Cervicovaginal Secretions Contribute to Innate
Resistance to Herpes Simplex Virus Infection
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Defining and preserving the innate antiviral activity found in cervicovaginal secretions is critical. Cervicovagi-
nal lavage (CVL) samples were obtained from 20 healthy women and evaluated for anti-herpes simplex virus
(HSV) activity. CVL samples reduced HSV-2 yields by 23-fold (median), and the anti-HSV activity of CVL
samples correlated with the concentration of human neutrophil peptides (HNP)-1-3. Both CVL samples and
HNP-1-3 interacted with virus and prevented entry after binding. Substantially less protective activity was
observed in CVL samples obtained from 20 human immunodeficiency virus—infected subjects, but the addition
of CVL samples from healthy subjects enhanced the antiviral activity. The significance of the innate activity
was further demonstrated by showing that CVL samples prevented murine genital herpes. Fourteen of 15 mice
were protected from genital herpes if they were challenged with HSV-2 pretreated with CVL samples from
healthy subjects. In contrast, all 15 mice challenged with untreated HSV-2 died. These findings are evidence
that cervicovaginal secretions contribute to innate resistance to HSV-2 and identify defensins as contributors

to this activity.

Herpes simplex virus (HSV)-2 is the most frequent
cause of genital ulcer disease globally [1-4]. Consid-
erable attention is being directed to developing topical
microbicides that can reduce transmission of HSV and
other sexually transmitted infections. Although the cer-
vicovaginal environment is believed to act as a barrier
to sexually transmitted infections, this has not been
systematically evaluated. Identifying the components of
cervicovaginal secretions that contribute to innate de-
fenses is important, both for understanding the patho-
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genesis of sexually transmitted infections and to facil-
itate the design of microbicides that augment these
immune defenses.

Among cervicovaginal proteins that may protect
against infections are defensins and secretory leukocyte
protease inhibitor (SLPI). Human defensins include
neutrophil peptides (HNP-1-4), epithelial-cell a-de-
fensins HD-5 and HD-6, and ~30 3-defensins [5]. Al-
though defensins are present in cervicovaginal secre-
tions and in vitro studies have indicated that HNP-1-
3 inhibit HSV infection at an early step after binding
[6, 7], the anti-HSV activity of cervicovaginal secretions
has not been reported. SLPI, which is secreted by mu-
cosal epithelial cells, inhibits HIV-1 infection in vitro,
but its activity against HSV is not known [8]. To de-
termine the ability of cervicovaginal secretions to pro-
tect against HSV infection, we tested the activity of
cervicovaginal lavage (CVL) samples from 20 healthy
women against HSV-2 and explored the contributions
of HNP-1-3 and SLPI to the observed anti-HSV activ-
ity. Given the epidemiological link between HIV-1 and
frequent genital HSV recurrences, we also assessed the
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Figure 1.

Subject no.

Virus yields in the presence of cervicovaginal lavage (CVL) samples. CaSki cells were exposed to CVL samples or control buffer (saline [pH

5.0] that contained 200 ug/mL bovine serum albumin) for 1 h at 37°C and then challenged with serial 10-fold dilutions of herpes simplex virus (0.01—
1000 pfu/cell). The virus titer (in plaque-forming units per well) in the presence of CVL samples or control buffer was determined by counting plaques 48
h after infection after immunostaining by black plague assay. Results are means =+ SDs from triplicate wells.

anti-HSV activity of CVL samples collected from 20 HIV-1-
infected women who were being evaluated for participation in
an unrelated study.

SUBJECTS AND METHODS

Subjects. With informed consent, and in accordance with hu-
man experimentation guidelines of Mount Sinai School of Med-
icine, CVL samples were obtained from 20 healthy and 20 HIV-
1-infected subjects. The healthy women had 2 visits, 14 days
apart, to ascertain whether anti-HSV activity in CVL samples
varies over time. All subjects were asked to abstain from sex and
the use of intravaginal products for 48 h before each visit.
Assessment for sexually transmitted infections and CVL.
Healthy subjects had HIV-1 (ELISA) and HSV serological tests
(type common and type specific; Herpes Select; Focus Tech-
nologies). All participants had a urinalysis and culture, preg-
nancy test, and gynecological examination for bacterial vagi-
nosis, Trichomonas vaginalis, and Candida species. Neisseria
gonorrhoeae and Chlamydia trachomatis were tested by DNA
probe. All healthy participants had a Pap smear done at the
initial visit; HIV-1-infected subjects had a documented nor-
mal or atypical squamous cells of undetermined significance
Pap smear result within 6 months of participation. HIV-1 plas-
ma RNA was determined by reverse-transcription polymerase
chain reaction (Amplicor HIV-1 Monitor, version 1.5; Roche)
within 2 months of participation. CVL was done by washing
the cervicovaginal area with ~10 mL of sterile normal saline
(pH ~5.0); CVL samples were transported on ice and centri-
fuged at ~1000 g for 10-15 min at 4°C. A mixture of antibiotics

(final concentrations: penicillin, 500 U/mL; streptomycin, 50
pg/mL; amphotericin, 0.5 pg/mL) was added to the superna-
tants, which were subdivided and stored at —80°C. The protein
concentration (BCA Protein Kit; Pierce) and pH of each sample
were determined. For studies involving antiviral mechanisms
and for murine studies, CVL samples from 3-6 subjects were
pooled.

Cells and viruses. CaSki (human cervical) and Vero (mon-
key kidney) epithelial cell lines were obtained from the Amer-
ican Type Culture Collection [9]. The HSV-2 strains were HSV-
2(G), a well-characterized laboratory strain; WITWI1A, a clini-
cal isolate (obtained from P. Spear, Northwestern University,
Evanston, IL) [10]; and C1 and C3, clinical isolates from the
Mount Sinai Clinical Microbiology Laboratory. Clinical isolates
were passed <3 times in Vero cells before study.

HNP-1-3 was purified
from normal human neutrophils [11]. Alternatively, HNP-1,

Reagents and cytotoxicity assays.

-2, and -3 were individually synthesized [12]. Recombinant
SLPI (R&D Systems), heparin (Sigma), and PRO 2000 (Indevus
Pharmaceuticals) were included as controls in selected exper-
iments. Concentrations in CVL samples were determined by
ELISA for HNP-1-3 (Cell Sciences) and SLPI (R&D Systems).
To determine whether CVL samples interfered with the ELISA,
recombinant standards were diluted in pooled CVL samples,
and results were compared with those obtained with standards
diluted in the kit diluent. The impact of recombinant SLPI or
HNP-1-3 on cell proliferation and viability was determined by
the CellTiter 96 AQ

Plaque assays.

cell proliferation assay (Promega).

ueous

CaSki cells, plated in triplicate in 96-well
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Table 1. Characteristics of healthy subjects in a study of the activity against herpes simplex virus (HSV) of cervicovaginal secretions
obtained by cervicovaginal lavage (CVL).

Fold

Subject Age, HSV serum  Birth reduction” HNP-1-3, SLPI,
no. years Race/ethnicity Vaginitis antibody control Day 1 Day 14  ng/mL (day) ng/mL (day)
1 30 Black Negative Condom 28 5 13 = 6 (14) 86.5 + 7 (14)
2 24 Asian Candida® Negative OCP 47 8 16 = 1(14) 168 + 26 (14)
3 24 White Negative OCP 3 5 11 =1(1) 130.6 + 18 (1)
4 34 White Candidé® Negative OCP 19 37 82 £ 13 (1) 150.5 = 5 (1)
5 31 Black Candida® Negative BTL 3 6 2 +1(14) 30 + 6 (14)
6 31 Asian Negative OCP 11 10 11 = 1(14) 51 + 10 (14)
7 25 Black Negative Condom 4 17 5+ 04(1) 22 £ 0.5(1)
8 28  Black/Native American Candida® Negative ocCP 27 19 41 + 8 (1) 77 = 1(1)
9 23 Hispanic HSV-1 OCP 38 34 101 = 5 (1) 90 + 17 (1)
10 30 White HSV-1 OCP 57 50 89 = 9 (1) 160 = 8 (1)
11 22 White Negative OCP 27 8 38 + 11 (1) 99 + 12 (1)
12 39 Black Bacterial vaginosis® HSV-1 and -2 None 7 4 61 = 7 (14) 32 = 0.25 (14)
13 26 White Negative OCP 10 10 50 + 6 (14) 24 + 2.4 (14)
14 31 White HSV-1 and -2 Condom 2 9 3+ 0.6 (1) 284 + 52 (1)
15 23 White Negative OCP 5 4 85 + 9 (1) 92 + 0.2 (1)
16 25 White HSV-1 Condom 199 117 2162 £ 23 (1) 107 = 0.7 (1)
17 24 White Candida® Negative Condom 47 2 6 + 2(14) 185 + 2 (14)
18 22 White Bacterial vaginosis® HSV-1 OCP 32 98 39 + 6 (14) 184 + 0.7 (14)
19 29 White HSV-1 OCP 38 11 305 + 15 (14) 392 = 54 (14)
20 25 White HSV-1 OCP 3 10 14 + 0.2 (1) 67 + .04 (1)

NOTE. Concentrations of human neutrophil peptide (HNP) correlated significantly with fold reduction in HSV-2 titer (- = 0.67; P = .011, Spearman’s correlation

coefficient). In contrast, the concentration of secretory leukocyte protease inhibitor (SLPI) did not correlate with anti-HSV activity (r=0.1; P = .67, Spearman’s

correlation coefficient). BTL, bilateral tubal ligation; OCF, oral contraceptive pills.

@ HSV titer in the presence of control buffer/titer in presence of CVL samples. Cells were pretreated with CVL samples or control buffer for 1 h before infection
with serial dilutions of HSV-2 in triplicate; plaques were counted 48 h after infection, and the virus titer was determined.

b Observed at the first visit only.

¢ Organisms consistent with bacterial vaginosis; Candida noted on the Pap smear, from the first visit only.

dishes, were exposed to CVL samples or control fluid (saline
[pH 5.0] that contained 200 ug/mL bovine serum adjuvant),
60 pL/well, for 1 h at 37°C and were then challenged with serial
10-fold dilutions of HSV-2 (0.01-1000 pfu/cell) (60 uL/well).
After 2 h, the inoculum and CVL samples or control fluid were
removed and replaced by medium 199 supplemented with 1%
fetal bovine serum and 0.1% pooled human +y-globulin (199-
O). Virus titers were determined by counting plaques 48 h after
infection by immunoassay using an anti-human IgG antibody
peroxidase conjugate (“black plaque assay”; Calbiochem) [9].
Only data from wells with 25-100 plaques were used to calculate
the titer. The ratio of the titer of HSV-2(G) in control fluid to
the titer in CVL samples was defined as the fold reduction. To
examine the anti-HSV activity of synthetic defensins and SLPI,
CaSki cells (6-well dishes) were pretreated with various con-
centrations of each for 1 h before challenge with 200-300 pfu/
well HSV-2(G).

Preincubation of virus or cells with CVL samples. To ex-
amine whether CVL fluid targets the viral envelope, cells, or
both, 10* pfu/mL HSV-2(G) was preincubated with pooled CVL
samples, HNP-1-3, SLPI, or control fluid for 1 h at 37°C. Each

mixture was then diluted 50-fold to yield ~200 pfu/well on
control plates and inoculated onto CaSki cells [13]. For com-
parison, diluted virus (~200 pfu) was preincubated for 1 h with
the pooled CVL samples, HNP-1-3, SLP], or control fluid, and
the mixture was plated (without dilution) on cells. Alternatively,
pooled CVL samples, HNP-1-3, SLPI, or control buffer was pre-
incubated with cells for 1 h at 37°C and then either washed ex-
tensively or left intact before infection with HSV-2(G).
Binding. CaSki cells were grown in 6-well dishes and pre-
treated with CVL samples, HNP-1-3, heparin, or control fluid
for 1 h at 37°C, washed, cooled to 4°C for 30 min, and then
exposed to dextran gradient—purified HSV-2(G) (MOI, 1 pfu/
cell) for ~5 h at 4°C [13-15]. The unbound virus was removed
by washing 3 times with cold PBS. The cell-bound virus was
analyzed by preparing Western blots of cell lysates and prob-
ing with anti—glycoprotein D monoclonal antibody (MAb) 1103
(Goodwin Institute) and anti—3-actin MAb (A5441; Sigma-Al-
drich), to control for protein loading. Alternatively, CaSki cells
pretreated as described above were exposed to recombinant
glycoprotein B-2 for 1 h at 37°C [13]. Cells were washed, and
the cell-bound glycoprotein was analyzed by probing Western
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Figure 2. Impact of human neutrophil peptides (HNP}-1-3 and secretory

leukocyte protease inhibitor (SLPI) on herpes simplex virus (HSV)-2 infection
and cell proliferation. CaSki cells were exposed to a mixture of synthetic
HNP-1, -2, and -3 (each added at the indicated concentrations, top) or SLPI
(bottom) for 1 h and then challenged with HSV-2(G) (200-300 pfu/well).
Plaques were quantified 48 h after infection, and results are presented as
plaque-forming units formed in the presence of protein as a percentage of
plaque-forming units formed in the presence of control medium. Each value
is the mean = SD of at least 3 independent experiments conducted in
duplicate. In parallel plates, the impact of these mediators on cell prolif-
eration and viability was determined by the CellTiter 96 AQ,,,; nonradioac-
tive cell proliferation assay; results are presented as optical density units
obtained from cells treated with the indicated concentration of each reagent
as a percentage of optical density units obtained from cells incubated in
control buffer. Each value is the mean + SD of at least 3 independent
experiments conducted in triplicate.

blots of cell lysates with anti—glycoprotein B MAb 1123 (Good-
win Institute). Blots were scanned and analyzed with the Bio-
Rad GelDoc 2000 system.

Nuclear transport of viral tegument protein VP16. Cells
were treated with CVL samples, HNP-1-3, heparin, or control
fluid for 1 h at 37°C and then inoculated with HSV-2 (MOI, 1
pfu/cell). After 1 h, cells were washed with citrate buffer (pH
3.0) for 2 min, to inactivate nonpenetrated virus. The cells were
then washed and overlaid with medium, and nuclear extracts
were prepared 1 h after citrate treatment [16]. Western blots were
prepared and probed with mouse anti-VP16 (1:500; Santa Cruz
Biotechnology) for 1 h and then incubated with horseradish
peroxidase—conjugated goat anti-mouse IgG (1:1000; Calbio-
chem) for 1 h. Blots were stripped, probed with MAb to nuclear

pore complex protein (Mab414; Covance) to control for nuclear
extraction and protein loading, scanned, and analyzed.

Detection of focal adhesion kinase (FAK) phosphorylation.
CaSki cells (12-well plates) were preincubated with serum-free
medium for 24 h before infection and then treated for 1 h with
pooled CVL samples from healthy or HIV-1-infected subjects,
control fluid, HNP-1, or PRO 2000 and then challenged with
HSV-2(G) (MOI, 1 pfu/cell). Mock-infected cells were includ-
ed as a control. Cell lysates were prepared 5 min after infec-
tion. Immunoblots were prepared, and membranes were in-
cubated with a 1:1000 dilution of rabbit anti-FAK[pY*”’], which
recognizes the tyrosine autophosphorylation site 397 of FAK
(44-624G; Biosource International). The membranes were then
stripped and reincubated with a 1:1000 dilution of mouse anti-
FAK MADb (F-15020; Transduction Laboratories), which rec-
ognizes total FAK.

Serum sensitivity of CVL samples. To determine whether
the antiviral activity was sensitive to serum, 10% human serum
from an HSV-seronegative donor was added to the CVL sam-
ples, HNP, SLPI, heparin, PRO 2000, or control fluid before
plaque-reduction assays were conducted.

Mouse model of genital herpes. Murine studies were con-
ducted with the approval of the Mount Sinai School of Medicine
Institutional Animal Care and Use Committee. Female BALB/c
mice (weight, 18-21 g; age, 8-10 weeks) were pretreated with 2
mg/mL medroxyprogesterone acetate subcutaneously 5 days be-

[ Pretreated cells
&1 Pretreated cells, washed
I Pretreated virus

2004 E=31 Pretreated virus, diluted

1004

pfu/mL

Saline CVL HNP SLPI

Figure 3. lIrreversible inactivation of herpes simplex virus—2 by cervi-
covaginal secretions. CaSki cells were pretreated with control buffer, pooled
cervicovaginal lavage (CVL) samples, human neutrophil peptide (HNP)}-1-3
(25 wg/mL), or secretory leukocyte protease inhibitor (SLPI; 20 wg/mL) for
1 h at 37°C and then either washed extensively or left intact before infection
with 200-300 pfu/well HSV-2(G). Alternatively, ~10* pfu/mL HSV-2(G) was
incubated with each of the reagents for 1 h at 37°C and the mixture diluted
50-fold to yield ~200 pfu/well on control plates and inoculated onto mono-
layers of CaSki cells. For comparison, diluted virus (~200 pfu) was prein-
cubated for 1 h with the reagents, and the mixture was plated (without
dilution) on cells. Results are means #+ SDs from triplicate wells and are
representative of 4 independent experiments.
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Figure 4. Effects of cervicovaginal lavage (CVL) samples and human

neutrophil peptide (HNP}-1-3 on binding of herpes simplex virus (HSV)-
2 (A) or nuclear transport of viral tegument protein VP16 (B). A, CaSki
cells were exposed to saline, pooled CVL samples, HNP-1-3 (25 ug/mL),
or heparin (100 ug/mL) for 1 h at 37°C and then shifted to 4°C and
exposed to purified HSV-2(G) (1 pfu/cell) for 5 h. Bound virus was detected
by analyzing Western blots of cell lysates for glycoprotein D (gD; top).
Alternatively, cells were treated with control saline, pooled CVL samples,
HNP-1-3, or heparin for 1 h at 37°C and then exposed to recombinant
glycoprotein B-2 (gB; 10~° ug/cell). Bound gB was detected by analyzing
Western blots of cell lysates (bottom). Blots are representative of 3
independent experiments. B, CaSki cells were pretreated with saline, CVL
samples, HNP-1-3, or heparin for 1 h and then exposed to HSV-2(G), and
nuclear extracts were prepared as described in Subjects and Methods.
Shown is a representative blot probed for VP16, which is representative
of 3 independent experiments.

fore intravaginal challenge with HSV-2(C3) (5 log,, pfu/mouse).
The virus was preincubated for 1 h with pooled CVL sam-
ples, pooled CVL samples to which 10% human serum from an
HSV-seronegative donor was added, or untreated virus. Inocu-
lated mice were evaluated for 21 days for evidence of infection,
including genital ulcers, perineal erythema, hair loss, and hind-
limb paralysis. Mice were killed if severe ulceration or hind-limb
paralysis developed. Vaginal washes were obtained on day 3 after
infection to determine virus titers by plaque assay.

Statistical analysis. The geometric mean, obtained by com-
puting the mean and confidence intervals for log-transformed
data, was used to describe the fold reduction in virus titer in
CVL samples, compared with that in the control buffer. The
Wilcoxon nonparametric test with exact P values was used to
determine whether anti-HSV activity in CVL samples varied
significantly between the 2 visits of healthy subjects; if it varied
significantly with contraceptive use, the presence of serum an-
tibodies to HSV, or vaginal candidiasis; and whether the an-
tiviral activity in CVL samples obtained from healthy subjects
differed from that obtained from HIV-1-infected subjects. Spear-

man’s correlation coefficients were used to determine whether
antiviral activity in CVL samples correlated with concentrations
of SLPI or HNP-1-3. Calculations were done with SAS software
(version 9; SAS Institute).

RESULTS

Inhibition of HSV infection by CVL fluid from healthy subjects.
HSV-2(G) infection was significantly reduced if cells had been
cultured in the presence of CVL samples obtained from all 20
healthy subjects, compared with control buffer that had been
matched for pH and protein concentration (P<.0001) (figure
1). The geometric mean fold reduction in HSV-2 yields in the
presence of CVL samples relative to that in control samples was
15.1 (95% confidence interval [CI], 9-26-fold). The CVL samples
also inhibited >90% of infection by 3 different clinical isolates
of HSV-2 (WTWI1A, Cl, and C3; data not shown). To assess
whether the antiviral activity fluctuated over time, a second CVL
sample was obtained from each healthy subject 14 days later.
The mean reduction in HSV-2 yields in the presence of the second
CVL samples was 12.4-fold (95% CI, 8—12-fold). Although there
was considerable variability for some subjects, overall, the day 1
reading was neither significantly higher nor lower than the day
14 value (P = .23) (table 1). The reasons for this variability and
identifying what modifies the anti-HSV activity in CVL samples
warrant further study.

The anti-HSV activity of CVL samples was independent of
age, vaginal pH, the presence of Candida or bacterial vaginosis,
and the presence or absence of serum antibodies to HSV (table
1). Although CVL samples from 40% (8/20) of subjects could

2501 I No serum
+
200- Il + Serum
|
g 150
2
2 1004
50-
* * * k * %k * *
0
] RN Q N & 3
& ¢ & 6\3 QQQ( o‘\oQQ
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Figure 5. Reduced anti—herpes simplex virus (HSV) activity of cervi-

covaginal lavage (CVL) samples and human neutrophil protein (HNP), but
not secretory leukocyte protease inhibitor (SLPI), heparin, or PRO 2000,
in the presence of serum. CaSki cells were treated with pooled CVL sam-
ples, HNP-1-3 (25 ug/mL), SLPI (20 wg/mL), PRO 2000 (100 ug/mL),
heparin (100 wg/mL), or control buffer that had been incubated for 1 h
with 10% serum or saline and then challenged with 200-300 pfu/well
HSV-2(G). Results are means + SDs from triplicate wells and are rep-
resentative of 3 independent experiments. *No visible plagues.
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Table 2. Impact of cervicovaginal lavage (CVL) samples on herpes simplex virus
(HSV)-2 infection and disease in mice.

HSV-2 titer,
mean * SD, pfu/mL

Disease free

Treatment of HSV-2 before infection (mortality, %)

Control (n = 15) 0 (100) 55 + 3.9 x 10*
Pooled CVL samples (n = 15) 14 (7) 0
CVL samples + 10% serum (n = 10) 0 (90) 2.3 + 0.5 x 10°

NOTE. Vaginal washes were obtained on day 3 after infection in 2 of 3 experiments (10 control
mice and mice challenged with HSV-2 pretreated with pooled CVL samples and 5 mice challenged
with HSV-2 pretreated with CVL samples + 10% serum). All control mice developed symptomatic
disease and were killed between days 6 and 8 after infection. Only 1 mouse challenged with HSV-2
pretreated with pooled CVL samples developed symptomatic disease; vaginal washes were not ob-
tained from that mouse. However, no virus was detected in any mouse in that group from which
vaginal washes were obtained (n = 5). All mice challenged with HSV-2 pretreated with CVL samples
+ 10% serum developed moderate genital-tract symptoms 6 days after infection. The symptoms did
not progress in 1 mouse, but the others developed severe genital-tract swelling, ulceration, and hair
loss on days 7-9 and were killed.

have contained HSV-specific antibodies, it is unlikely that an-
tibody contributed substantially to the anti-HSV activity. There
were no differences in anti-HSV activity in CVL samples in
women with or without serum HSV antibodies (P = .49). Fur-
thermore, size fractionation of CVL samples demonstrated that
the anti-HSV activity resides within the <50-kDa fraction (data
not shown). Because many of the women were receiving oral
contraceptive pills, the effects of the menstrual cycle on anti-
HSV activity could not be addressed.

Candidate components for anti-HSV activity in CVL
samples.
HSV activity include defensins and SLPI. To examine their

Mucosal components that might contribute to anti-

ability to inhibit HSV infection in vitro, we pretreated CaSki
cells with SLPI or a mixture of synthetic HNP-1, -2, and -3
for 1 h and then challenged the cells with 200-300 pfu of HSV-
2(G)/well and counted plaques 48 h after challenge. Both SLPI
and the a-defensins inhibited HSV-2 infection without induc-
ing cytotoxicity at the concentrations tested (figure 2). SLPI

Table 3. Characteristics of HIV-infected subjects and anti-viral activity in their cervicovaginal lavage (CVL) samples.
Patient Age, Birth HIV-1 RNA,  CD4" cell count, Fold HNP-1-3, SLPI,
no. years Race/ethnicity control log,, copies/mL cells/mm? reduction® ng/mL ng/mL
1 40 Hispanic Condom 5.8 94 15 94 + 6 185 + 2
2 44 Black Condom 4.7 125 1 1.4 +0 180 = 3
3 34 Black Condom 4.6 366 18 32 £2 134 + 8
4 43 Hispanic None 4.6 675 0.8 1+ 0.02 15 =2
5 46 Hispanic Condom 4.7 407 5 77 =1 150 + 19
6 43 Hispanic Condom 4.9 NA 4 23 £ 4 98 + 7
7 35 Black None 5.1 62 1.2 1.4 + 0.06 25 + 2
8 40 Black Condom 5.1 151 1.5 15 £ 1 31+ 5
9 39 Hispanic BTL 5.1 122 1.8 1.9 + 0.05 124 + 15
10 37 Hispanic BTL 4.4 264 1.5 26 + 0.02 232 + 24
11 47 Hispanic Condom 5.0 264 0.7 285 + 0.2 328 + 19
12 42 Black BTL 4.6 283 1.58 315 + 25 593 + 73
13 35 Hispanic Condom 5.8 686 24.7 406 = 9 131 £ 15
14 41 Black BTL 5.9 8 1.3 173 = 17 3945 + 5
15 36 Black Condom 5.0 353 2.04 53.5 + 0.44 360 = 16
16 47 Black Condom 5.0 188 2.3 16 = 0.76 129 = 10
17 31 Hispanic None 5.1 183 3.5 601 = 9 22 + 4
18 34 Asian None 5.3 525 4.7 31.8 £ 23 123 = 2
19 29 Black None 4.6 616 1.38 3212 675 + 48
20 31 Black Condom 4.2 375 8.8 4.5 + 0.007 163 + 9
NOTE. Concentrations of human neutrophil peptide (HNP) correlated significantly with fold reductions in herpes simplex virus (HSV)-2 titer (r= 0.569; P =

.006, Spearman'’s correlation coefficient). In contrast, the concentration of secretory leukocyte protease inhibitor (SLPI) did not correlate with anti-HSV activity
(r=-0.115; P = .63, Spearman’s correlation coefficient). BTL, bilateral tubal ligation.

@ Virus titer in presence of control buffer/titer in presence of CVL samples. Cells were pretreated with CVL samples or control buffer for 1 h before being
inoculated with serial dilutions of HSV-2 in triplicate; plagues were counted 48 h after infection, and the virus titer was determined.
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Blocking of herpes simplex virus (HSV)-induced focal adhesion kinase (FAK) phosphorylation by cervicovaginal lavage (CVL) fluid obtained

from healthy subjects, but not that from HIV-1—infected subjects. CaSki cells were preincubated overnight with serum-free medium and then pretreated
with saline or CVL samples pooled from HIV-1—infected or healthy subjects for 1 h and then challenged with HSV-2(G) (1 pfu/cell); 5 min after exposure,
cell lysates were prepared, and proteins were separated, transferred by Western blotting, and incubated with anti—-FAK pY397 antibody. Blots were
then stripped and reprobed with monoclonal antibody to total FAK. The blots were scanned, and the results are expressed as the fold increase in
levels of phosphorylated FAK as a percentage of total FAK, compared with mock-infected cells (Mock). Results are representative of 2 independent

experiments. HNP-1, human neutrophil peptide—1.

and HNP-1-3 concentrations in 1 CVL sample from each par-
ticipant were measured by ELISA (table 1). Notably, diluting
the protein standards for each of the ELISAs in CVL samples
did not interfere with protein recovery (data not shown). The
HNP-1-3 concentrations correlated with anti-HSV activity (r
= 0.66; P = .0015, Spearman’s correlation coefficient), but
SLPI concentrations did not. The correlation persisted when
subject 16, who had the greatest anti-HSV activity and the
highest concentration of HNP-1-3 in her CVL samples, was
excluded from the analysis (r = 0.53; P = .019, Spearman’s
correlation coefficient).

Mechanism of anti-HSV activity. The anti-HSV activity
persisted if virus was pretreated with CVL samples or HNP-1—
3, followed by dilution, before cells were infected. In contrast,
SLPI-mediated anti-HSV activity was retained when cells were
exposed to SLPI and extensively washed but not when the virus
was preincubated with SLPI followed by dilution of the mixture
(figure 3). These findings suggest that CVL samples and HNP-
1-3 preferentially target the virus to irreversibly inhibit HSV
infection, whereas SLPI targets the epithelial cell.

We further examined how CVL samples and HNP-1-3 inhibit

HSV infection, binding, and entry. Heparin, which was included
as a positive control, is a competitive inhibitor of HSV binding.
Its presence completely abolished virus binding at 4°C and re-
combinant glycoprotein B-2 binding at 37°C (figure 4A, top and
bottom, respectively) [15]. In contrast, HNP-1-3 and CVL sam-
ples showed little or no ability to reduce binding in 3 independent
experiments. In contrast, nuclear transport of the viral tegument
protein VP16, a surrogate marker of virus entry, was substantially
reduced by CVL samples or HNP-1-3 and (as was anticipated)
by heparin (figure 4B). Together, these results suggest that CVL
samples and HNP-1-3 inactivate HSV by preventing virus entry
at a postbinding step.

HNP-1-3 bind to and are inactivated by serum proteins. To
examine whether the anti-HSV activity of HNP-1-3 and/or CVL
samples is inhibited by serum, virus was pretreated with CVL
samples and HNP-1-3 with or without 10% serum, and viral
infection was monitored by plaque assay. SLPI, heparin, and
PRO 2000 were included for comparison. Results demonstrate
that the anti-HSV activity of HNP-1-3 and CVL samples is
substantially reduced in the presence of 10% serum but that
the activity of SLPI, PRO 2000, or heparin is not (figure 5).
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Figure 7. Mixing of cervicovaginal lavage (CVL) samples obtained from

healthy participants with CVL samples obtained from HIV-1—infected sub-
jects or addition of exogenous human neutrophil peptide (HNP)-1 caused
an enhancement of anti—herpes simplex virus activity. CaSki cells were
treated for 1 h with saline, CVL samples pooled from 3 healthy subjects,
CVL samples pooled from 3 HIV-1—-infected subjects, or the pooled CVL
samples from HIV-1—infected subjects mixed 1:1 with saline or with pooled
CVL samples from healthy subjects. Alternatively, cells were treated for 1
h with synthetic HNP-1 (50 ug/mL) diluted in control buffer or in CVL sam-
ples pooled from HIV-1—infected subjects. Cells were then challenged with
200-300 pfu/well, and infection was monitored by counting plaques 48 h
after infection. Results are means = SDs from duplicate wells and are
representative of 3 independent experiments.

Protection of mice from genital herpesvirus infection by
CVL fluid. A murine genital herpes model was adopted to
determine whether the antiviral properties of CVL fluid could
reduce in vivo viral pathogenicity. Mice inoculated intravagi-
nally with HSV-2 that had been pretreated with pooled CVL
samples were protected from infection (i.e., no virus detected
in vaginal wash) and fatal disease (table 2). No protection was
observed if the mice were inoculated with virus that was pre-
treated with CVL samples inactivated by the addition of 10%
serum. These results support the in vitro findings that CVL
fluid irreversibly inactivates HSV-2 and that the antiviral effect
is neutralized in the presence of 10% serum.

Anti-HSV activity of CVL samples from HIV-I1-infected
subjects. Epidemiological evidence has demonstrated that HIV-
l1-infected persons coinfected with HSV have frequent recur-
rences of genital herpes [17]. Accordingly, we examined the
anti-HSV activity in CVL samples obtained from a cohort of
20 subjects with HIV-1 infection (table 3). These women were
being screened for participation in an unrelated study and dif-
fered from the healthy cohort with respect to age, race, and
contraceptive methods (tables 1 and 3). In the HIV-1-infected
subjects, the geometric mean of the fold reduction of HSV-2

was 5.04 (95% CI, 1.9-8.1-fold), which is significantly lower
than that observed with CVL samples obtained from healthy
women (P<.001).

To further explore the observed differences, we compared the
effects of CVL samples from healthy or HIV-1-infected sub-
jects on the virus-induced phosphorylation of FAK. HSV in-
duces FAK phosphorylation within 5 min after exposure to
penetration-competent virus, which renders this one of the
earliest detectable markers of successful virus entry [18]. HSV
induces a 9-fold increase in FAK phosphorylation, compared
with mock-infected cells (figure 6). Pretreatment of the virus
with pooled CVL samples from healthy subjects or HNP-1
reduced the virus-induced FAK phosphorylation substan-
tially. In contrast, CVL samples obtained from HIV-1-infec-
ted subjects failed to block the virus-induced phosphorylation
of FAK. As anticipated, PRO 2000 also prevented the virus-
induced FAK phosphorylation. These results suggest that the
CVL samples obtained from the healthy cohort, but not the
HIV-1-infected cohort, prevented virus entry and virus-trig-
gered FAK phosphorylation.

To determine whether the reduction in anti-HSV activity in
CVL samples obtained from the HIV-1-infected subjects re-
flects a loss in protective factors and/or the presence of inhib-
itors, several strategies were adopted. First, the concentration
of HNP and SLPI in CVL samples from the HIV-1-infected
cohort was measured (table 3). The concentrations of HNP-
1-3 (but not of SLPI) were lower in the HIV-1-infected cohort.
Despite the lower levels, a significant correlation between HNP-
1-3 levels and anti-HSV activity persisted (r = 0.59 P =.006,
Spearman’s correlation coefficient). Mixing pooled CVL sam-
ples from HIV-1l-infected subjects with pooled CVL samples
from healthy subjects completely restored the anti-HSV activity,
and the addition of synthetic HNP-1 to the pooled HIV-1-
infected CVL samples partially restored the anti-HSV activity
(figure 7). These observations suggest that reduced anti-HSV
activity in CVL samples obtained from the HIV-1-infected co-
hort reflects a loss in mucosal protective mediators.

DISCUSSION

To our knowledge, the present studies provide the first dem-
onstration that cervicovaginal secretions from healthy women
significantly inhibit HSV infection in vitro. These results were
confirmed by showing that CVL samples prevented infection
in a murine genital herpes model, which thus suggests an im-
portant role of cervicovaginal secretions in providing innate
protection against HSV. The protective activity in vivo may be
considerably higher because of the dilution imparted by the
procedure used to collect the CVL samples. Precisely what reg-
ulates the innate anti-HSV activity in cervical secretions and
how HSV overcomes this activity is not yet understood. Pos-
sibilities include exposure to a virus inoculum sufficient to
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overcome innate defenses or a loss in protective factors, as
was observed in the HIV-1-infected cohort.

Notably, the anti-HSV activity of CVL samples is indepen-
dent of the presence of serum HSV antibodies and correlates
with the concentration of HNP-1-3. CVL fluid and HNP-1-3
act in a similar manner: both irreversibly inactivate HSV and
act after binding to block entry, as indicated by inhibition of
virus-induced FAK phosphorylation and nuclear transport of
VP16. Moreover, the antiviral activity of both is neutralized by
serum, which contains several defensin-binding proteins [19].
However, the presence of HNP-1-3 alone does not fully account
for the observed activity, as evidenced by the findings that the
concentration of synthetic HNP-1, -2, and -3 required to inhibit
HSV infection was greater than the concentrations measured
in CVL samples and that the addition of synthetic peptides to
CVL samples obtained from HIV-1-infected women partially
restored antiviral activity, whereas the addition of CVL sam-
ples from healthy subjects completely restored the activity.
Thus, other CVL fluid components may act additively or syn-
ergistically with HNP-1-3 to provide protection.

The observation that HNP-1-3 contribute to the intrinsic
anti-HSV activity in cervicovaginal secretions is consistent with
previous in vitro findings [6, 7, 12] that identified carbohydrate
moieties on envelope glycoproteins as binding sites for HNP-
1-3 [7]. The enzymatic removal of O- or N-linked glycans from
HSV-2 glycoprotein B-2 has been shown to significantly reduce
the affinity of HNP-1-3 for glycoprotein B-2 [7]. HSV-2 gly-
coprotein B-2 plays a key role in HSV-2 binding and is also
required for virus penetration. Because HNP-1-3 (and CVL sam-
ples) block virus entry after binding, these findings suggest that
the carbohydrate moieties on glycoprotein B-2 contribute to pen-
etration after binding [14].

These studies suggest that SLPI is not a major contributor
to the observed anti-HSV activity in CVL samples. The SLPI
concentration in CVL samples did not correlate with anti-HSV
activity, although we did find that recombinant SLPI inhibits
HSV infection in vitro. SLPI’s mechanism of anti-HSV activity
appears to be different from that of HNP-1-3, because it seems
to act on the target cell rather than on the virus. Cells pretreat-
ed with SLPI remain resistant to infection by HSV-2, even after
extensive washing. Cells pretreated with CVL samples are also
unable to be infected by HSV; however, the effect is not sus-
tained after washing (figure 3). The addition of exogenous se-
rum did not interfere with SLPI, which further distinguishes
its mechanism of anti-HSV activity from that observed for
HNP-1-3. Because SLPI and HNP-1-3 evidently prevent HSV-
2 infections via different mechanisms, the possibility that they
act synergistically deserves consideration.

We found considerably less anti-HSV activity in CVL samples
from a small cohort of HIV-1—infected subjects. We can only
speculate about the relationship between these lower levels of

anti-HSV activity in their CVL samples and the recognized
correlation of susceptibility between HIV-1 and HSV infections.
Because adding CVL samples from healthy subjects enhanced
the anti-HSV activity of CVL samples from HIV-1-infected
subjects, the loss in activity is most likely attributable to a rel-
ative lack of protective factors rather than to the presence of
inhibitory ones. That we found lower concentrations of HNP-
1-3 in CVL samples from the HIV-1—infected subjects is con-
sistent with this interpretation.

The present results demonstrate that cervicovaginal secre-
tions obtained from healthy subjects exhibit substantial intrin-
sic anti-HSV activity and that this activity is mediated, in part,
by HNP-1-3. Contributions by other components warrant fur-
ther investigation. Cervicovaginal secretions from HIV-1-in-
fected women manifested significantly less anti-HSV activity
than was found in secretions from younger, healthier wom-
en. This provocative finding highlights the need for addition-
al studies to determine the effects of age, HIV, other sexually
transmitted infections, and hormonal changes on mediators
of mucosal resistance and on the intrinsic anti-HSV defenses
of the female genital tract. Moreover, assessment of the safe-
ty profile of candidate microbicides should include an eval-
uation of the impact of repeated application on these critical
innate genital-tract defenses.
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