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Abstract
Despite availability of successful prevention strategies, HIV continues to spread at alarming rates,
especially among women in developing countries. Vaginal microbicides offer a promising approach
for blocking transmission of HIV when condom use cannot be negotiated with male partners. A major
problem in the development of vaginal microbicides is chemically induced vaginal irritation, which
can enhance the risk of HIV transmission. Evaluation of vaginal irritation prior to clinical trials
typically uses an expensive and animal-intensive rabbit vaginal irritation model, which could be
supplemented by measuring additional inflammatory biomarkers. We studied several immunological
parameters as potential biomarkers of vaginal irritation, using the spermicides nonoxynol-9 and
benzalkonium chloride as test microbicides. We measured amounts of cytokines, as well as
inflammatory cells, in vaginal tissue lysates and on the vaginal surface. We observed that treatment
with the selected microbicides increases quantities of the inflammatory cytokines interleukin-1β,
CXCL8, and CCL2 in the vaginal tissue parenchyma, and of CCL2 on the vaginal surface. This
observation was correlated with increases in macrophages in the vaginal parenchyma. We suggest
that measurements of CCL2 and macrophages can serve as new inflammatory biomarkers to evaluate
the safety of promising novel microbicides for prevention of HIV.
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Introduction
Better preventive measures to reduce the spread of HIV infection are urgently needed. The
number of HIV-infected people worldwide increased to approximately 40 million in 2006, and
the number of newly infected people increased to 4.3 million, indicating that HIV infection
continues to be a major global health issue [1]. Neither a cure nor a preventive vaccine is
available for HIV, and the current preventive strategies are far from satisfactory. Social and
cultural issues limit the acceptance of condoms as a preventive measure. Alternative “woman
controlled” preventive approaches that are socially and culturally acceptable would enable
women to protect themselves from HIV infection without male cooperation.
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Topical microbicides have been proposed as agents to prevent the transmission of HIV by
creating chemical, biological, and/or physical barriers to infection, or by blocking or
inactivating the virus at the mucosal surface where infection can occur. An ideal microbicide
would need to show protection against HIV infection, as well as low toxicity after repeated
use. To date, however, no effective microbicides are commercially available. More than 50
microbicide candidates are in preclinical development, and 12 are in clinical trials [2]. Pro2000
and BufferGel have advanced to Phase III clinical trials, while Tenofovir, Savvy, Lactobacilli
and BZK, Praneem, Vivagel, Dapivirine/TMC-120, UC-781, cellulose sulfate, Acidform/
Amphora, and Carraguard have been evaluated in Phase I and Phase II trials [3,4]. Although
several candidates appeared promising in preclinical safety studies, the results of clinical trials
to date have shown that these treatments were ineffective or increased the risk of infection. In
2007, a clinical study testing the protective effects of cellulose sulfate failed for similar reasons
[5,6]. Most recently, treatment with carrageenan, a potential anti-HIV drug derived from
seaweed, did not show any significant protection in a clinical trial [7]. Because of its antiviral
potential, nonoxynol-9 (N-9), a nonionic detergent originally marketed as a contraceptive
spermicide, was tested as a potential microbicide in the past. However, clinical trials to evaluate
the efficacy of N-9 in protecting against HIV infection have generated disappointing data;
repetitive use or high concentrations of N-9 resulted in genital irritations, ulcers, and either
unaltered or increased infection rates for sexually transmitted diseases [8-11]. The limited
success of microbicide candidates in clinical trials suggests constraints on the ability to predict
the safety and efficacy of candidate microbicides. To overcome this problem, current safety
testing should be supplemented with efforts to achieve a better understanding of the
immunological response during microbicide treatment.

The criteria for selecting the microbicides studied to date have focused mainly on antiviral
activity. Analyses of effects on the local immune response have been limited, although
microbicide-induced inflammation in the vagina may have contributed to the failure of some
products. A detailed study of the local immune response may be crucial in the selection of an
optimal candidate because an altered environment might be more detrimental than beneficial.
A local inflammatory response may not only cause discomfort, but also increase the recruitment
of the potential target cells for HIV infection, such as CD4+ T lymphocytes and macrophages,
to the vaginal mucosa [12,13]; the possibility that this process might increase the risk of
infection should be evaluated.

Past difficulties in microbicide development emphasize the need for a better understanding of
the possible effects of these drugs on the immune system and local immune responses, such
as the pro-inflammatory response and the recruitment of immune cells such as CD4+ T cells
and macrophages. The current gold-standard preclinical model for assessment of microbicide
safety is the rabbit vaginal irritation (RVI) model [14]. This model assesses the potential toxic
effects of microbicide candidates by means of histopathology evaluations of detrimental effects
on the vaginal epithelium, as well as edema and inflammation. This animal model is the
standard assay for microbicide testing because the constant height of the vaginal epithelium in
rabbits permits accurate histopathological assessment of epithelial damage. Damage to the
vaginal epithelium results in easier access for the HIV virus, and increased inflammation may
involve recruitment of additional target cells for HIV infection to the place where the virus
enters the body [15]. Although the RVI model has been used for many years as the accepted
standard to evaluate potential toxic effects of microbicide candidates, it is limited to observe
the acute immune response that occurs within 10 days after initiation of treatment, and it does
not evaluate immunological parameters or analyses the underlying cellular immune response
in detail. In addition, the assay is animal intensive, requiring euthanasia of all test animals after
a prescribed course of treatment (typically 10 days) to perform microscopic evaluation of
vaginal tissue. Development of a model that can evaluate cytokine induction in living animals
would provide a more humane and useful evaluation of vaginal irritation in the RVI model.

Alt et al. Page 2

Curr HIV Res. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cytokines and chemokines are produced during inflammatory immune responses, and they
undoubtedly play a role in leukocyte recruitment to the vagina after treatment with a topical
microbicide. Recent studies have shown that increased amounts of certain inflammatory
cytokines are detected in vaginal lavage fluids in the RVI model [16]. Although the significance
of these changes has not been fully clarified, they may be responsible for some of the not yet
understood discrepancies between the results in preclinical and clinical studies. For example,
the presence of elevated levels of pro-inflammatory factors may increase the proliferation of
immune cells in the vaginal tissue parenchyma. Furthermore, elevated amounts of chemokines
may attract additional immune cells to the vaginal tissue. Chemokines such as CXCL8/IL-8
activate neutrophils [17], while CCL2/monocyte chemotactic protein-1 recruits macrophages/
monocytes [18].

In the study described here, our goal was to identify changes in pro-inflammatory cytokines
and chemokines in rabbit vagina after microbicide treatment. We have shown, for the first time,
that the chemokine CCL2 is produced at high levels during treatment with N-9 and
benzalkonium chloride (BZK), a second spermicide tested. The high levels of CCL2 were
correlated with increased amounts of inflammatory macrophages in the vagina. Furthermore,
we performed flow cytometry analysis on the cells present in the vaginal tissue parenchyma
after microbicide treatment and observed extensive macrophage infiltration. Our data indicate
a strong relationship between the levels of soluble mediators produced and recruitment of
macrophages, which may serve as the target cells for HIV-infection. Monitoring the
recruitment of macrophages to the vaginal surface and monitoring of local cytokine levels may
allow us to measure important predictive markers for the future development of novel
microbicides.

Materials and Methods
Antibodies and Reagents

Antibodies against CD4 (clone RTH1A), CD11c (clone RT3A), CD45 (clone ISC18A), and
CD138 (clone BAQ44A) were obtained from VMRD (Pullman, WA). Antibodies against CD8
(clone MCA157), CD11b (clone MCA802), CD14 (clone MCA1568), and major
histocompatibility complex (MHC) II (clone MCA811) were obtained from AbD Serotec
(Raleigh, NC). Antibodies against CCL2 and IL-1β, as well as recombinant rabbit CCL2,
CXCL8, and IL-1β, have been described previously [19-22].

Rabbit Vaginal Irritation Model
All animal work was approved by SRI's Institutional Animal Care and Use Committee in full
compliance with all regulations of the National Institutes of Health Office of Laboratory
Animal Welfare. Vaginal irritation was measured essentially as described previously [14]. In
brief, female nulliparous New Zealand White rabbits (2.5–4.5 kg) were dosed intravaginally
for 10 consecutive days with 1 ml of actively formulated drug: 2% N-9 in
carboxymethylcellulose (CMC) gel, 8% N-9 in CMC gel, 0.5% BZK, 2.0% BZK, or CMC gel
as a vehicle control (CMC is widely used as a vehicle in studies of this kind)[16,23].

Cytokine samples for immunoassay analysis were prepared by a modified version of the
method described by Grillner and co-workers [24]: In brief, cotton swabs were inserted about
5 cm into the rabbit vagina, twisted gently, and transferred to a collection tube containing 1 ml
sample buffer [1% HALT protease inhibitor (Pierce, Rockford, IL) and 0.1% sodium azide in
phosphate buffered saline (PBS)]. Swabs were transferred to a second collection tube
containing 1 ml sample buffer to recover residual cytokines from the cotton matrix, and then
swabs were discarded. Both samples were pooled and centrifuged to remove debris.
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Supernatants were transferred to a new collection tube and stored at −80°C until further
analysis.

Vaginal surface cell samples were collected by using cytology brushes (#24-2199; McKesson,
Richmond, VA). The brushes were inserted about 5 cm into the vagina, gently twisted, and
transferred to a collection tube containing about 5 ml wash buffer (Hank's balanced salt
solution, 25 mM HEPES, and 5% calf serum). Cells were stored on ice until they were analyzed
by flow cytometry.

Blood samples were collected i.v. into tubes containing EDTA as an anticoagulant. Peripheral
blood mononuclear cells (PBMCs) were purified by Ficoll-Paque Plus (GE Healthcare,
Piscataway, NJ) density gradient separation according to the manufacturer's instructions. Red
blood cells were lysed as described previously [25]. Cells were washed and stored on ice until
they were analyzed by flow cytometry.

Animals were euthanized with sodium pentobarbitol after the last swab/brush samples had been
taken. The vagina was excised and opened by a longitudinal incision. Macroscopic
observations were recorded, and the vagina was cut into two halves longitudinally. One half
was cut into three pieces (cranial, medial, and caudal) and fixed in formalin for histopathology.
The other half was shock-frozen in liquid nitrogen and stored at −80°C until processing for
cytokine analysis by enzyme-linked immunosorbent assay (ELISA), or it was stored on wet
ice for inflammatory cell analysis by flow cytometry.

Histopathology
Formalin-fixed tissues were embedded in paraffin. Microtome sections were prepared, stained
with Hematoxylin and Eosin (H&E), and scored by a board-certified pathologist as described
previously [14]. In brief, microscopic changes were coded by the most specific topographic
and morphologic diagnosis. Systematized Nomenclature of Medicine (SNOMED) and
National Toxicology Program (NTP) terminology manuals were used as guidelines. Data were
recorded in Labcat® Histopathology module 4.3. Gradable observations of exudate, leukocyte
infiltration, erosion, hemorrhage, decreased epithelial height, edema, and fibrosis were scored
by a four step grading system: 0, not observed; 1, minimal; 2, mild; 3, moderate; and 4, marked.
Records of necropsy findings and changes found at tissue processing were available when
evaluating the stained tissue sections.

Enzyme-linked Immunosorbent Assay
Vaginal tissues that had been frozen in liquid nitrogen and stored at −80°C were processed for
cytokine analysis as follows: Tissues were thawed on ice and minced with two scalpels into
small pieces. In a 2 ml microtube, approximately 0.5 ml minced tissue was mixed by vortexing
with approximately 0.2 ml glass beads (Sigma-Aldrich, St. Louis, MO) and 1 ml 1% HALT
protease inhibitor in PBS. Subsequently, samples were homogenized three times for 5 min by
a Bullet-Blender (Next Advance, Averill Park, NY) at 4°C. Debris was removed by two
sequential centrifugation steps at 4°C, and supernatants were stored at −80°C until cytokine
amounts were measured by ELISA. Protein content of the samples was measured using a BCA
kit (Pierce, Rockford, IL) according to the manufacturer's instructions.

Cytokine levels in vaginal swab samples and vaginal tissue lysate samples were measured in
duplicate by ELISA. IL-1β and CCL2 were measured by custom ELISA as described below.
CXCL8 was measured using a commercially available anti-human CXCL8 kit modified from
the manufacturer's instructions (R&D systems, Minneapolis, MI). In brief, Immulon 2HB
plates (Thermo Scientific, Waltham, MA) were coated with anti-CCL2, anti-CXCL8, or anti-
IL-1β antibodies and incubated at 4°C overnight. Plates were washed with PBS/0.05%
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Tween-20 using an automated plate washer (ELx405; BioTek, Winooski, VT), and nonspecific
binding was blocked with 1% bovine serum albumin in PBS for 2 h. After washing, samples
or recombinant-rabbit cytokine standards were added to the plates in appropriate serial
dilutions, and the plates were incubated for 2 h at room temperature. Plates were washed again,
and then incubated with biotinylated detector antibodies to CCL2, CXCL8, or IL-1β for 2 h at
room temperature. After another wash, streptavidin-conjugated horseradish peroxidase was
added to the plates for 30 min; the plates were washed again, then developed with
tetramethylbenzidine (TMB) for 30 min. OD values were read with a microplate reader
(HT-340; BioTek), and cytokine concentrations were calculated by KC4 software (BioTek).

Flow Cytometry
White blood cells were extracted from vaginal tissue samples as follows: Vaginas were minced
into small pieces with two scalpel blades, covered with Hank's balanced salt solution (HBSS)
containing 25 mM HEPES, and stored on ice until further processing. An equal volume of a
mixture of HBSS, 25 mM HEPES, 4 mU/ml Blendzyme2 (Roche, Indianapolis, IN), and 0.2
mg/ml DNAse I (Roche, Indianapolis, IN) was added to the samples, and they were stirred at
37°C for 20 min. Supernatant was filtered through a 100 μm nylon mesh, and digestion was
stopped by adding wash buffer (HBSS, 25 mM HEPES, and 10% calf serum). Cells were
washed with PBS. Red blood cells were lysed as described previously [25], and cells were
washed with FACS buffer (PBS with 5% calf serum and 0.1% sodium azide).

Cells were stained for flow cytometry analysis in a one step staining procedure. Antibodies
directly conjugated with suitable fluorophores for flow cytometry analysis were purchased, or
antibodies were labeled with Alexa Fluor monoclonal antibody labeling kits or Zenon™
labeling kits according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Cells were
stained with the directly conjugated antibodies, stored on ice for 20 min, and washed.
Propidium iodine was used as a viability stain, and cells were measured with a FACScalibur
(BD Biosciences, San Jose, CA). Data were analyzed with FCS Express (De Novo Software,
Los Angeles, CA).

Statistical Analysis
Statistical calculations were performed using Prism 4.0 (Graphpad, San Diego, CA).

Results
This study considered the role of inflammatory mediators produced in response to microbicide
treatment to obtain an in-depth understanding of the cytokine and chemokine response that
may be indicative of the acute toxicity of candidate microbicides. In our studies, we treated
rabbits daily for 10 consecutive days with vehicle (CMC), N-9 (2% or 8%), or BZK (0.5% or
2%). Treatment for 10 days is sufficient to observe immediate innate immune responses, as
well as early adaptive immune responses that require a minimum of about 7 days to occur.
Histopathological changes were assessed after 3, 6, and 10 days of treatment (Fig. 1). Minor
histopathological changes were present at all necropsy time points in the vaginal tissues of
rabbits given the vehicle alone; these were considered to be the result of spontaneous conditions
rather than of vehicle administration. In animals that were administered N-9 (2% or 8%) or
BZK (0.5% or 2%), leukocyte infiltration, erosion, hemorrhage, edema, exudates, congestion,
decreases in epithelial height, and necrosis were increased compared to observations in vehicle-
treated animals. Results were not severe after 3 days of treatment, but a more prominent lesion
distribution was present after 6 and 10 days of treatment. The reductions in epithelial height
and the increases in inflammation after 3, 6, and 10 days of treatment with N-9 and BZK are
shown in Fig. (1). To assess these results semiquantitatively, the scores obtained were
summarized for each animal, and the mean for each treatment group was calculated. Changes
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were detectable as early as 3 days after initiation of treatment with N-9 or BZK, but the changes
were only statistically significant after treatment with 2.0% BZK (Fig. 2). Although we could
observe histopathologic changes after treatment with N-9, a more sensitive and quantifiable
method to describe the alterations caused by N-9 would be preferable.

With this goal in mind, we evaluated the expression of inflammatory cytokines within the
vaginal tissue, to verify our hypothesis that increased inflammation can be measured by
increased cytokine production during the immune response. We extracted proteins from
vaginal tissue preparations of rabbits that had been treated with N-9 (2% or 8%) or BZK (0.5%
or 2%). We used ELISA to test the concentrations of various inflammatory cytokines and
chemokines involved in the recruitment of leukocytes, and we normalized the amounts to the
total protein concentrations. Significantly elevated amounts of CCL2, CXCL8, and IL-1β were
detected in the samples from the animals treated with 2.0% BZK for 10 consecutive days (Fig.
3). However, neither treatment with 0.5% BZK (Fig. 3) nor treatment with 2.0% or 8.0% N-9
(data not shown) caused a significant increase in any of the cytokines measured. Since increases
in cytokines may be the result of local secretion, potentially by epithelial cells, it is possible
that the cytokines in these preparations of complete vaginal tissue parenchyma were too diluted
to be detectable.

To measure the concentrations of cytokines on the vaginal epithelial surface, we collected
smear samples with cotton swabs. After collection, swabs were washed two times in 1 ml
collection buffer to transfer the proteins from the swab into solution. On average, we obtained
256 μg protein with each swab sample, as measured by BCA protein assay (data not shown).
The concentrations of CCL2, CXCL8, and IL-1β were measured in the swab sample solutions
prepared before the animals were treated, and in samples collected after 1, 3, 6, and 10 days
of treatment. We found no significant increases in CCL2, CXCL8, or IL-1β before or after 1
day of treatment with N-9 or BZK (data not shown); however, as shown in Fig. (4), the
concentration of CCL2 was significantly increased after 6 days of treatment with 2.0% BZK.
In N-9-treated animals, the amount of CCL2 was significantly increased at earlier time points,
but the concentration appeared to decrease after 10 days of treatment (Fig. 4). Increased levels
of CXCL8 and IL-1β were also detected after treatment with the spermicide BZK, whereas no
changes were observed after treatment with N-9 (Fig. 4). We also tested additional cytokines,
including Gro, IL-1RA, and TNF-α. No significant changes in the expression of these cytokines
were observed (data not shown).

As shown in Fig. (1), our histopathology data indicate inflammation after microbicide
treatment. To further elucidate the quality and quantity of this inflammatory response, we
identified the types of inflammatory leukocytes within the vaginal tissue and determined the
percentage of each type, by performing FACS analysis on vaginal tissue digests harvested from
animals that had been treated for 10 days with 8% N-9, 2% BZK, or vehicle alone. Cells were
stained to assess viability and scatter-gated for lymphocytes (low forward/low sideward
scatter), large cells (high forward/low sideward scatter), and neutrophilic granulocytes (low
forward/high sideward scatter). Scatter-gated lymphocytes were analyzed by flow cytometry.
Although the percentages of CD4+ T lymphocytes and CD138+ B2 lymphocytes did not
change, the percentage of CD8+ T lymphocytes was decreased after treatment with N-9 and
BZK (Fig. 5A). Analyzing the scatter-gated large cells revealed that the percentage of
CD11c+/MHCII+ dendritic cells did not change consistently after treatment with N-9 and BZK,
but the percentage of CD11b+/CD14+ macrophages/monocytes increased after treatment with
N-9 and BZK (Fig. 5A). The percentage of neutrophils did not change after treatment with N-9
and BZK (Fig. 5A).

Although these findings enabled us to quantify the cellular immune response during N-9 and
BZK treatment, they required the sacrifice of the test animals. To monitor the cellular immune
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response in a noninvasive manner during the study, we collected cells from the vaginal surface
with a cytology brush. Animals had been treated with 8% N-9, 2% BZK, or vehicle alone for
10 days. Cells were collected every other day, and debris and dead cells were excluded by
viability staining. Lymphocytes, large cells, and neutrophils were distinguished by scatter gate
and by antibody staining for CD4+ T lymphocytes, CD8+ T lymphocytes, CD138+ B2
lymphocytes, CD11b+/CD14+ macrophages/monocytes, CD11c+/MHCII+ dendritic cells, and
neutrophils, as described above. The results were consistent with the observations made in the
vaginal digest cells: We observed decreased numbers of CD8+ T lymphocytes on the vaginal
surface after treatment with BZK (Fig. 5B); the reduction after treatment with N-9 appeared
to be smaller and varied more at different time points, perhaps because of the small overall
number of leukocytes collected from the vaginal surface. The percentages of neutrophils and
CD11c+/MHCII+ dendritic cells remained relatively unchanged. The percentage of CD11b+/
CD14+ macrophages/monocytes increased after treatment with N-9 and BZK (Fig. 5B); this
result is consistent with our observations in the vaginal tissue digest.

We considered whether the increase in the CD11b+/CD14+ macrophage/monocyte
composition in the vaginal tissue parenchyma resulted from altered systemic leukocyte
composition in the blood. To answer this question, we prepared PBMCs from each animal after
10 days of treatment with 8% N-9, 2% BZK, or vehicle alone, and used flow cytometry to
compare the PBMC leukocyte composition. No significant differences in the percentages of
CD4+ T lymphocytes, CD8+ T lymphocytes, CD138+ B2 lymphocytes, CD11b+/CD14+

macrophages/monocytes, CD11c+/MHCII+ dendritic cells, neutrophils, or CD11b+ monocytes
were detected in the peripheral blood (data not shown). This result indicated that the increase
in CD11b+/CD14+ macrophages/monocytes within the vaginal parenchyma, as well as on the
vaginal surface, was a localized effect of the microbicide treatment. This local inflammatory
response, as detected by flow cytometry and cytokine ELISA, may predict the safety of novel
microbicides.

Discussion
Macrophages have been described as prominent target cells for HIV infection for more than
20 years [26-28]. Most compounds under consideration for use as microbicides to protect from
HIV infection have been chosen for their antiviral activity; however, their effects on the host
immune system in general, and on macrophages in particular, have not been adequately
addressed. Major efforts have been made to identify microbicides that can disrupt viruses by
means of their surfactant activity, but other, potentially harmful effects have received too little
attention. For example, if antiviral activity also causes tissue damage to the host organism and
leads to the recruitment of leukocytes, including CD4+ T lymphocytes and macrophages, into
the vaginal tissue parenchyma, the risk of HIV infection would be increased. Therefore, even
if a microbicide is capable of partly inactivating the pathogen, the presence of additional target
cells susceptible to HIV-infection may result in an increased risk of viral infection.

The current model, first described by Eckstein et al. in 1969 [14], for investigating the harmful
effects caused by potential new microbicides evaluates histopathological changes in the vaginal
tissue parenchyma after compound treatment. Although this widely accepted method enables
detection of common irritating effects in the vagina, such as exudate, erosion, hemorrhage,
decreased epithelial height, edema, and fibrosis, its analysis of the underlying immunological
changes in the vaginal micromilieu is limited to describing leukocyte infiltration in a general,
nonspecific fashion. The model therefore fails to provide a detailed description of the immune
response observed during treatment with the potential microbicide. It does not adequately
evaluate changes in the immune environment, such as cytokine and chemokine secretion, and
recruitment of different leukocyte subsets in response to treatment with different potential
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microbicides. A possible consequence of an altered cytokine environment is increased
susceptibility of the host's cells to the virus due to their activation with certain cytokines [29].

In this study we compared the histopathological findings to the changes in pro-inflammatory
mediators in the vaginal milieu after microbicide application. Previous preclinical safety
studies considered N-9 a relatively safe product [30,31], yet N-9 formulations failed when
tested in clinical efficacy studies. In one study N-9 actually increased the risk of infection with
sexually transmitted disease pathogens in some individuals [10]. These findings indicate the
limitations of the current gold standard model, and suggest the need to improve it. We believe
that this discrepancy between preclinical safety studies and clinical trials can be explained by
an altered immune environment that is poorly detected by histopathological analysis alone.

To verify this possibility, we compared the production of inflammatory cytokines and
chemokines after application of two known topical microbicides, N-9 and BZK, and we
analyzed the leukocyte composition during the inflammatory response in the vaginal tissue
parenchyma on a cellular level. Our approach included evaluation of tissue extracts from the
rabbit vaginal tissue after treatment with N-9 or BZK. These studies showed elevated levels
of IL-1β, CXCL8, and CCL2 after treatment with BZK. IL-1β is a pro-inflammatory cytokine
that can be produced by activated macrophages [32,33]. The increased production of IL-1β
within the vaginal parenchyma indicates the presence of an inflammatory immune response in
the tissue, possibly resulting from increases in the number of macrophages or their levels of
activity within the vaginal parenchyma. We also found increased levels of CXCL8, a
chemokine produced by macrophages [34] that recruits and activates neutrophils [35]; higher
levels of CXCL8 support the suggestion that the microbicide treatment increases inflammation
in the vaginal parenchyma.

To evaluate the safety of microbicides in a time- and cost-efficient manner, soluble mediators
should be measured by means of minimally invasive procedures at the vaginal surface.
Therefore, we evaluated the production of cytokines such as CXCL8 and IL-1β, as well as Gro,
IL-1RA, and TNF-α, in vaginal tissue lysate and swab-smear samples. These measurements
are limited by the availability of antibodies that cross-react with rabbit cytokines. The swab-
smear sample approach was not only minimally invasive, but also caused less dilution of
samples than the tissue lysate approach and was more successful in measuring cytokines. Swab-
smear samples have been used by several research groups to collect human specimens [24,
36], suggesting that this approach may be helpful in future human clinical microbicide trials.
Using the swab-smear approach, we were able to detect increased cytokine amounts after
treatment with BZK, but not after treatment with N-9. Fichorova and co-workers performed
studies over shorter time periods; measurements in rabbit vaginal lavage fluids showed
increased amounts of CXCL8 after 2–3 days of treatment with N-9, and increases in IL-1β
after 1–4 days of treatment [16]. Fichorova and co-workers used a vaginal lavage sampling
approach that monitored a larger area, including the cranial vagina and the cervix, than we used
in our studies. We collected vaginal lavage samples, but did not make the same observation
(unpublished data). Vaginal lavage sampling may interfere with residual microbicide gel or
cream still present at the cranial vagina, and the interference could easily influence the study
outcome. Collection of vaginal swab samples was a more reliable approach in our laboratory,
and we also consider it to be less invasive. The difference in sampling procedures may explain
the differences between the results of our study and the work of Fichorova and co-workers.

The study presented here is the first report of increases in CCL2 following treatment with
microbicides. Increased production of CCL2 by vaginal epithelial cells has been described in
response to danger signals by TLR activation [37]. Our results indicate that certain potential
microbicides may act in a similar fashion as an inflammatory stimulus. In vaginal tissue lysate
samples, treatment with N-9 did not significantly increase production of CCL2. Since CCL2
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production by epithelial cells has been reported [37], it is possible that the expression of CCL2
in the whole vaginal tissue parenchyma is too broadly dispersed to be detectable, but local
changes at the epithelium are distinguishable. This possibility is supported by our finding that
CCL2 was increased in the vaginal swab samples after treatment with either N-9 or BZK and
as early as 3 days after initiation of treatment. Because no response was observed when animals
were treated with vehicle alone, it is plausible to conclude that the CCL2 production was a
specific response to the tested microbicide rather than a result of the mechanical treatment.

CCL2 is a chemokine that attracts lymphocytes and macrophages/monocytes that express the
chemokine receptor CCR2 on their cell surfaces [38,39]. IL-1β, a pro-inflammatory cytokine,
and CXCL8, a pro-inflammatory chemokine, can both be the products of activated
macrophages. Therefore, we postulate that treatment with BZK or N-9 could result in an influx
of macrophages (recruited to and activated within the tissue) into the vaginal tissue
parenchyma. Our flow cytometry analysis shows that the composition of leukocytes in the
rabbit vaginal parenchyma of animals treated with BZK or N-9 is altered. CD11b+/CD14+

macrophages/monocytes were increased in the treated tissues, and CD8+ T lymphocytes were
decreased, while the percentages of CD4+ T lymphocytes, CD138+ B2 lymphocytes,
CD11c+/MHCII+ dendritic cells, and neutrophils were the same as those in the control samples.
An increase in CD11b+/CD14+ macrophages/monocytes was also detectable in vaginal surface
cytobrush samples. The increase in CD11b+/CD14+ macrophages/monocytes is in agreement
with a finding by Milligan and co-workers, who observed larger numbers of F4/80+

macrophages in a mouse model of vaginal irritation after treatment with cholic acid [40,41].
The histopathological score of the vaginal tissue after N-9 treatment increased insignificantly,
although the number of CD11b+ macrophages was significantly increased. The difference
suggests that the measurement of inflammatory cells by flow cytometry is a more sensitive
approach for evaluating the inflammatory response. To ensure that the changes were not the
result of an unlikely systemic change in leukocyte composition, we performed a similar flow
cytometry analysis in the peripheral blood of treated animals after 10 days of local treatment
with either N-9 or BZK. Despite significant changes in the vaginal parenchyma, the analysis
of peripheral blood samples from the treated animals showed no changes in the leukocyte
composition, indicating that the increase in macrophages is a localized effect.

In summary, our study shows that an inflammatory response takes place following treatment
with microbicides such as N-9 and BZK; this response is indicated by production of cytokines
and by increased levels of CCL2. Increased CCL2 may contribute to the recruitment of
inflammatory macrophages, which may induce a subset of cells to produce the pro-
inflammatory cytokines CXCL8 and IL-1β. The recruitment of activated macrophages, which
are a major target cell population for HIV infection, may be one of the reasons for the poor
efficacy of N-9 in human clinical trials. It may be possible to supplement the standard RVI
studies by not only measuring cytokines that attract macrophages, such as CCL2, and cytokines
that can be produced by macrophages and other hematopoietic and nonhematopoietic cells,
such as CXCL8 and IL-1β, but also by measuring the macrophages in the vaginal tissue
parenchyma and on the vaginal surface,. These additional measurements of the immune
response may enhance the efficiency of future efforts to develop successful novel microbicides
to counter HIV infection.
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List of abbreviations

BZK benzalkonium chloride

CMC carboxymethylcellulose

ELISA enzyme-linked immunosorbent assay

HBSS Hank's balanced salt solution

H&E Hematoxylin and Eosin

MHC major histocompatibility complex

N-9 Nonoxynol-9

NTP National Toxicology Program

PBMC peripheral blood mononuclear cells

PBS Phosphate-buffered saline

SNOMED Systematized Nomenclature of Medicine

RVI rabbit vaginal irritation

TMB tetramethylbenzidine
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Figure 1.
Vaginal tissues of animals treated with CMC vehicle (a–c), 8.0% N-9 (d–f), or 2.0% BZK (g–
i) for 3 days (a, d, g), 6 days (b, e, h), or 10 days (c, f, i). H&E staining. Bar = 50 μm.
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Figure 2.
Semiquantitative pathology analysis of vaginal tissues at study days 4, 7, and 11. Rabbit vagina
sections were evaluated microscopically after treatment with CMC vehicle alone, gel
containing 2% N-9, gel containing 8% N-9, 0.5% BZK, or 2% BZK. Exudate, leukocyte
infiltration, erosion, hemorrhage, decreased epithelial height, edema, and fibrosis were scored
by a four step system: not observed, 0; minimal, 1; mild, 2; moderate, 3; and marked, 4. The
cumulative scores of these parameters are shown at sacrifice days 4, 7, and 11 for one
representative experiment (n=3) with 5 animals per group. Data were analyzed by the Kruskal-
Wallis test (**: p<0.01; ***: p<0.001).
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Figure 3.
Increased amounts of CCL2, CXCL8, and IL-1β were detected in vaginal tissue lysates after
treatment with BZK. Animals were treated with BZK at the indicated concentrations for 3, 6,
or 10 days. The day after the last treatment (day 4, 7, or 11), vaginal tissues were dissected and
frozen. Frozen tissues were thawed and homogenized, and tissue lysates were prepared.
Cytokine concentrations were measured by ELISA, and normalized to total protein amounts.
One representative experiment is shown (n=2), with 5 animals per group. Data were analyzed
by the Kruskal-Wallis test (*: p<0.05; ***: p<0.001).
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Figure 4.
Increases in CCL2 were detected in vaginal swab samples from animals treated with both BZK
and N-9; increases in CXCL8 and IL-1β were detected only after treatment with BZK. Animals
were treated with N-9 or BZK at the indicated concentrations for 3, 6, or 10 days. Swab samples
were collected the day after the treatment (day 4, 7, or 11). Cytokine concentrations were
measured by ELISA. One representative experiment is shown (n=3), with 5 animals per group.
Data were analyzed by the Kruskal-Wallis test (**: p<0.01; ***: p<0.001).
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Figure 5.
Flow cytometry analysis of cells prepared from the rabbit vagina by (A) enzymatic lysis of
vaginal tissue samples at day 11, and (B) minimally invasive cytobrush sampling of the vaginal
surface at days 3, 5, 7, 9, and 11 after study initiation. Animals had been treated intravaginally
with vehicle alone, 8% N-9, or 2% BZK. Live cells were analyzed by viability staining.
Lymphocytes were identified by low forward/low sideward scatter, and percentages of
CD4+ T lymphocytes, CD8+ T lymphocytes, and CD138+ B2 lymphocytes are shown. Large
cells were identified by high forward/low sideward scatter, and percentages of CD11b+/
CD14b+ macrophages and CD11c+/MHCII+ dendritic cells are shown. Neutrophilic
granulocytes were identified by their low forward/high sideward scatter, and the percentage of
viable cells is shown. The percentage of CD8+ cells decreased after treatment with N-9 and
BZK in the tissue lysate cells (A), as well as on the vaginal surface (B), while the percentage
of CD11b+/CD14+ macrophages increased both in the vaginal tissue lysate cells (A) and on
the vaginal surface (B). One of two experiments is shown (n=2), with 7 animals per group.
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