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Recurrent vulvovaginal candidiasis, caused by Candida albicans, is a significant problem in women of child-
bearing age. Although cell-mediated immunity (CMI) due to T cells and cytokines is the predominant host
defense mechanism against C. albicans at mucosal tissue sites, host defense mechanisms against C. albicans at
the vaginal mucosa are poorly understood. Based on an estrogen-dependent murine model of vaginal candidia-
sis, our data suggest that systemic CMI is ineffective against C. albicans vaginal infections. Thus, we have pos-
tulated that local immune mechanisms are critical for protection against infection. In the present study, the
kinetic production of chemokines normally associated with the chemotaxis of T cells, macrophages (RANTES,
MIP-1a, MCP-1), and polymorphonuclear neutrophils (MIP-2) was examined following intravaginal inocula-
tion of C. albicans in estrogen-treated or untreated mice. Results showed significant increases in MCP-1 protein
and mRNA in vaginal tissue of infected mice as early as 2 and 4 days postinoculation, respectively, that
continued through a 21-day observation period, irrespective of estrogen status. No significant changes were
observed with RANTES, MIP-1a, or MIP-2, although relatively high constitutive levels of RANTES mRNA and
MIP-2 protein were observed. Furthermore, intravaginal immunoneutralization of MCP-1 with anti-MCP-1 anti-
bodies resulted in a significant increase in vaginal fungal burden early during infection, suggesting that MCP-1
plays some role in reducing the fungal burden during vaginal infection. However, the lack of changes in
leukocyte profiles in vaginal lavage fluids collected from infected versus uninfected mice suggests that MCP-1
functions to control vaginal C. albicans titers in a manner independent of cellular chemotactic activity.

Vulvovaginal candidiasis (VVC) is an opportunistic mucosal
infection that affects three out of four women at least once
during the reproductive years (25, 38). The causative agent in
85 to 90% of symptomatic vaginal fungal infections is Candida
albicans (8, 29). While most women experience infrequent
episodes of VVC, approximately 5% of otherwise healthy
women have recurrent VVC (RVVC), defined by three or
more episodes per year (17). In women with RVVC, antifungal
therapy is very effective but does not prevent recurrence. While
several exogenous factors, such as pregnancy, oral contracep-
tives, uncontrolled diabetes mellitus, and antibiotics, can pre-
cipitate acute episodes of VVC, the underlying factors that
contribute to RVVC are largely unknown.

Because cell-mediated immunity (CMI) due to T cells, spe-
cifically Th1-type CD41 T cells, represents the dominant host
response against mucosal C. albicans infections (2, 4, 6), it had
been hypothesized that RVVC occurs in women as a result of
some deficiency in Candida-specific CMI. However, current
evidence suggests that RVVC occurs in the presence of normal
Th1-type CMI in the peripheral circulation (12). In studies
using an estrogen-dependent animal model of vaginitis, it has
been shown as well that Candida-specific Th1-type CMI gen-
erated in the peripheral circulation as a result of infection or
immunization does not provide protection against vaginal can-
didiasis (14, 15). Partial protection, however, against a second-
ary vaginal challenge with C. albicans can be achieved follow-
ing the spontaneous resolution of a low-grade primary vaginal
infection in the absence of estrogen, irrespective of the pres-
ence or absence of Th1-type Candida-specific systemic CMI

(11, 16). In light of this, more recent efforts have focused on
determining the importance of vagina-associated CMI. Ac-
cordingly, our first series of studies showed vaginal T cells in
naive mice to be phenotypically distinct from those in the
periphery (18, 43). More recently, we found that these vaginal
T cells did not change in percentage or composition during a
primary or secondary vaginal infection (10). The lack of local
cellular changes also indicated a lack of infiltration of system-
ically derived T cells to the vagina, supporting insufficient pro-
tection by systemic CMI against infection. These results sug-
gested that if local T cells were playing a role in protection
against the infection, they were doing so without appreciable
change in composition or percentage. While activation mark-
ers on these local T cells are currently being evaluated to more
fully understand the role of local CMI during a vaginal infec-
tion, it is equally important to examine the role of soluble
immune modulators (i.e., cytokines and chemokines) in the
vaginal tissue.

It is widely accepted that chemokines induce both the che-
motaxis and chemokinesis of leukocytes during the host re-
sponse to injury, allergens, or invading microorganisms (1, 40).
They are produced and released by a wide variety of leukocytic
(i.e., macrophages, polymorphonuclear neutrophils [PMNs], T
cells, mast cells, and NK cells) and nonleukocytic (i.e., fibro-
blasts, keratinocytes, epithelial cells, endothelial cells, and
smooth muscle) cell types (1, 40). The release of chemokines at
sites of inflammation and infection is believed to be critical
for the attachment and subsequent migration of leukocytes
through the vascular epithelium and into the tissues. Members
of the chemokine superfamily share homologous sequences
and are subdivided into four subfamilies (CXC, CC, C, and
CX3C) based on the structural positions of cysteines near the
amino terminus of the protein. The CXC family (i.e., MIP-2,
IP-10, ENA-78, and MIG) is involved in the recruitment of
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mainly PMNs, while the CC family (i.e., MCP-1, RANTES,
MIP-1a, and eotaxin) is chemotactic for monocytes, T cells,
eosinophils, and NK cells (28). The two remaining branches
include the C family (lymphotactin), which is chemotactic for T
cells (27), and the CX3X family (fractalkine), which has been
found to be chemotactic for T cells, monocytes, and PMNs
(32).

The purpose of this study was to examine the local produc-
tion of chemokines during an experimental C. albicans vaginal
infection. Chemokine production associated with the chemo-
taxis of PMNs (MIP-2) (39), macrophages, and T cells (MIP-
1a, MCP-1, and RANTES) (5) was examined at the mRNA
and protein levels in vaginal tissue and in the lumbar (draining)
lymph nodes as a measure of the local and systemic responses,
respectively.

MATERIALS AND METHODS

Mice. Female CBA/J (H-2k) mice, 8 to 10 weeks of age, purchased from the
National Cancer Institute (Frederick, Md.) were used throughout these studies.
All animals were housed and handled in accordance with institutionally recom-
mended guidelines.

Microorganism. A laboratory-cultivated clinical isolate of C. albicans (3153A)
was used throughout these studies. The yeast was grown to stationary phase in
1% phytone-peptone medium (Becton Dickinson, Cockeysville, Md.) supple-
mented with 0.1% glucose for 16 to 18 h at 25°C in a shaking water bath. The
culture was then washed twice with phosphate-buffered saline (PBS) and quan-
tified by a hemocytometer for use in infection studies.

Vaginal infection. The vaginal infection was initiated by inoculating mice
intravaginally with 5 3 104 stationary-phase blastoconidia in 20 ml of PBS as
previously described (13, 14). Prior to inoculation (72 h), mice were injected
subcutaneously with 0.02 mg of estradiol valerate (Sigma Chemical Co., St.
Louis, Mo.) in 0.1 ml of sesame oil. Estrogen treatments were continued at
weekly intervals thereafter. Mice inoculated in the absence of estrogen received
sesame oil alone. Estrogen-treated control mice were treated with estrogen as
described above and given PBS intravaginally. On days 2, 4, 7, 14, and 21
postinoculation, animals were sacrificed and a vaginal lavage was performed with
100 ml of PBS (11, 15). To quantify the vaginal fungal burden, the lavage fluid
was serially diluted 1:10 and plated on Sabouraud dextrose agar plates supple-
mented with gentamicin (Sigma). After incubation at 35°C for 48 h, CFU were
enumerated. A portion of the recovered lavage fluid (10 ml) was viewed micro-
scopically on a wet-mount slide at 3400 magnification in an attempt to visualize
the fungus in the infectious hyphal form. A hyphal score ranging from 0 (none)
to 1111 (severe) was given to lavage fluid from each mouse as a representation
of the degree of infection: 1, sparse hyphae; 11, small amounts of hyphae
present in several fields; 111, large amounts of hyphae in several fields; and
1111, masses of hyphae in most fields.

Tissue processing. Following lavage, the vagina and lumbar lymph nodes were
excised from each mouse and processed for enzyme-linked immunosorbent assay
(ELISA) or reverse transcription (RT)-PCR. Total RNA was isolated from
vaginal tissues by using the Ultraspec RNA isolation system (Biotecx, Houston,
Tex.) as described previously (10). Briefly, vaginae were homogenized on ice with
the Ultraspec solution (phenol, guanidine salts), incubated on ice for 5 min, and
then subjected to chloroform extraction. To the resulting upper phase containing
total RNA, an equal volume of isopropanol was added and the mixture was
incubated on ice for 10 min. The total RNA was pelleted, washed twice with 75%
ethanol, and quantified spectrophotometrically (DU Series 500; Beckman In-
struments, Inc., Fullerton, Calif.) by using the Warburg-Christian equation.

To measure chemokine protein production of MCP-1, RANTES, MIP-1a, and
MIP-2, tissues were snap frozen in liquid nitrogen and homogenized in 1 ml of
anti-protease homogenization buffer, containing protease inhibitor tablets
(Boehringer GmbH, Mannheim, Germany), PBS, and 0.05% Triton X-100 (non-
ionic) as described previously (21). The homogenized tissues were then centri-
fuged at 3,000 3 g for 5 min to eliminate cellular debris, with the supernatants
aliquoted and stored at 270°C until use.

Semiquantitative RT-PCR. In preparation for PCR, 1 mg of total RNA was
reverse transcribed into cDNA using an RT system in accordance with the
manufacturer’s (Promega, Madison, Wis.) instructions and stored at 220°C until
use. From synthesized cDNA, a primer set for RANTES (22), MCP-1 (7), MIP-2
(42), MIP-1a (24), and cyclophilin (housekeeping gene) was used for semiquan-
titative PCR analysis (Table 1). All primer sets were synthesized by the Louisiana
State University Medical Center Core Laboratories, New Orleans. Dilution anal-
ysis was employed to optimize the concentration of cDNA required in each PCR,
ensuring that kinetic interpretation would not be hindered by the saturation of
primers with cDNA. These studies showed that 3 ml of cDNA was optimal for all
of the reactions in this study. PCRs were performed with a 50-ml reaction mixture
containing a final concentration of 103 reaction buffer (50 mM KCl, 10 mM
Tris-HCl, 1.5 mM MgCl2, 0.1% Triton X-100), 50 mM deoxynucleoside triphos-

phates, 400 ng of each primer, and 2.5 U of Taq thermostable polymerase
(Promega). PCR programs included denaturation at 94°C for 45 s, annealing at
57°C for 45 s, and extension at 72°C for 1.25 min with 35 cycles in an automated
thermocycler (Ericomp Corp., San Diego, Calif.).

All PCR products were analyzed by electrophoresis on 2% agarose gels and
visualized by ethidium bromide staining using the Bio-Rad Video Capture Gel
Documentation System 1000 (Bio-Rad, Richmond, Calif.). The gels were ana-
lyzed by using ImageQuant software (Molecular Dynamics Corp., Sunnyvale,
Calif.), with the observed pixel intensities for each gel band normalized to
cyclophilin by using the following equation: normalized ratio 5 (pixel intensity of
chemokine product)/(pixel intensity of cyclophilin product).

Protein assay. Protein levels of each sample were determined by using a
protein assay kit (Pierce, Rockford, Ill.) in accordance with the manufacturer’s
instructions. Briefly, dilutions of vaginal and lymph node homogenate superna-
tants were added in 10-ml volumes to a 96-well polystyrene flat-bottom microtiter
plate (Costar, Corning, N.Y.). A standard curve was generated from serial
dilutions of bovine serum albumin. Concentrations of each sample were quan-
tified at 562 nm by using a Dynatech MR 5000 plate reader (DYNEX, Chantilly,
Va.), and the protein concentration was expressed in milligrams per milliliter
based on the standard curve.

ELISA. Samples were assayed for MCP-1 by using the Mouse MCP-1 OptEIA
ELISA system (PharMingen, San Diego, Calif.) in accordance with manufactur-
er’s instructions, with baculovirus-expressed mouse MCP-1 recombinant protein
used as the standard. For this, anti-mouse MCP-1 monoclonal antibodies were
bound to an enzyme immunoassay-radioimmunoassay microtiter plate (Costar)
and incubated at room temperature overnight. The plates were washed (PBS–
0.05% Tween 20) and blocked for 2 h at room temperature by using PBS with
10% fetal bovine serum. To duplicate wells, 50 ml of each sample or standard was
added and the plates were incubated at room temperature for 2 h. Following this,
the plates were washed and anti-mouse MCP-1 monoclonal antibodies conju-
gated to horseradish peroxidase were added and the plates were incubated at
room temperature for 1 h. Thereafter, Sigma Fast o-phenylenediamine dihydro-
chloride peroxidase substrate was added after washing and the plates were
incubated for 30 min in the dark. The plates were analyzed at 450 nm by using
an automated microplate reader (Ceres 900; Bio-Tek, Winooski, Vt.) with the
quantitation of MCP-1 expressed in picograms per milliliter.

Assays to quantify RANTES, MIP-1a, and MIP-2 protein concentrations in
the samples were performed by using an established double-ligand ELISA (23).
For this, recombinant murine RANTES, MIP-1a, and MIP-2 served as standards
while appropriate biotinylated polyclonal rabbit anti-chemokine antibodies were
used for detection. Streptavidin-peroxidase (Bio-Rad Laboratories) served as the
enzyme, and o-phenylenediamine dihydrochloride served as the substrate. The
plates were read on an automated ELISA plate reader at 492 nm, and chemokine
concentrations were expressed in picograms per milliliter. Data for all chemo-
kines were normalized to total protein and expressed as picograms of chemokine
per milligram of protein.

Cellular staining. To examine the lymphocytic cellular profiles from naive,
estrogen-treated infected, untreated infected, and estrogen-treated uninfected
mice, 30 ml of vaginal lavage fluid was collected on days 2, 4, 7, 14, and 21
postinoculation. The lavage fluid was diluted 1:5 in PBS and cytospun onto glass
slides by using a Cytospin 2 Cytocentrifuge (Shandon, Pittsburgh, Pa.) at 3,000 3
g for 5 min. The slides were fixed with methanol for 1 min and stained by using
a Hema-3 staining kit (Biomedical Sciences, Swedesboro, N.J.) in accordance
with the manufacturer’s instructions. Slides were air dried and examined under
bright-field microscopy at 3400 magnification. Macrophages, PMNs, lympho-
cytes, and other leukocytes were identified and counted in four separate fields.

TABLE 1. Sequences of oligonucleotide primers used for PCRa

Primer Product
size (bp) Sequencesb

MIP-1a 260 F: 59-gcc ctt gct gtt ctt ctc tgt
R: 59-ggc aat cag ttc cag gtc agt

MIP-2 272 F: 59-ccg ctg ttg tgg cca gtg aac tgc g
R: 59-tta gcc ttg cct ttg ttc agt at

MCP-1 582 F: 59-gga aaa atg gat cca cac ctt gc
R: 59-tct ctt cct cca cca cca tgc ag

RANTES 271 F: 59-gaa gat ctc tgc agc tgc cct
R: 59-gct cat ctc caa ata gtt ga

Cyclophilin 278 F: 59-gac agc aga aaa ctt tcg tgc
R: 59-tcc agc cac tca gtc ttg g

a Annealing temperatures: Mip-1a, 58°C; Mip-2, 56°C; MCP-1, 65°C; RAN-
TES, 58°C; cyclophilin, 57°C.

b F, forward; R, reverse.
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The number of each cell type identified in a field was expressed as a percentage
of the total number of cells.

In vivo immunoneutralization of MCP-1. To address the role of MCP-1 in the
local immune response to vaginal candidiasis, MCP-1 was neutralized in vivo
through the administration of anti-MCP-1 antibodies (23) prior to and through-
out a vaginal infection with C. albicans. The specificity of this serum for murine
MCP-1 was tested in vitro through the immunoneutralization of a recombinant
MCP-1 as detected by ELISA. For this, anti-MCP-1 rabbit serum at a titer of 105

was added to various concentrations of MCP-1. An equal volume of normal
rabbit serum was also tested as a control. Results showed that MCP-1 immuno-
activity was effectively inhibited by the anti-MCP-1 serum but not by the normal
rabbit serum.

In passive immunization experiments, two groups of 10 mice were estrog-
enized as described above and randomized to receive 0.25 ml intraperitoneally
and two 0.05-ml intravaginal injections of anti-MCP-1 immune serum or the
same volumes of normal rabbit serum 24 h prior to intravaginal inoculation with
C. albicans under pseudoestrus conditions. Antibody treatments were continued
every 3 days throughout the duration of the experiment. At days 4 and 10
postinoculation, five mice from each group were sacrificed. From these mice,
lavage fluid was recovered and the vaginal fungal burden was quantified as
described above. Vaginae and lumbar lymph nodes were also excised and ho-
mogenized for MCP-1 protein analysis. MCP-1 was quantified in these tissue
homogenates to ensure in vivo neutralization by the anti-MCP-1 antibody-con-
taining serum.

Statistical analysis. The unpaired Student t test was used to analyze the data
from all experiments. Significant differences were defined as a confidence level at
which P was ,0.05.

RESULTS

Basal chemokine levels in naive mice. To determine basal
levels of MCP-1, RANTES, MIP-1a, and MIP-2 in vaginal
tissue and lumbar lymph nodes of naive mice, tissues were
excised following sacrifice and processed for mRNA and/or
protein analysis. As illustrated in Table 2, mRNA transcripts
for each chemokine were detected in naive vaginal tissues, with
abundant constitutive expression of RANTES relative to the
other chemokines tested. With respect to protein, MIP-2 was
found to be present in the vagina at levels higher than those
of the other chemokines measured. Interestingly, while
MIP-1a mRNA expression was observed in naive vaginal tis-
sue, MIP-1a protein was undetectable. While RANTES and
MCP-1 were detected in the lumbar lymph nodes, MIP-1a and
MIP-2 were largely undetectable.

Chemokine production during vaginal candidiasis. To as-
sess chemokine production during experimental vaginitis, mice
were either inoculated under a state of pseudoestrus, inocu-
lated in the absence of estrogen treatment, or treated with
estrogen and given PBS intravaginally. On days 2, 4, 7, 14, and
21 postinoculation, animals were sacrificed and vaginae were
lavaged. Vaginae and draining lymph nodes were excised, pro-
cessed, and analyzed for chemokine mRNA and protein. Con-
sistent with observations made in previous studies (11, 13),
mice infected under pseudoestrus conditions acquired a per-
sistent (through day 21) vaginal infection with high organism
titers (.1.65 3 104). In contrast, while non-estrogen-treated
infected mice had an early fungal burden similar to that of
estrogen-treated mice (days 2 to 7), the infection declined
rapidly by day 14 (titers, ,8.9 3 100) and was undetectable by

day 21. Control mice given estrogen alone did not yield any
detectable yeast throughout the 21-day period. Hyphal scores
obtained from mice in experimental groups correlated with the
severity or lack of infection.

Semiquantitative RT-PCR results are shown in Fig. 1.
Compared to expression in naive mice, estrogen treatment
had no effect on mRNA expression for any chemokine. Com-
pared to levels in estrogen-treated uninfected mice, significant
increases in MCP-1 mRNA were observed in estrogen-treated
infected mice at day 4 through day 21 postinoculation (P ,
0.02). Compared to levels in naive mice, significant increases in
MCP-1 mRNA were observed in untreated infected mice at
days 4 (P , 0.04) and 7 (P , 0.027) postinoculation (Fig. 1A).
While the level of RANTES mRNA in naive mice was higher
than that of other chemokines, levels of RANTES were unaf-
fected by infection and/or estrogen (Fig. 1B). Basal levels of
both MIP-2 and MIP-1a mRNAs were relatively low and

TABLE 2. Chemokine levels in naive mice

Chemokine
Mean ratio of vaginal

mRNA to cyclo-
philin 6 SEM

Mean protein concn
(pg/mg of total protein) 6 SEM

Vaginal tissue Lumbar lymph nodes

MCP-1 0.03 6 0.02 42.9 6 19.7 202.8 6 52.6
RANTES 0.547 6 0.07 46.5 6 30.7 1,182.8 6 275.6
MIP-2 0.066 6 0.03 695.4 6 128.4 NDa

MIP-1a 0.117 6 0.04 ND ND

a ND, not detected.

FIG. 1. Vaginal chemokine mRNA expression in mice during experimental
vaginal candidiasis. Mice were sacrificed at 2, 4, 7, 14, and 21 days postinocula-
tion. At sacrifice, vaginas were excised and total RNA was extracted and reverse
transcribed into cDNA. The mRNA transcript expression measured for MCP-1
(A) and RANTES (B) are shown and expressed as the ratio to that of the
housekeeping gene cyclophilin. Shown are the cumulative results of two separate
experiments with three mice per group 6 the standard error of the mean.
Asterisks represent significant differences (P , 0.05) between (i) untreated
infected or estrogen-treated uninfected mice and (ii) naive mice. The pound
signs represent significant differences between estrogen-treated infected mice
and estrogen-treated uninfected mice. Abbreviations: Est-Inf, estrogen-treated
infected; Est No-Inf, estrogen-treated uninfected; No Est-Inf, untreated in-
fected. The point at day zero represents the value for naive mice.
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showed no significant change over time in response to infection
and/or estrogen (data not shown).

The concentrations of MCP-1, RANTES, and MIP-2 in
whole vaginal tissue are shown in Fig. 2. Estrogen treatment
had no effect on any of the chemokines evaluated. Compared
to estrogen-treated uninfected mice, significant increases in
MCP-1 in vaginal tissue were observed in estrogen-treated
infected mice at days 2, 4, 7, 14, and 21 postinoculation (P ,
0.039). Compared to naive mice, a significant increase in
MCP-1 was observed in untreated infected mice at day 7 post-
inoculation (P , 0.04) (Fig. 2A). RANTES levels were low in
both infected and estrogen-treated uninfected mice and did
not significantly change in response to infection and/or estro-
gen (Fig. 2B). MIP-2 concentrations were relatively high com-
pared to those of the other chemokines tested but did not
significantly change in response to infection or estrogen treat-
ment (Fig. 2C). MIP-1a was primarily undetectable, irrespec-
tive of infection or pseudoestrus (data not shown).

Concentrations of chemokines in the draining lumbar lymph
nodes are shown in Fig. 3. As in vaginal tissue, estrogen had no
effect on chemokine concentrations in the lumbar lymph
nodes. Levels of MCP-1 did not significantly change in re-
sponse to infection (Fig. 3A). In contrast, RANTES was sig-
nificantly elevated in untreated-infected mice on days 4, 7, and
14 postinoculation (P , 0.04) and in estrogen-treated infected
mice on day 14 postinoculation (P , 0.03) compared to naive
mice or estrogen-treated uninfected mice, respectively (Fig.
3B). MIP-2 and MIP-1a concentrations in the draining lymph
nodes were low in all experimental groups and undetectable in
most cases (data not shown).

Leukocyte profile in vaginal lavage fluid during vaginal can-
didiasis. To examine the cellular profile of leukocytes in the
vaginal lumen as a result of estrogen or infection, mice were
infected as previously described under pseudoestrus and
nonestrus conditions. Control mice were given PBS in the
presence or absence of pseudoestrus. On days 2, 4, 7, 14, and
21 postinoculation, lymphocytes, macrophages, and PMNs
were identified in vaginal lavage fluid. As summarized in Table
3, macrophages, PMNs, lymphocytes, and various other leuko-
cytes (eosinophils, basophils, mast cells, etc.) were positively
identified in lavage fluids recovered from mice under all con-
ditions. Table 3 shows representative data from day 7 post-
inoculation. While macrophages, lymphocytes, and various
other leukocytes were present, PMNs constituted the predom-
inant cell type (;85%). However, the percentage of PMNs was
not significantly altered in response to vaginal infection or
pseudoestrus alone. Similarly, the percentages of macro-
phages, lymphocytes, and other leukocytes were not different
from those in the control groups. Additionally, absolute num-
bers of leukocytes were not different between groups of ani-
mals (data not shown). Similar patterns were observed at days
2, 4, 14, and 21 postinoculation (data not shown).

Effects of immunoneutralization of MCP-1 on experimental
vaginitis. Since MCP-1 was the only chemokine significantly
elevated during the vaginal infection, we investigated whether
this chemokine has a role in the host response to infection. For
this, MCP-1 was immunoneutralized in vivo by using rabbit
serum containing anti-MCP-1 antibodies. Mice were treated
with estrogen and randomized to receive either intravaginal
and intraperitoneal injections of anti-MCP-1 immune serum or
the same volumes of normal rabbit serum 24 h prior to intra-
vaginal inoculation with C. albicans and every 3 days thereaf-
ter. On days 4 and 10 postinoculation, the vaginal fungal bur-
den was monitored and vaginae were excised for MCP-1
quantitation. The results illustrated in Fig. 4A show that com-
pared to that of control mice, the vaginal fungal burden was

FIG. 2. Vaginal production of chemokines in mice during experimental vag-
inal candidiasis. Mice were sacrificed at 2, 4, 7, 14, and 21 days postinoculation.
At sacrifice, vaginas were excised, homogenized in a lysis buffer, and quantified
for chemokine concentrations by ELISA. Tissue homogenates analyzed for
MCP-1 (A), RANTES (B), and MIP-2 (C) are shown, with values expressed as
picograms of chemokine per milligram of total protein. Shown are the cumula-
tive results of two separate experiments with three mice per group 6 the stan-
dard error of the mean. Asterisks represent significant differences (P , 0.05)
between (i) untreated infected or estrogen-treated uninfected mice and (ii) naive
mice. Pound signs represent significant differences between estrogen-treated
infected mice and estrogen-treated uninfected mice. Abbreviations: Est-Inf, es-
trogen-treated infected; Est No-Inf, estrogen-treated uninfected; No Est-Inf,
untreated infected. The point at day zero represents the value for naive mice.
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significantly higher in anti-MCP-1 antibody-treated mice at day
4 postinoculation (P , 0.027). On day 10, vaginal C. albicans
titers were eightfold higher in anti-MCP-1-antibody-treated
mice although statistical significance was not achieved. The

results in Fig. 4B demonstrate that the immunoreactivity of
MCP-1 was significantly reduced in the vaginal tissue of in-
fected mice at both day 4 (P , 0.035) and day 10 (P , 0.046)
postinoculation.

DISCUSSION

The results of this study present the first evidence of che-
mokine production during experimental vaginal candidiasis.
Chemokines associated with the chemotaxis and activation of
macrophages, PMNs, and T lymphocytes were examined at
both the mRNA and protein levels. MIP-2, MCP-1, RANTES,
and MIP-1a mRNA and protein were detected in whole vag-
inal tissue from naive mice, establishing the basal levels from
which those in infected mice could be evaluated. Noteworthy
were the high constitutive amounts of RANTES mRNA and
MIP-2 in the vagina, as well as RANTES in the lumbar lymph
nodes, relative to those of the other chemokines examined.

FIG. 3. Production of chemokines in lumbar lymph nodes of mice during
experimental vaginal candidiasis. Mice were sacrificed at 2, 4, 7, 14, and 21 days
postinoculation. At sacrifice, lumbar lymph nodes were excised, homogenized in
lysis buffer, and quantified for chemokines by ELISA. Tissue homogenates an-
alyzed for MCP-1 (A) and RANTES (B) protein levels are shown and expressed
as picograms of chemokine per milligram of total protein. Shown are the cumu-
lative results of two separate experiments with three mice per group 6 the
standard error of the mean. Asterisks represent significant differences (P , 0.05)
between (i) untreated infected or estrogen-treated uninfected mice and (ii) naive
mice. Pound signs represent significant differences between estrogen-treated
infected mice and estrogen-treated uninfected mice. Abbreviations: Est-Inf, es-
trogen-treated infected; Est No-Inf, estrogen-treated uninfected; No Est-Inf,
untreated infected. The point at day zero represents the value for naive mice.

TABLE 3. Murine vaginal cellular staining profile

Groupb
Mean % of cells in vaginal lavage fluidsa 6 SEM

Macrophages PMN Lymphocytes Otherc

Naive 2.85 6 1.4 86.3 6 9.0 1.67 6 1.6 9.15 6 6.0
No Est-Inf 6.8 6 4.6 73.5 6 20.9 7.0 6 7.0 12.7 6 9.6
Est No-Inf 3.1 6 1.3 93.1 6 1.4 3.9 6 3.1 2.0 6 1.4
Est-Inf 8.3 6 5.8 85.9 6 9.8 2.0 6 2.1 3.8 6 2.1

a Vaginal lavage fluids were collected from day 7 postinoculation, cytospun
onto slides, and differentially stained with hemotoxyln and eosin. The data are
for a minimum of four mice per group.

b Abbreviations: No Est-Inf, untreated infected; Est No-Inf, estrogen treated
not infected; Est-Inf, estrogen treated infected.

c Basophils, eosinophils, mast cells, etc.

FIG. 4. Effects of MCP-1 on experimental vaginal candidiasis. In passive-
immunization experiments, two groups of mice were estrogenized and random-
ized to receive intravaginal and intraperitoneal injections of anti-MCP-1 immune
serum or the same volumes of normal rabbit serum 24 h prior to intravaginal
inoculation. Treatments continued every 3 days throughout the duration of the
experiment. At days 4 and 10 postinoculation, the vaginal fungal burden (A) was
evaluated and MCP-1 was quantified in vaginal tissue homogenates by ELISA
(B). Asterisks represent significant differences (P , 0.05) between anti-MCP-1
serum-treated mice and those that received normal serum. Shown are the cu-
mulative results of two separate experiments with five mice per group 6 the
standard error of the mean.
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Semiquantitative RT-PCR for MCP-1, RANTES, MIP-2,
and MIP-1a during infection showed that MCP-1 was the only
chemokine for which mRNA and protein were significant-
ly increased in the vaginal tissue of infected mice. In fact,
the production of MCP-1 was dependent on the presence of
the organism; vaginal MCP-1 production in mice infected in
the absence of estrogen declined to basal levels as the in-
fection resolved, while those in estrogen-treated infected
mice remained elevated. Estrogen had no influence on these
in vivo changes, in contrast to a previous report showing the
in vitro reduction of lipopolysaccharide-stimulated macro-
phage MCP-1 mRNA expression in the presence of estrogen
(19). Perhaps estrogen affects MCP-1 expression in vitro dif-
ferently than in vivo. Interestingly, MCP-1 protein was signif-
icantly increased prior to observed increases in mRNA. This
may have been due to rapid utilization and/or a high turnover
of MCP-1 mRNA early in the infection. The exact source of
MCP-1 remains unclear, although there are a number of po-
tential sources, including fibroblasts, macrophages, and epithe-
lial and endothelial cells (20, 28), all of which are present in
murine vaginal tissue (31, 33). In contrast to vaginal MCP-1
production, concentrations in the draining lumbar lymph
nodes remained unchanged relative to basal levels. Thus, our
data suggest that MCP-1 has a role in the local vaginal mucosal
response to C. albicans but not within the draining lumbar
lymph nodes, where Candida-specific T cells are located. In-
terestingly, in a recent clinical study, vaginal lavage fluids ob-
tained from women with RVVC were found to have lower
levels of MCP-1 compared to control women (unpublished
observations). These clinical data further support the impor-
tance of MCP-1 production during vaginal candidiasis.

As anticipated from the lack of mRNA expression, MIP-1a
was often undetectable in vaginal tissue. In contrast, however,
the level of MIP-2 was constitutively high relative to those of
the other chemokines in the virtual absence of detectable
mRNA. The inability to measure changes in MIP-2 mRNA
expression may have been due to either the instability of the
mRNA, a long half-life of the protein, or weak affinity of the
oligonucleotide primers used for MIP-2 cDNA. The latter is
less likely, since concanavalin A-stimulated mouse spleen cells
yielded strong MIP-2 amplification products (data not shown).
Another possibility is that MIP-2 concentrations were from
intracellular stores, as tissue homogenates represent both in-
tracellular and extracellular sources of protein. The vaginal
presence of MIP-2 is consistent with a report by Sonoda et al.
showing that MIP-2 is required for PMN recruitment during
the menstrual cycle of the mouse (every 4 days) during the
metestrus-1 phase (39). Indeed PMNs are often observed in
vaginal lavage fluid from infected and uninfected mice irre-
spective of estrogen status (Table 3). This suggests that PMNs
are regulated by MIP-2 without the influence of estrogen and
not in response to infection. Support for this comes from two
recent studies showing the ineffectiveness of PMNs in reducing
C. albicans titers during vaginal infection, despite their vaginal
presence during infection (3, 10).

The RANTES level was relatively low in the vagina in the
presence of estrogen and/or infection, despite high consti-
tutive levels of mRNA. Perhaps the efficiency of translation
of RANTES is low in vaginal tissue. Regardless, the low con-
centration of RANTES in the vagina is consistent with the lack
of changes in the percentage or composition of vaginal T cells
during infection (10), although the activation status of these T
cells has not been evaluated. In contrast, RANTES levels were
significantly increased in the draining lumbar lymph nodes
during infection. Although cellular processes associated with
antigen presentation of C. albicans from vaginal tissue to the

draining lumbar lymph nodes is poorly understood, our labo-
ratory has demonstrated that these lymph nodes contain Can-
dida-specific Th1-type T cells during vaginal candidiasis (13, 14).

In any pathogen-initiated host response, local or systemic,
the action of cytokines and chemokines is integral to the re-
sulting effector function against the pathogen. In response to
C. albicans at mucosal (gastrointestinal) sites, Th1- and Th2-
type responses are associated with resistance and susceptibility
to infection, respectively (35, 36). In response to a C. albicans
vaginal infection, a Th1-type response is induced in the drain-
ing lumbar lymph nodes (9). However, this response does not
provide protection against infection (11, 15). This places into
question the role of this induced response or the ability of
activated cells to traffic into the vaginal mucosa. There have
been extensive efforts to understand processes associated with
T-cell involvement or recruitment in the vaginal mucosa during
a C. albicans infection. To date, there is no evidence for infil-
tration of systemically derived T cells into the vaginal matrix or
any changes in the percentage or composition of local T cells
in response to infection (10). Concordant with this observation,
differential staining of vaginal cells in lavages showed no sig-
nificant differences in the numbers of macrophages, lympho-
cytes, or PMNs in response to the vaginal presence of C. albi-
cans. PMNs, however, were clearly the predominant leukocytes
present. This was true as well for lavage fluid from anti-MCP-1
antibody-treated mice (data not shown). The infrequent pres-
ence of lymphocytes and macrophages in response to infection
despite the increase in MCP-1 may be explained by the inabil-
ity of MCP-1 alone to adequately provide signals necessary for
chemotaxis of lymphocytes and macrophages into the vaginal
tissue. In addition, the proinflammatory cytokine tumor necro-
sis factor alpha has been shown to be a major cofactor for
chemokine and adhesion molecule expression (34). Prelimi-
nary data have shown tumor necrosis factor alpha to be pro-
duced at low and often undetectable levels in vaginal tissue
during infection (unpublished observations). Alternatively, the
increase in MCP-1 may not translate into chemotactic activity.
For a chemokine to function chemotactically, an interaction
between the chemokine and its receptor(s) is required. If the
receptor for MCP-1 (CCR2) is not upregulated or sufficiently
present in vaginal tissue, MCP-1-dependent chemotaxis will
not occur efficiently. Recently, it was reported that transform-
ing growth factor beta (TGF-b) inhibits the expression of
various chemokine receptors, including those for RANTES
(CCR3 and CCR5), MIP-1a (CCR5), and MCP-1 (CCR2)
(37). Indeed, preliminary data from our laboratory have shown
TGF-b to be constitutively present in vaginal tissue (unpub-
lished observations). Therefore, it is plausible that modulation
of chemokine receptor expression by TGF-b is, in part, respon-
sible for the lack of demonstrable MCP-1-dependent leukocyte
trafficking into the vagina during a vaginal C. albicans infec-
tion.

Despite the apparent lack of a conventional function for
MCP-1, in vivo immunoneutralization or reduction of MCP-1
in vaginal tissue resulted in significantly higher vaginal fungal
titers early during an infection. Although the effects might have
been greater if levels of MCP-1 were reduced further (25 to
35% in the present study), MCP-1 appears to play a role in
limiting population numbers of C. albicans during vaginal in-
fection. Conceivably, MCP-1 functions in a capacity indepen-
dent of chemotaxis (i.e., direct effects on C. albicans or on
other innate or acquired host defenses). Indeed, MCP-1 has
been reported to increase interleukin-4 production (26), as
well as to enhance lymphocyte (41) and macrophage (30) ef-
fector functions. A direct effect, however, is not likely, as pre-
liminary studies confirmed that MCP-1 has no effect on the
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growth of C. albicans (unpublished observations). It is inter-
esting to speculate, based on the pleiotropic nature of MCP-1,
that early production of MCP-1 during infection is protective
but that its continued presence may promote chronic infection.
Thus, additional studies are required to better understand the
role of MCP-1 during a C. albicans vaginal infection. Elucida-
tion of these mechanisms should have an impact on immuno-
theraputic strategies to treat or prevent vaginal candidiasis.
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