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Treatment of intravaginal HSV-2 infection in mice: A comparison
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Abstract

The mammalian innate immune system recognizes pathogens via a series of pattern-recognition receptors such as the toll-like receptors (TLR) that
interact with pathogen-associated molecular patterns (PAMPs) and lead to the rapid activation of innate immune cells. In this study, we compared
the efficacy of CpG ODN (a TLR9 agonist) and resiquimod (R-848; a TLR7/8 agonist) for topical immunoprophylaxis or immunotherapy of
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aginal herpes simplex virus type 2 (HSV-2) infection in mice. Efficacy against HSV infection was observed with CpG ODN but less
-848, even after repeated administrations. Intravaginal (IVAG) administration of CpG ODN resulted in strong local but relatively weak

mmune activation, as determined by levels of the chemokines IP-10, MIG and I-TAC in vaginal tissue and plasma, respectively. In
VAG administration of R-848 resulted in high levels of plasma IP-10, similar to those seen after parenteral administration, but overall,
horter-lived local immune responses than obtained with CpG ODN. These findings suggest that differences in biodistribution and sites
ctivation between CpG ODN and R-848 after IVAG delivery account for differences in efficacy, and demonstrate the need for local muc
ctivation for protection against HSV-2.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Herpes simplex virus type 2 (HSV-2) is the major cause
f genital ulcer disease worldwide and a significant co-factor

n the transmission and acquisition of human immunodefi-
iency virus type 1 (HIV-1) (Schacker, 2001). Despite current
herapies, the incidence and prevalence of HSV-2 infection
ontinues to increase worldwide (Fleming et al., 1997; Halioua
nd Malkin, 1999; O’Farrell, 1999). HSV-2 viral replication
tarts locally in the genital epithelium and thereafter ascends
ensory nerves to the sacral ganglia, where latency can be
stablished. While many individuals experience life-long

nfection characterized by sporadic, sometimes frequent,
lcerative outbreaks, others have less severe, more infrequent
utbreaks, with eventual long-term control of symptoms asso-
iated with development of HSV-specific adaptive immunity, in

∗ Corresponding author. Tel.: +1 613 254 5622x3139; fax: +1 613 254 5625.
E-mail address: mmccluskie@coleypharma.com (M.J. McCluskie).

particular Th1-type cell-mediated immunity (Koelle and Corey
2003).

The standard treatment for genital herpes infection is th
of anti-viral drugs, such as the guanosine analogues acy
and famciclovir, however, even with chronic use these d
do not result in permanent viral clearance or long-term
trol. Moreover, clinical issues with their use include drug re
tance and safety concerns in small children or pregnant wo
(Naesens and De Clercq, 2001). For prophylaxis against HSV-
the main strategies are the use of topical microbicides to b
attachment or prevent viral transmission (Zeitlin and Whaley
2002), and vaccination to generate HSV-2-specific adap
immunity (Koelle and Corey, 2003). However, microbicide
require a high patient compliancy and can have an unde
contraceptive effect. In addition, microbicides can be toxi
proinflammatory and frequent use may lead to disruptio
the vaginal epithelium and enhanced risk of HIV-1 transm
sion during sexual intercourse (Van Damme et al., 2002). While
preclinical vaccination studies against HSV-2 have been en
aging, results of vaccine trials against HSV-2 in humans
166-3542/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2005.10.007
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been disappointing, possibly due to a lack of T cell responses
since induction of high levels of HSV-2 neutralizing antibod-
ies have not previously provided protection (Corey et al., 1999;
Stanberry et al., 2002).

An alternate approach for treatment of chronic HSV-2 infec-
tion may be the use of immunomodulators applied directly to
the site of infection. This may result in innate immune responses
to provide immediate control of viral replication, as well as the
induction or augmentation of adaptive immune responses, in the
presence of viral antigen, to help control subsequent outbreaks
and possibly provide long-term control. To be effective, such
immunomodulators must be able to induce Th1-type immune
responses.

Innate immune responses result from the recognition of
pathogen-associated molecular patterns (PAMPs) present in
infectious agents by the vertebrate innate immune system via
pattern-recognition receptors, including the Toll-like receptors
(TLRs). To date, 10 different human TLRs have been identi-
fied, as well as a number of naturally occurring TLR-ligands
(Pasare and Medzhitov, 2005). Synthetic TLR ligands have also
been identified, including imidazoquinoline compounds such
as imiquimod and resiquimod (R-848), which activate human
TLR7 and 8 (Gibson et al., 2002; Hemmi et al., 2002), and
oligodeoxynucleotides containing CpG motifs (CpG ODN),
which are TLR9 agonists (Hemmi et al., 2000; Bauer et al.,
2001b). Both of these classes of immunomodulators have anti-
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of the physical and chemical differences of the two molecules
on relative efficacy, but not TLR distribution since in mice TLR7
and TLR9 are both found on B cells, pDC and mDC and periph-
eral mononuclear cells (Hemmi et al., 2000; Wagner, 2004).

2. Materials and methods

2.1. Animals

Female C57BL/6 or BALB/c mice (Charles River Canada,
Montreal, Que., Canada) 6–8 weeks old, were used for these
studies, which were conducted at the Ottawa Hospital Research
Institute, Ottawa, ON, Canada; Coley Pharmaceutical Group,
Ottawa, Canada; and McMaster University Health Sciences
Centre, Hamilton, ON, Canada. All HSV-2 challenge studies
were conducted in C57BL/6 mice, since this disease model
has been established and optimized in this mouse strain. How-
ever, it has been reported that DCs from C57BL/6 mice pref-
erentially express TLR9 mRNA compared to BALB/c mice
(Liu et al., 2002), therefore, additional studies were conducted
in BALB/c mice to determine chemokine production after
local or parenteral administration. All animal experiments were
subject to approval by the Animal Care Committees of the
Ottawa Hospital and Coley Pharmaceutical Group or the Ani-
mal Research Ethics Board of McMaster University, under
the requirements of the Canadian Council on Animal Care
(
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iral and antitumor properties in animal models and h
een used in a number of clinical trials (Hengge et al., 2001
rieg, 2002, 2004). Imiquimod is also sold as a topical cre

AldaraTM) to treat genital warts.
When used for prophylaxis against HSV-2 in mouse or gu

ig models, both CpG ODN and imidazoquinolines have pr
fficacy (Harandi et al., 2003; Pyles et al., 2002; Sajic et
003; Bernstein et al., 2001; Harrison et al., 1994). However
espite similarities in their biological mechanisms and effe
number of differences exist between these molecules tha

nfluence their effect on the immune system. For example
ellular distribution of the TLR receptors for CpG ODN and i
azoquinolines are different. In humans, TLR9, which recog
pG ODN, are found exclusively on B cells and plasmacy
endritic cells (pDC) (Bauer et al., 2001a; Krug et al., 200),
hereas imidazoquinolines interact with TLR7 and 8 foun
cells, monocytes, and both plasmacytoid and myeloid

mDC) (Jarrossay et al., 2001; Kadowaki et al., 2001). While
ffects on a wider selection of cell types could be advantag

t could also result in additional toxicities. In addition, th
re considerable physical and chemical differences bet

he two molecules that could affect biodistribution and
fficacy.

To date, an in vivo comparison of an imidazoquinoline
pG ODN has only been made for their use as vaccine
ants (Vasilakos et al., 2000; Weeratna et al., 2005). However
o such comparison has been made for the ability of thes
LR ligands to activate innate immunity. In this study, we h
valuated and compared R-848 and CpG ODN for their a
o stimulate innate immune responses and to protect mice
ethal infection with HSV-2. This allowed us to study the eff
,
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,
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CCAC).

.2. Test articles and experimental groups

B Class CpG (2006, TCGTCGTTTTGTCGTTTTGTCGTT;
0104, TCGTCGTTTCGTCGTTTTGTCGTT; 1826, TCCAT-
ACGTTCCTGACGTT) and non-CpG control (1982, TC
GGACTTCTCTCAGGTT; 2137, TGCTGCTTTTGTGCT
TGTGCTT; 2138, TCCATGAGCTTCCTGAGCTT) OD
ere synthesized with a phosphorothioate backbone, t

or purity and endotoxin contamination (Coley Pharma
ical Group, Wellesley, MA), re-suspended in sterile, en
oxin free TE at pH 8.0 (OmniPur®; EM Science, Gibb
town, NJ) and stored and handled under aseptic cond
o prevent both microbial and endotoxin contamination
48 (4-amino-2-ethoxymethyl-α,α-dimethyl-1H-imidazo[4,5-
]quinoline-1-ethanol) was manufactured by GL synth
Boston, MA) and was dissolved in TE buffer (pH 8.0) c
aining 10% DMSO. Dilution of ODNs and R-848 for exp
ments was carried out in sterile, endotoxin free phosp
uffered saline (PBS) at pH 7.2 (Sigma Diagnostics, St. Lo
O).
To compare single dose pre- or post-challenge treatmen

roups of 10 mice were administered CpG ODN (CpG 10
r R-848 IVAG on a single occasion, either 24 h prior to or
fter HSV-2 infectious challenge (see below). Both CpG O
nd R-848 were given at doses of 1, 10 or 100�g, which are
quivalent to 0.13, 1.3, or 13 nmol CpG ODN, respectively,
.2, 32, or 320 nmol R-848, respectively.

To evaluate effects of multiple dose treatments, CpG O
CpG 2006) or R-848 (0.1, 1, 10, or 100 nmol) were administ
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intravaginally (IVAG) as a single daily dose for 5 consecutive
days starting 4 h after infection via a micropipette in a total vol-
ume of 25�l of PBS. These doses are approximately equivalent
to 0.8�g (0.1 nmol), 8�g (1 nmol), 80�g (10 nmol) CpG ODN,
and 0.3�g (1 nmol), 3�g (10 nmol) and 30�g (100 nmol) for
R-848.

Control groups received either PBS or non-CpG control
ODN.

2.3. Cells and viruses

Vero cells (ATCC CCL81) were grown in�-MEM growth
media (Life Technologies, Burlington, Ont., Canada) supple-
mented with 5% fetal calf serum (Life Technologies) and 50�g
penicillin/ml, 50�g streptomycin/ml and 2 mMl-glutamine
(Life Technologies) and were incubated at 37◦C and 5% CO2.
Stocks of HSV-2 (strain 333) were prepared from infected Vero
monolayers, tittered by plaque assay and stored at−80◦C until
used.

2.4. Intravaginal HSV-2 challenge

Five days prior to IVAG challenge, mice were injected sub-
cutaneously (SC) with 2 mg of progesterone (Depo-Provera®;
Pharmacia & Upjohn Co., Mississauga, Ont., Canada) in the
upper back, using a 29-gauge needle. IVAG administrations of
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in 100 ml PBS, pH 7.2 (Sigma Diagnostics, St. Louis, MO).
Vaginal tissues were cut into small pieces using fine-point scis-
sors, ground with a mortar and pestle, and the final volume of
protease inhibitor solution brought up to 600�l per sample of
vaginal tissue. Homogenized vaginal tissues were centrifuged
at 13,000 rpm for 10 min and supernatants collected. Plasma
and vaginal tissue supernatants were stored at≤−15◦C until
assayed.

Plasma and vaginal tissue supernatants (five samples per
group per time-point) were assayed by ELISA for the presence
of interferon-gamma-inducible protein 10 (IP-10), interferon-
inducible T cell alpha chemoattractant (I-TAC), and monokine
induced by gamma interferon (MIG), as markers for immune
activation. These ligands have been shown to be induced by
IFN-� and are important in Th1-type immune responses (Cole
et al., 1998; Luster and Ravetch, 1987; Ogasawara et al., 2002).
All assays were completed using 96-well flat-bottom microtiter
plates (NUNC-ImmunoTM MaxisorpTM plates, Nalge NUNC
International, Rochester, NY). For IP-10 ELISA, microtiter
plates were coated with 100�l per well of 6�g/ml capture
antibody (purified rat anti-mouse CRG-2 monoclonal antibody;
BD Pharmingen, San Diego, CA) diluted in 0.2 M phosphate
buffer, pH 9.0, or 2�g/ml capture antibody (purified rat anti-
mouse CRG-2 monoclonal antibody; R&D Systems, Minneapo-
lis, MN) diluted in PBS (Gibco, Grand Island, NY) and incu-
bated overnight at 4◦C or room temperature, respectively. After
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f 25�l PBS.

On the day of challenge, mice were anesthetized
etamine (150 mg/kg) and Xylazine (10 mg/kg) by intrap

oneal injection and a lethal dose of HSV-2 strain 333
× 104 pfu per mouse was delivered IVAG in 10�l PBS via
icropipette. Genital pathology was monitored daily after IV
SV-2 challenge. Pathology was scored on a 5-point sca

ollows: 0 = no apparent infection; 1 = slight redness of exte
agina; 2 = redness and swelling of external vagina; 3 = se
edness and swelling of external vagina with hair loss
urrounding tissue; 4 = genital ulceration with severe red
= severe genital ulceration extending to surrounding tis
ice were euthanized upon reaching stage 5 or when pa

is of the hind limbs was observed.

.5. Biomarker determination

Mice were administered CpG ODN or R-848 (100 nm
ither by IVAG instillation in a volume of 20�l using a
icropipette or by SC injection in a volume of 50�l using a
9-gauge needle (Becton Dickinson, Franklin Lakes, NJ)

VAG groups, mice were administered 2 mg of progesteron
C injection in the lower back using a 29-gauge needle 5
rior to IVAG administration of CpG ODN or R-848. At vario

imes (0.25–24 h) after administration of CpG ODN or R-8
lasma was collected. Other animals (IVAG only) had vag

issues (vagina, cervix and uterus) collected at various t
0.25–24 h) and placed in 200�l protease inhibitor solution pr
ared by dissolving 14 Complete Mini, EDTA-free prote

nhibitor cocktail tablets (Roche Diagnostics, Indianapolis,
s
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;
.
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ashing with 0.05% Tween 20 (Sigma–Aldrich, St. Lo
O) in PBS, plates were blocked with either 10% fetal

erum (FCS, Sigma) in PBS or with 1% BSA (Sigma)
BS containing 5% sucrose (Sigma) and 0.05% sodium

Sigma). After washing, 100�l of each plasma or vaginal ti
ue supernatant and recombinant mouse IP-10 standard
ystems) were coated onto the plate and incubated at

emperature for 2 h. After washing, 100�l of either 4�g/ml
etection antibody (biotinylated rabbit anti-mouse CRG-2 p
lonal antibody, BD Pharmingen) diluted in assay dilu
10% FCS in PBS) or 1�g/ml detection antibody (biotiny
ated goat anti-mouse CRG-2 antibody) diluted in assay
nt (1% BSA in PBS) was added to each well and sam
ere incubated at room temperature for 1 or 2 h, res

ively. After washing, the plates were coated with 100�l per
ell of either avidin-HRP conjugate (Sigma) diluted 1:250
ssay diluent (10% FCS in PBS) or streptavidin–HRP

ugate (R&D Systems) diluted 1:200 in assay diluent
SA in PBS) and incubated at room temperature for 3
0 min, respectively. Plates were washed again and deve
ith 100�l per well of tetramethylbenzadine liquid substr
ystem containing hydrogen peroxide (Sigma or R&D S
ems). After 15–30 min in the dark, the reaction was stop
y addition of 50�l 2N H2SO4 to each well. Absorbanc
as read at 450 nm and the concentration of IP-10 was
ulated from the standard curve using an automated E
late reader with MRX Revelation software (Dynex Te
ologies, Chantilly, VA). Assays for I-TAC and MIG we
erformed following the protocol in commercially availa
LISA kits (R&D Systems) using 1% BSA (Sigma) in P

Gibco) as assay diluent and washing with 0.05% Twee
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(Sigma) diluted in PBS. Absorbance was read at 450 nm and
the concentration of I-TAC and MIG were calculated as for
IP-10.

2.6. Statistical analysis

Data were analyzed using the GraphPAD Prism program
(GraphPAD Software, San Diego). The statistical significances
of differences in survival rates were determined by log rank
analyses. Statistical significances of differences in IP-10 lev-
els were determined by Student’s 2-tailedt-test for two groups,
or by 1-factor analysis of variance (ANOVA) followed by
Tukey’s test for three or more groups. Differences were consid-
ered to be not significant withp > 0.05. Group geometric mean
titers± standard error of the mean (S.E.M.) are presented in the
text and figures.

3. Results

3.1. Effects of prophylactic administration of CpG ODN or
R-848

A single IVAG administration of R-848 24 h prior to lethal
HSV-2 challenge provided no protection relative to PBS chal-
lenge controls, regardless of dose (p > 0.05). In contrast, a single
prophylactic administration of CpG ODN resulted in a dose-
dependent protection with significantly enhanced survival for
100 and 10�g dose groups compared to PBS control mice
(p = 0.0001 and 0.0058, respectively), with 90 and 60% of mice
surviving to the study termination at 15 days for 100 and 10�g
doses, respectively, compared to 10% for control mice (Fig. 1A).
A similar ranking was obtained in pathology with CpG ODN
(100 or 10�g) treated mice demonstrating a marked reduction

F tectio ic
p 1010 SV-2.
C e mo
m

F
p
c
t
r

ig. 1. Effects of local prophylactic administration of CpG or R-848 on pro
er group) were administered by the IVAG route 1, 10, or 100�g CpG (ODN
ontrol animals received PBS alone at the same time-point. Animals wer
ean pathology score.
ig. 2. Effects of local therapeutic administration of CpG or R-848 on protectio
er group) were administered by the IVAG route 0.1 or 1.0 nmol CpG (ODN
hallenge with a lethal dose of HSV-2. Additional animals received a single ad
reated with PBS. Animals were monitored daily for morbidity and mortality. P
espectively. Panels B and D show mean pathology score following administra
n from subsequent IVAG HSV-2 challenge. Groups of female C57BL/6 me (n = 10
4) or resiquimod (R-848) 24 h prior to challenge with a lethal dose of H

nitored daily for morbidity and mortality. Panel A shows percent survival and panel B
n from subsequent IVAG HSV-2 challenge. Groups of female C57BL/6 mice(n = 10
2006), or 1, 10, or 100 nmol resiquimod (R-848) daily for 5 days starting 4 h after
ministration of 10 nmol CpG 4 h after control (indicated by). Control animals were
anels A and C show percent survival following administration of CpG and R-848,
tion of CpG and R-848, respectively.
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Fig. 3. Effects of local or parenteral CpG ODN or R-848 administration on
plasma IP-10. Groups of female BALB/c mice (n = 10 per group per time-point)
were administered 100 nmol CpG (ODN 2006 or 10104) or R-848 by SC injec-
tion or IVAG administration. Panel A shows IP-10 concentration in plasma of
animals following SC injection. Panel B shows IP-10 concentration in plasma of
animals following IVAG administration. Bars represent group geometric mean
IP-10 concentration± S.E.M.

in HSV-2 induced pathology compared to R-848 treated or PBS
treated mice (Fig. 1B). We show here (Fig. 4) and have also
previously demonstrated that CpG ODN mediated protection
against HSV-2 challenge is due to the presence of CpG motif
rather than a phosphorothioate backbone related effect since n
protection occurs with a non-CpG ODN (Sajic et al., 2003).

3.2. Effects of therapeutic administration of CpG ODN or
R-848

The therapeutic potential of CpG ODN or R-848 was com-
pared when equimolar amounts were delivered IVAG daily for 5
days starting 4 h after IVAG HSV-2 infection. Mice treated with
1 nmol (∼8�g) CpG daily for 5 days had significantly enhanced
protection against lethal HSV-2 challenge compared to PBS-
treated control animals (p < 0.0001) (Fig. 2A). HSV-2 induced
pathology was also reduced in CpG-treated animals compared
to PBS-treated controls (Fig. 2B). Specifically, survival follow-
ing multiple administration of 1 nmol CpG ODN was∼40%,
which was equivalent to that of a 10-fold higher dose of CpG
(10 nmol) given as a single administration 4 h after HSV-2 chal-
lenge (p > 0.05). In contrast, there was no significant protection
or reduction in pathology against lethal HSV-2 challenge in mice
treated with multiple administrations of R-848, even at the high-
est dose (100 nmol;∼31�g) (Fig. 2C and D).

3.3. Effects of local or parenteral CpG ODN or R-848
administration on chemokine production

Following SC injection of CpG ODN or R-848 (100 nmol
each) to mice, all groups exhibited high levels of plasma IP-10
that peaked at 3 h. CpG 2006 was somewhat more potent than
CpG 10104, and CpG 10104 more potent than R-848 (Fig. 3A).
This result confirms that despite the lack of protection associ-
ated with IVAG administration, the R-848 used in this study was
biologically active. Furthermore, the R-848 used in this study
has also been shown to have strong in vitro immunostimulatory
effects on murine splenocytes (Weeratna et al., 2005). In con-

Fig. 4. Effects of local CpG ODN or R-848 administration on chemokines levels
in vaginal tissue. Groups of female BALB/c mice (n = 5 per group per time-
point) were administered 100 nmol CpG (ODN 2006, 1826), non-CpG control
ODN (ODN 2137, 2138) or R-848 by IVAG administration. Vaginal tissues were
collected at various times after administration. Bars represent group geometric
mean IP-10 (panel A), MIG (panel B) and I-TAC (panel C) concentration in
vaginal tissue extracts± S.E.M.
-

s
o
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Fig. 5. Effects of local CpG ODN or R-848 administration on plasma CXC
chemokines levels. Groups of female BALB/c mice (n = 5 per group per time-
point) were administered 100 nmol CpG (ODN 2006, 1826), non-CpG control
ODN (ODN 2137, 2138) or R-848 by IVAG administration. Plasma was col-
lected at various times after administration. Bars represent group geometri
mean IP-10 (panel A), MIG (panel B) and I-TAC (panel C) concentration in
plasma± S.E.M.

trast, after topical (IVAG) administration, the R-848 induced
much higher plasma IP-10 levels than an equivalent (100 nmol
dose of CpG ODN. While the R-848 IP-10 response after IVAG
instillation was of essentially the same magnitude (p > 0.05) and
kinetics as after SC injection, IP-10 levels with CpG were only
20–25% as high with IVAG as with SC, and the peak with
IVAG was delayed by 1–2 h (Fig. 3B). These results suggest
that the biodistribution of R-848 but not CpG ODN may be sim-
ilar with SC and IVAG administrations. The superior efficacy
of IVAG CpG ODN against HSV-2, combined with the finding
that it is inferior to SC administration for induction of systemic
innate immune activation (plasma IP-10), suggests that its actio
when given by a mucosal route may be primarily local. Indeed,

higher and/or more sustained levels of the chemokines IP-10,
MIG and I-TAC were detected in vaginal tissues from animals
administered IVAG CpG ODN (2006 or 1826) than in those
animals administered IVAG R-848 or control non-CpG ODN
(Fig. 4), whereas plasma chemokine levels were higher in ani-
mals that received R-848 compared to those that received CpG
ODN (Fig. 5). This supports the notion of a better local effect
by CpG ODN than R-848 after IVAG delivery, and also indi-
cates that local but not systemic chemokine levels correlate with
protection against HSV-2 challenge.

4. Discussion

Genital herpes remains one of the most common chronic viral
infections worldwide. Despite progress in anti-viral therapies
in recent years, alternative strategies are needed to enable the
establishment of innate and adaptive mucosal immune responses
against HSV-2 that can control the severity or frequency of
outbreaks. One such strategy may be the use of immunomodu-
lators that through activation of the innate immune system could
reduce the severity of an outbreak and possibly lead to the gen-
eration of adaptive immune responses for long-term control.

Several reports have established the potent effect that the
TLR9 agonist, CpG ODN, can have on HSV-2 infection in
mice and guinea pigs when co-administered with HSV anti-
gens (Gallichan et al., 2001; Gierynska et al., 2002). Stimulation
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f the innate immune system against HSV-2 infection by t
al therapeutic or prophylactic administration of CpG ODN
he genital tract has also been demonstrated (Pyles et al., 2002
arandi et al., 2003; Sajic et al., 2003). We have previousl
emonstrated that CpG ODN can have a protective effect ag
SV-2 infection when administered 24 h prior to vaginal in

ion or up to 4 h after vaginal infection, i.e. during the acute p
f HSV-2 infection (Sajic et al., 2003). Similar findings hav
een reported by other groups in both mice and guinea pig
ls of HSV-2 infection (Pyles et al., 2002; Harandi et al., 200).

ntravaginal delivery of CpG ODN appears to result in a ra
ecruitment of inflammatory cells to the vaginal epithelium,

rapid proliferation and thickening of the genital epithel
hat may enhance resistance to HSV-2 infection through in
ion of an innate anti-viral state (Ashkar et al., 2003). These
vents are associated with a rapid production of cytokine
articular Th1-type cytokines such as IFN-�, IL-12 and IL-18
nd the chemokine RANTES of innate immunity (Harandi e
l., 2003). More recently, we showed that local delivery of C

o the vaginal mucosa induced IL-15 which was associated
rotection against IVAG HSV-2 challenge (Gill et al., 2005).
ollowing IVAG viral challenge with high doses of HSV-2, HS
-specific durable cellular and humoral immune response
e detected in animals pre-treated locally with CpG ODN,

hese can protect against subsequent challenge (Harandi et al.
003). Therefore, it appears that local delivery of CpG O

eads to a rapid, short-term innate anti-viral effect with a su
uent slower development of antigen-specific acquired imm
esponses. In all HSV-2 studies using CpG ODN to date,
le doses of between 60 and 100�g have been used (Pyles
t al., 2002; Harandi et al., 2003; Sajic et al., 2003). Herein,
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we now demonstrate that survival can also be enhanced to an
equivalent level when considerably lower doses of CpG ODN
(1 nmol; 8�g) are given as multiple administrations for several
days after infection. In our studies, CpG ODN was well toler-
ated with no apparent signs of adverse local events or systemic
toxicity.

Therapeutic treatment of HSV-2 infection using the TLR7/8
agonist imiquimod, or the more potent resiquimod, is also asso-
ciated with the production of cytokines, including interferon-
alpha (IFN-�) and IL-12 (Bernstein et al., 2001; Harrison et al.,
1994). Previous studies have shown that topical administration
of such imidazoquinolines as immunomodulators can protect
animals against HSV-2 infection when administered before or
after inoculation with HSV-2 and to reduce the period of viral
shedding and incidence of recurrences (Bernstein et al., 2001;
Harrison et al., 1994). Protection appeared to be T cell mediated
with a significant increase in IL-2 concentrations measured in
these animals (Bernstein et al., 2001). However, the role of imi-
dazoquinolines in HSV-2 therapy in humans is still uncertain. In
a recent Phase II study, Aldara (cream-formulated imiquimod)
failed to show an effect on the short-term natural history of gen-
ital herpes recurrences (Schacker et al., 2002), although pilot
studies have indicated a reduction in recurrence of herpetic
lesions with the use of resiquimod (Spruance et al., 2001).

In the present study, we compared CpG ODN and R-848
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Collectively, the results indicate that, at least in mice, a
ation of local, but not systemic innate immunity can pro
gainst a mucosal HSV-2 challenge. Indeed, we have previ
emonstrated that parenteral delivery of CpG ODN does
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LR9-mediated immune responses.



84 M.J. McCluskie et al. / Antiviral Research 69 (2006) 77–85

If this were also the case in humans, it is possible that topical
use of CpG ODN in humans chronically infected with HSV-
2 would prove superior to the disappointing results already
obtained with topical R-848. However, this would need to be
tested in clinical studies since human vaginal epithelium, which
differs from that in mice may affect drug biodistribution. As well,
there are differences in the TLR 7/8 versus TLR9 cellular dis-
tributions between humans and mice that may affect outcomes.
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