, La Jolla, CA) in a
total reaction volume of 25 pl. The PCR products were detected in 45 con-
secutive cycles (95°C for 15 s and 60°C for 1 min) in an iCycler IQ detection
system (Bio-Rad, Hercules, CA). Signals were normalized to 3-actin RNA
content. Normalized data were used to quantify relative expression levels of
S100A8 and S100A9 mRNA using the AAC, method. The results are ex-
pressed as the fold increase over expression in epithelial cells cultured alone
(for in vitro inoculation) or epithelial cells from estrogenized uninoculated
mice (for in vivo inoculation).

Intravaginal administration of S100A8 and S100A9. Recombinant
mouse S100A8 and S100A9 (Escherichia coli-derived; available by custom
order from R&D Systems) or culture supernatants containing C. albicans-
derived SI00A8 or SI00A9 were intravaginally administered to estro-
genized mice. Recombinant S100A8 and S100A9 (10 pg/ml, the maximal
concentration possible) in PBS or vaginal gel formulation (semisolidified
with 3% carboxymethylcellulose in PBS; Sigma) were delivered into the
vaginal lumen in a volume of 20 pl using a pipette or a microdispenser.
S100A8- and S100A9-expressing C. albicans culture supernatants (ap-
proximately 400 ng/ml) in YPD medium or vaginal gel formulation in
YPD medium were administered following the same procedures. Culture
supernatants were used neat or at various dilutions to establish a dose-
response range or concentrated to reach the target concentration. Mice
were treated daily for 2 days starting at 72 h after subcutaneous estrogen
administration. Vaginal PMNs were evaluated daily beginning at 48 h
after the initial intravaginal treatment.

Intravaginal antibody neutralization. (i) Anti-S100A8 and S100A9
antibody administration. (a) Intravaginal neutralization of S100A8
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and S100A9. To neutralize S100 alarmins in the vaginal cavity, estro-
genized mice were treated with anti-S100A8 and -S100A9 antibodies in-
travaginally. Estrogenized inoculated mice were administered polyclonal
anti-S100A8, anti-S100A9, or both (100 pg/ml; R&D Systems) in 20 pl
PBS or vaginal gel formulation on day 1, 2, and 3 postinoculation as
described above. Control animals were inoculated and received isotype
antibodies in parallel. Vaginal fungal burden and PMNs were evaluated
on day 0 (preinoculation) and 4 and 7 days postinoculation.

(b) Confirmation of the neutralizing capacity of anti-S100A8 and
anti-S100A9 antibodies. To determine the efficacy of anti-S100A8 and
anti-S100A9 antibodies to neutralize the target proteins, C. albicans cul-
ture supernatants containing S100A8 and S100A9 were pretreated with
the respective antibodies and tested by ELISA with modifications to the
standard protocol described previously (13). Briefly, SI00A8 or S100A9
culture supernatants were incubated with anti-S100A8 or anti-S100A9
antibodies used above at various concentrations for 1 h at 37°C. Following
incubation, antibody-treated culture supernatants were transferred to 96-
well enzyme immunoassay/radioimmunoassay plates (Costar) coated
with polyclonal goat anti-mouse SI00A8 or SI00A9 antibodies (1 g/ml)
as a capture antibody. Serially diluted recombinant mouse S100A8 or
S100A9 was included as a protein standard. The plates were further incu-
bated with primary antibodies (monoclonal rat anti-mouse S100A8 or
S100A9; 2 pg/ml) followed by a secondary antibody (biotinylated anti-rat
IgG; 0.05 pg/ml) and streptavidin-horseradish peroxidase. Colorimetric
reaction by tetramethylbenzidine (TMB) and sulfuric acid (2 N) was mea-
sured at 450 nm on a microplate reader (Labsystems, Helsinki, Finland).
Detected amounts of unbound S100 proteins in the antibody-treated cul-
ture supernatants were calculated and expressed as nanograms per micro-
liter.

(ii) Vaginal SIGNR1-TLR4 double deficiency. (a) Preliminary in
vitro evaluation of blocking TLR4 biological activity by antibody
neutralization. To test the efficacy of anti-TLR4 antibody to block TLR4
and its activity in proinflammatory responses, primary mouse macro-
phages were treated with anti-TLR4 antibody and evaluated for proin-
flammatory interleukin 1 (IL-1B) response to a lipopolysaccharide
(LPS) challenge. Briefly, mouse peritoneal exudate cells were subjected to
Ficoll-Paque density gradient centrifugation as described above for PMN
isolation. Macrophage-enriched cells were enumerated, and 1 X 10° cells
were seeded in a 12-well plate. Then the cells were incubated in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) with 10% fetal bovine
serum (FBS) for 2 h at 37°C with 5% CO,, and nonadherent cells were
removed by washing the wells with sterile PBS. Resulting adherent cells
were incubated with monoclonal anti-mouse TLR4 antibody (100 pg/ml;
R&D Systems) or isotype control for 1 h. After being washed with PBS, the
cells were incubated in the DMEM-FBS medium containing LPS (100
ng/ml) for 18 h. Following incubation, the cells were washed with PBS and
harvested by treatment with 250 wl of 0.05% trypsin-EDTA for 5 min at
37°C with 5% CO,. The cells were washed twice in PBS, cytospun onto
glass slides, and subjected to immunocytochemistry as described for vag-
inal epithelial cells using polyclonal anti-mouse IL-13-HRP conjugate
(0.4 pg/ml; R&D Systems) as the detection antibody. Inhibition of LPS-
induced IL-1B production by anti-TLR4 antibody-treated macrophages
confirmed the efficacy of the antibody in TLR4 neutralization in vitro (see
Fig. S2 in the supplemental material).

(b) In vivo versus ex vivo competitive binding by anti-TLR4 anti-
bodies. The efficacy of TLR4 blocking by intravaginal antibody neutral-
ization was confirmed by in vivo and ex vivo competitive binding using
unlabeled and biotinylated anti-TLR4 antibodies, respectively. First, the
presence of TLR4 on SIGNR1 ™/~ vaginal epithelium was confirmed by
immunohistochemical staining of vaginal tissue sections from estro-
genized uninoculated SIGNR1 /"~ mice (see Fig. S3A in the supplemental
material). Second, estrogenized SIGNR1 '~ mice were intravaginally
treated with unlabeled anti-TLR4 or isotype control antibody (100 pg/ml;
eBioscience, San Diego, CA) in 20 pl of PBS at 12-h intervals over a 24-h
period (3 treatments total). Two days after the last treatment, vaginae
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FIG 1 In vivo PMN chemotactic ability of culture supernatants containing C. albicans-derived S100 alarmins. (A) PMN migration induced by S100 alarmins of
C. albicans or E. coli origin. Overnight culture supernatants of SI00A8, S100A9, and wild-type C. albicans were semisolidified with carboxymethylcellulose (3%)
to reach a consistency of vaginal gel formulation. The vaginal gel preparations were administered intravaginally to estrogenized uninoculated mice once daily for
2 daysin a volume of 20 pl per mouse using a microdispenser. Gel preparations of E. coli-derived recombinant SI00A8 (rS100A8), SI00A9 (rS100A9), or PBS (gel
control) were tested in parallel. Vaginal lavage samples were collected prior to treatment and then daily after the last treatment. Vaginal PMNs were quantified
by identifying PMNs by Pap smear staining and enumerating PMNs in 5 high-powered fields (X400 magnification) per mouse, and values were averaged. (B)
Dose-dependent effects of S100A8-containing culture supernatant in vaginal PMN migration. Estrogenized uninoculated mice were treated with culture
supernatant from S100A8-producing C. albicans at various dilutions. Vaginal lavage fluids were evaluated for PMNs at 48 h postadministration. The figure

presents cumulative data from two repeats. ¥, P < 0.05 compared to the estrogenized untreated group (0 h). SEM, standard error of the mean.

were excised and tissue section preparations were stained with biotinyl-
ated anti-TLR4 antibody by immunohistochemistry as described above.
Successful TLR4 blocking was confirmed by negative staining with biotin-
ylated anti-TLR4 antibody (i.e., intravaginal blocking of TLR4 by the orig-
inal anti-TLR4 antibody) compared to positive staining on tissues col-
lected from mice given isotype control antibody (i.e., no in vivo blocking;
staining by ex vivo anti-TLR4 antibody) (see Fig. S3B in the supplemental
material).

(c) Treatment of SIGNR1/mice with anti-TLR4 antibody during
infection. To induce a SIGNR1-TLR4 double deficiency in the vaginal
cavity, estrogenized inoculated SIGNR1 /" mice were treated intravagi-
nally with anti-TLR4 antibody as described above, starting at 4 h prior to
inoculation, and treatments were repeated at 16 and 24 h postinoculation.
Vaginal lavage fluids were evaluated for the presence of PMNs and fungal
burden on days 4 postinoculation. In addition, vaginal lavage fluids from
inoculated anti-TLR4 antibody-treated SIGNR1 ™/~ mice were examined
for SI00A8 and PMN migration at 24, 36, and 96 h postinoculation to
confirm reduced or delayed PMN migration (see Fig. S4A in the supple-
mental material) (P = 0.041), SI00A8 production (see Fig. S4B in the
supplemental material) (P = 0.018), and S100A8 mRNA expression by
vaginal epithelial cells (see Fig. S4B, inset).

RESULTS

PMN chemotactic ability of eukaryote-derived $100 alarmins.
Based on the lack of in vitro PMN chemotactic activity by E. coli-
derived recombinant S100 proteins (data not shown), together
with potent in vitro chemotactic activity of C. albicans-derived
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S100A8 and S100A9 on PMNs and macrophages, respectively
(42), we employed these C. albicans strains as a source of eu-
karyote-derived recombinant S100 proteins (see Fig. SI in the
supplemental material). Accordingly, we administered the culture
supernatants containing the S100 alarmins into the vaginal cavi-
ties of mice and evaluated the mice for vaginal PMN migration.
For this, estrogenized uninoculated mice were administered vag-
inal gel preparations containing S100A8, S100A9, or wild-type
culture supernatants, while separate groups of mice received the
commercial recombinant SI00A8 (rS100A8) or rS100A9 in simi-
lar gel preparations. The vaginal lavage fluids were observed for
the presence of PMNs at various time points posttreatment. Sim-
ilar to in vitro data, results showed substantial vaginal PMN mi-
gration in mice treated with S100A8-containing culture superna-
tant (P = 0.048 at 48 h) but not in those treated with S100A9-
containing supernatants and wild-type culture supernatants or
with commercial rS100A8 or rS100A9 (Fig. 1A). YPD medium
alone also showed no PMN migration (data not shown). When
serially diluted, the vaginal PMN response in mice given S100A8
culture supernatant exhibited a dose-dependent effect in the PMN
chemotactic activity (Fig. 1B).

Requirement of $100 alarmins in the vaginal PMN response.
(i) Intravaginal neutralization of S100 alarmins. Based on the
abrogation of PMN migration following in vitro neutralization of
S100A8 (13), attempts were made to similarly inhibit PMN mi-
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FIG 2 Antibody neutralization of S100A8 and S100A9 during infection. Es-
trogenized inoculated mice were intravaginally treated with anti-S100A8 (100
pg/ml), anti-S100A9 (100 wg/ml), or a combination of the two antibodies in a
volume of 20 wl on days 1, 2, and 3 postinoculation. Vaginal lavage samples
were collected prior to inoculation and on days 4 and 7 postinoculation. Vag-
inal PMNs were quantified by identifying PMNs by Pap smear staining and
enumerating PMNs in 5 high-powered fields (magnification, X400) per
mouse and averaged. The figure presents cumulative data from three repeats
with 5 mice per group. SEM, standard error of the mean.

gration in vivo in inoculated mice. The first approach was anti-
body neutralization, where mice inoculated with C. albicans were
given several intravaginal treatments with anti-S100A8, anti-
S100A9, or a combination of the two antibodies and evaluated for
vaginal PMN migration. Unlike in in vitro neutralization, PMN
migration in anti-S100A8- and/or anti-S100A9-treated and iso-
type antibody-treated mice was similar (Fig. 2). Results did not
differ whether the antibodies were given in PBS or the gel formu-
lation (data not shown). Of note, the neutralizing capacity of the
anti-S100A8 and anti-S100A9 antibodies was confirmed by abro-
gation of detection of the respective recombinant proteins by
ELISA in a dose-dependent manner (see Fig. S5 in the supplemen-
tal material).

(ii) Inoculation of S100 alarmin-deficient mice. To further
investigate the requirement for S100 alarmins in vaginal PMN
migration, S100 alarmin-deficient mice (S100A9~'7, i.e., lacking
both S100A8 and S100A9 proteins) were inoculated with C. albi-
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TABLE 1 PRR expression on vaginal epithelial cells 4 days
postinoculation”

% positive cells per field (mean = SEM)

Inoculated, Inoculated,
PRR high PMNs  low PMNs Uninoculated ~ P*
SIGNR1 30.7 £ 5.9 9.97 £3.4 8.99 + 1.7 0.022
Mannose receptor 2.6 * 0.6 0.21 =0.02  0.408 = 0.20 0.003
TLR4 598 = 1.9 6.49 + 2.5 3.02*x1.2 0.87

@ Results are representative of 3 experiments with 4 to 6 mice per group.

b Statistical analyses (Student’s ¢ test) were performed on data from the inoculated
groups comparing animals with high PMNs to those with low PMNs. No positively
stained epithelial cells were detected for TLR2 or dectin-1.

cans and evaluated for the PMN response. As shown in Fig. 3A,
although S100 alarmin-deficient mice exhibited a reduction in
vaginal fungal burden compared to wild-type mice (P < 0.0001),
PMN migration was equivalent between the two strains (Fig. 3B).

Identification of PRRs involved in the induction of S100
alarmins. (i) PRR expression by vaginal epithelial cells during
infection. We previously reported that C. albicans adherence to
vaginal epithelium at early stages of colonization is crucial for the
induction of S100 alarmins and ensuing PMN response (13).
Based on this result, we were interested in which host PRR(s) was
required for the S100 response. First, it was important to identify/
confirm which PRRs were expressed by vaginal epithelial cells and
to examine any modulation as a result of C. albicans interaction.
For this, epithelial cells from vaginal lavage fluid of uninoculated
and day 4-inoculated mice were evaluated for selected PRRs with
known interactions with C. albicans, namely, TLR4, TLR2, MR,
SIGNRI, and dectin-1 (43-47). As summarized in Table 1, expres-
sion of SIGNR1 (P = 0.022) and MR (P = 0.003) was increased on
vaginal epithelial cells from inoculated mice experiencing symp-
tomatic conditions (high PMNs) compared to those with asymp-
tomatic conditions (low PMNs) (13) and those from uninocu-
lated mice. Expression of TLR4, though expressed on vaginal
epithelial cells, remained unchanged following inoculation (P =
0.874). TLR2 and dectin-1 were not detected on vaginal epithelial
cells under any condition. Representative positive and negative
immunohistochemical images for SIGNR1 (positive), dectin-1

B 1 Wild-type
vaginal PMNs mms100as/A9”
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uninoculated
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number of PMNs per field + SEM w
o
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FIG 3 Role of S100 alarmins in the PMN response during infection. Quantification of vaginal Candida burden (A) and vaginal PMNs (B). The number of CFU
per 100 pl of lavage fluids from estrogenized S100A8- and S100A9-deficient or C57BL/6 wild-type mice inoculated with C. albicans was assessed on day 4
postinoculation. PMNs in vaginal lavage fluid were identified by Pap smear staining and enumerated in 5 high-powered fields (magnification, X400) per mouse.
The figure presents cumulative data from three repeats with 10 mice per group. ***, P < 0.0001 compared to the wild-type control group. SEM, standard error

of the mean.
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FIG 4 In vitro screening of S100 alarmin response by PRR-deficient vaginal epithelial cells. Primary vaginal epithelial cell cultures derived from wild-type,
MR™/", TLR4-deficient, and SIGNR1 /" vaginal tissue explants were inoculated with C. albicans, and S100A8 (A) and S100A9 (B) mRNA expression was
quantified by real-time PCR 24 h following inoculation. The expression of the target genes was normalized to that of the -actin gene and expressed as the fold
increase over expression in epithelial cells cultured alone in parallel. The figure presents cumulative data from two repeats. SEM, standard error of the mean.

(negative), and isotype control (negative) are shown in Fig. S6 in
the supplemental material.

(ii) Invitro screening by PRR-deficient cell cultures. Based on
data showing positive expression of SIGNRI, MR, and TLR4 in
vaginal epithelial cells following inoculation, we next focused on
examining their role in the S100 alarmin induction and subse-
quent PMN response. As an initial screen prior to in vivo studies,
primary vaginal epithelial cell cultures from PRR-deficient mice
were established and observed for S100 alarmin induction follow-
ing inoculation in vitro. Results showed that epithelial cells from
MR/~ mice responded to C. albicans with S100A8 and S100A9
mRNAs similarly to wild-type mice. In contrast, epithelial cells
from TLR4-defective and SIGNR1 /™ mice showed negligible up-
regulation in SI00A8 and S100A9 mRNAs in response to C. albi-
cans (Fig. 4).

(iii) In vivo evaluation of PRR-deficient mice. Based on the in
vitro screening that identified TLR4 and SIGNRI as candidate
PRRs important for the S100 alarmin induction, the possibility of
a role for TLR4 and SIGNR1 in the PMN response was further
investigated in vivo. For this, TLR4-defective C3H/He] mice and
SIGNR1 ™/~ mice were inoculated with C. albicans together with
the respective wild-type mice (C3H/HeOuJ and BALB/c, respec-
tively) and evaluated for vaginal PMN migration. Results showed
that both vaginal fungal burden (Fig. 5A and C) and PMN migra-
tion (Fig. 5B and D) were similar in the different mouse strains.

(iv) Evaluation of the PMN response in TLR4-SIGNRI1 dou-
bly deficient conditions. In consideration of the in vivo results
showing no change in PMNss in the absence of TLR4 or SIGNRI,
we then proceeded to investigate potential effects of TLR4-
SIGNRI1 double deficiency on PMN migration during infection.
To induce a TLR4-SIGNR1 deficiency, our approach was to neu-
tralize vaginal TLR4 activity in SIGNR1 ™/~ mice using anti-TLR4
antibodies. Following confirmation of a TLR4-SIGNRI1 deficiency
(see Fig. S2 and S3 in the supplemental material) and further sup-
ported by reduced/lagging S100A8 production and PMN migra-
tion under the doubly deficient condition compared to those in
the wild type (see Fig. S4 in the supplemental material), estrogen-
treated inoculated doubly deficient and wild-type mice were eval-
uated for vaginal fungal burden and PMN migration during the
standard observation time (day 4 postinoculation). Results
showed that vaginal fungal burden and PMN migration were not
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modulated by the TLR4/SIGNR1 double deficiency (Fig. 5E and
F). Similar results were observed at day 7 postinoculation (data
not shown).

DISCUSSION

Based on previously reported in vitro data indicating S100A8 as a
strong candidate for the chemotactic factor associated with the
PMN-mediated acute vaginal inflammatory response (13), the
current studies further investigated the biological role of SI00A8
in vivo. Experimental questions included (i) whether SI00A8 was
sufficient to induce PMN chemotaxis into the vaginal cavity, (ii)
whether SI00A8 was necessary for the PMN response, and (iii)
identification of candidate PRRs involved in recognition of C.
albicans to signal the induction of S100 alarmins by vaginal epi-
thelial cells.

Taking into account the lack of chemotactic function by com-
mercial recombinant S100 proteins made in bacterial expression
systems, we employed a eukaryotic expression system whereby C.
albicans was engineered to secrete S100 alarmins. Precedent for
this comes from Cryptococcus neoformans engineered to secrete
mouse [FN-vy (48). These SI00A8 and S100A9 alarmin-expressing
C. albicans constructs were recently validated for production, se-
cretion, and chemotactic function (42).

The use of S100 alarmin-containing C. albicans culture super-
natants permitted great flexibility in both in vitro and in vivo ex-
perimental designs, where the amount of S100 alarmins could be
adjusted accordingly to achieve desired concentrations. With this
design, consistent with our previous in vitro antibody neutraliza-
tion results (13) and more recent in vitro PMN chemotaxis data
(42), C. albicans-derived S100A8, but not S100A9, induced sub-
stantial PMN chemotaxis in vivo in a dose-dependent manner
following intravaginal administration. These results suggest that
S100A8 is sufficient to mediate the PMN response in the vaginal
cavity. Of note, we recognize that factors in the culture superna-
tants may play a role along with S100A8 as a codependent patho-
gen-associated molecular pattern (PAMP). However, since little
to no PMN migration was induced by culture supernatants from
the wild-type or S100A9-producing strain, we contend that the
effects of other Candida-derived molecules on vaginal inflamma-
tion are minimal and certainly are not independent of S100A8. It
is interesting that the rS100 proteins derived from bacterial ex-
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FIG 5 Role of TLR4 and SIGNRI in the PMN response following inoculation with C. albicans. (A and C) Quantification of vaginal Candida burden. The numbers
of CFU per 100 pl of lavage fluids from estrogenized inoculated C3H/HeJ (TLR4-defective) (A), SIGNR1 ™/~ (C) or appropriate wild-type strains of mice were
assessed 4 days postinoculation. (B and D) Quantification of PMNs in vaginal lavage fluids. PMNs from estrogenized inoculated C3H/HeJ (TLR4-defective) (B),
SIGNR1 ™/~ (D), or the wild-type strains were identified by Pap smear staining and enumerated in 5 high-powered fields (magnification, X400) per mouse and
averaged. (E and F) Inoculation of TLR4-neutralized SIGNR1 ™/~ mice with C. albicans. Estrogenized SIGNR1 ™/~ mice were treated with anti-TLR4 or isotype
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to 10 mice per group. SEM, standard error of the mean.

pression vectors were not equally chemotactic. Possible explana-
tions include the need for posttranslational modifications, which
is often the case in eukaryotic hosts, or a suboptimal oxidation
state (49, 50). Conversely, the eukaryote-derived S100 proteins
did not appear to be compromised by low oxidation states, as
evidenced by the positive in vitro chemotactic activity of both
proteins (42).

A strong biological role of C. albicans-derived SI00A8 in PMN
migration prompted a series of in vivo studies to examine whether
S100 alarmins were also necessary for the vaginal PMN response.
Unlike the previous in vitro antibody neutralization study (13), in
vivo administration of anti-S100A8 in buffer or gel formulation

February 2014 Volume 82 Number 2

had no effect on PMN migration during infection. This could have
been due to low binding efficiency of the antibodies in vivo despite
effective in vitro blocking (see Fig. S5 in the supplemental mate-
rial). Moreover, we could not rule out the lack of effective neutral-
ization of biological activity by the antibodies despite sufficient
binding. However, in lieu of using additional designs to evaluate
biological neutralization (i.e., immunoprecipitation), we pro-
ceeded to employ S100A9 /™ mice, which are deficient in both
S100A8 and S100A9 proteins. Similar to the antibody neutraliza-
tion results, the S100 alarmin-deficient mice exhibited a PMN
response similar to that of wild-type mice following inoculation.
Taken together, these data suggest that S100 alarmins are not a
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strict requirement for the induction of the PMN response and that
other factors are likely involved during in vivo infection. Although
previous work by our laboratory showed no apparent difference in
the levels of classical inflammatory cytokines/chemokines com-
pared between symptomatic and asymptomatic conditions (5, 51,
52), our current data suggest involvement of as-yet-unidentified
classical or nonclassical mediators in the inflammatory response.
Future crossover in vitro chemotactic studies utilizing PMNs from
S100A9 ™'~ or wild-type mice stimulated by vaginal lavage fluid
from the reciprocal infected mice may provide evidence for an
alternative PMN chemotactic mediator(s). It will also be interest-
ing to further dissect the differential mechanisms in PMN che-
motactic activity by receptor analyses, including RAGE (receptor
for advanced glycation end products), a known receptor for S100
alarmins, and CXCR2, a receptor for a wide array of chemokines
that mediate PMN migration. Interestingly, despite the lack of
differences in PMN migration between SI00A9 /™ and wild-type
mice, the ST00A9 '~ mice had reduced fungal burden. This could
be due to potential alarmin-dependent effects on immunoregula-
tion, where growth of C. albicans is affected by antifungal host
responses that may become active in the absence of alarmins. Fu-
ture studies are under way to examine this further. Finally, studies
to evaluate the role of the inflammasome (53, 54) during infection
may shed light, especially based on data from experimental oral C.
albicans infection (55).

Taking into account previous reports showing that early C.
albicans adherence to the vaginal epithelium is required for the
S100 alarmin-mediated PMN response, we next investigated PRR
expression on vaginal epithelial cells and their potential role for
the induction of PMN migration. Among several PRRs known for
C. albicans recognition, preliminary immunocytochemical analy-
sis of PRR expression profile on vaginal epithelial cells from inoc-
ulated mice allowed us to prioritize PRRs for the subsequent in
vitro and in vivo evaluations. For in vitro screening, we utilized
primary vaginal epithelial cell cultures derived from PRR-defi-
cient mice and monitored them for S100 alarmin mRNA expres-
sion following C. albicans challenge. With this approach, two
strong PRR candidates, TLR4 and SIGNR1, were identified. How-
ever, despite the clear abrogation of the S100 alarmin mRNAs by
TLR4- and SIGNRI-deficient epithelial cells in response to C.
albicans in vitro, the lack of these PRRs individually failed to mod-
ulate the PMN response in vivo. Thus, compensatory processes are
suggested. Indeed, documented evidence for cooperative func-
tions by multiple PRRs in recognition of microbial PAMPs has
been reported (56, 57). However, attempts to address this by cre-
ating and testing a TLR4-SIGNR1-deficient condition still failed
to identify the limits for the PRRs involved in the PMN response.
Thus, the in vivo PMN response appears to be compensated by
PRRs in addition to TLR4 and SIGNR1. We cannot exclude the
possibility, however, that despite the blocking of TLR4 in vivo, the
biological activity remained intact. We feel that this is unlikely
based on in vitro data showing abrogation of LPS-TLR4-mediated
IL-1p production by macrophages using the same anti-TLR4 an-
tibody (see Fig. S2 in the supplemental material). Moreover, eval-
uation of early (24 to 36 h) S100A8 production (mRNA and pro-
tein) and PMN migration showed a significant lag of both
parameters following inoculation under the TLR4-SIGNR1-defi-
cient condition compared to wild-type (see Fig. S4 in the supple-
mental material). Hence, the epithelial cell response was compro-
mised in the absence of TLR4-SIGNRI signaling. The subsequent
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PMN migration and presence of S100A8 later after inoculation
(96 h) provide additional evidence for compensatory PRRs and
the secretion of another PMN chemotactic factor(s) in the overall
response, together with PMN-derived S100A8 production. Future
studies will include evaluation of other PRRs (i.e., complement
receptor 3, Fcy receptor, formyl peptide receptor) or groups of
PRRs via adaptor proteins (i.e., MyD88 and CARD9) and identi-
fication of other nontraditional chemotactic factors.

In the present study, we further investigated a biological role
for S100 alarmins in the immunopathogenesis of C. albicans vag-
inal infection. The results indicated that S100 alarmins are suffi-
cient but not necessary for the PMN response during infection.
Furthermore, while TLR4 and SIGNRI appear to be important
PRRs responsible for the activation of vaginal epithelial cells lead-
ing to the S100 alarmin response, PMN migration appears to in-
volve additional compensatory PRRs and chemotactic factors.
Despite less-than-optimal results for the mechanisms surround-
ing S100 alarmin response in VVC, these danger-signaling mole-
cules still appear to be important mediators contributing to symp-
tomatic infection. Better understanding of the functional role of
$100 alarmins in C. albicans-host interactions within the vaginal
cavity could lead to development of novel strategies for immuno-
therapies or diagnostic targets. Clinical studies are under way to
explore these possibilities.
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