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a b s t r a c t

Cationic liposome–DNA complexes (CLDC) are cationic/neutral lipid carriers complexed with plasmid DNA
that when administered systemically results in a robust TH1 cytokine response. CLDC have been shown to
be effective in prophylaxis and therapeutic treatment of animal models of viral disease. To determine the
contribution of liposomal delivery and CpG content of the plasmid DNA to the efficacy of CLDC; plasmid,
CpG-free plasmid DNA, or CpG-containing oligodeoxynucleotides (ODN) with and without liposomes, as
well as poly(I:C12U), were evaluated for their ability to elicit protection against lethal Punta Toro virus
(PTV, Bunyaviridae, phlebovirus) challenge in hamsters. CLDC-containing plasmid significantly improved
survival, decreased systemic and liver viral loads, and reduced liver damage due to progression of viral
infection. Mouse-reactive ODNs complexed with liposomes failed to protect hamsters, whereas ODNs
unta Toro virus
hlebovirus

known to cross-react with human and mouse (CpG 2006) or non-liposomal poly(I:C12U) showed survival
benefit but did not limit liver injury. Liposomes complexed with a non-CpG motif-containing plasmid
reduced liver viral load and tissue damage, but did not protect hamsters from death. To evaluate the
mechanisms of the enhanced activity of CLDC, microarray experiments examined differences in the gene
expression profile. The results suggest a broad TH1 response elicited by liposomal delivery of a diverse
sequence containing CpG and non-CpG elements may be a more effective antiviral treatment than other

other
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. Introduction

Infection of humans with Rift Valley fever virus (RVFV, Bun-
aviridae, phlebovirus) can lead to severe disease in the form of viral
emorrhagic fever, encephalitis and retinitis (Peters and Meegan,
981). The virus has been recognized as a cause of human illness
or more than 75 years (Flick and Bouloy, 2005). RVFV is also a

ignificant pathogen of agricultural importance, with young sheep
nd cattle being highly susceptible to lethal disease and infection
f pregnant females often resulting in abortion (Gerdes, 2002). Of
he viruses known to cause viral hemorrhagic fever, the ability to

� This work was supported by contract grant N01-AI-15435 from the Virology
ranch, National Institute of Allergy and Infectious Diseases, National Institutes of
ealth and grant 1R43AI060146-01A2 from the National Institute of Allergy and

nfectious Diseases, National Institutes of Health.
∗ Corresponding author. Tel.: +1 435 797 3112; fax: +1 435 797 395.

E-mail address: bgowen@cc.usu.edu (B.B. Gowen).
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lso cause severe disease in livestock is unique to RVFV. As a result,
VFV is classified as an overlap select agent by the Department of
ealth and Human Services and the US Department of Agriculture.

n addition, the potential of RVFV to be used as a bioterror agent
as led to its inclusion in a group of the highest priority pathogens
hat pose the greatest threat to national biosecurity (NIAID, 2002).

Closely related to RVFV, Punta Toro virus (PTV) is a phlebovirus
hat generally only causes mild self-limiting disease in humans
Peters and LeDuc, 1984), but produces lethal disease in ham-
ters and mice with some of the characteristic features of human
ases of RVF (Anderson et al., 1990; Fisher et al., 2003; Gowen
nd Holbrook, 2008; Pifat and Smith, 1987). This attribute has led
o the use of these small animal PTV infection models for early
re-clinical studies evaluating candidate experimental therapies

argeted at identifying treatments for RVF (Gowen et al., 2006a,c,
007a; Sidwell et al., 1988, 1992, 1994). Although the pathologi-
al findings seen in hamsters more closely resemble RVF disease in
umans (Anderson et al., 1990), the availability of mouse reagents
nd genetically modified mice has facilitated characterization of

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:bgowen@cc.usu.edu
dx.doi.org/10.1016/j.antiviral.2008.09.001
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Table 1
Descriptions of plasmid and oligodeoxynucleotide (ODN) treatments.

Treatment Type CpGs Complexed with
liposomes

CLDC (pMB75.6) Plasmid Yes Yes
nCLDC (pCpG Giant) Plasmid No Yes
Plasmid DNA (pMB75.6) Plasmid Yes No
Non-CpG plasmid (pCpG

Giant)
Plasmid No No

1826 ODN (mouse-reactive
CpG)

ODN Yes No

1826 CLDC (mouse-reactive
CpG)

ODN Yes Yes

1982 ODN (non-CpG
control for 1826)

ODN No No

1982 CLDC (non-CpG
control for 1826)

ODN No Yes

2006 CLDC (human- and ODN Yes Yes
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hleboviral disease and drug mode of action studies in vivo (Gowen
t al., 2006b,c, 2007b).

We have previously demonstrated that a single treatment with
ationic liposome–DNA complexes (CLDC) can protect mice against
TV challenge (Gowen et al., 2006a). For immunotherapeutics that
ely on the stimulation of the host through cellular mechanisms, it
s critical to show that antiviral activity can be elicited in multiple
nimal models since this would suggest activity in other species
ncluding humans. Here, we investigated the activity of CLDC in
he hamster PTV infection model and examined the contribution of
iposomal delivery and DNA content in the stimulation of protective
mmunity.

. Materials and methods

.1. Animals

Female 7–8-week-old Syrian hamsters were obtained from
harles River Laboratories (Wilmington, MA). Hamsters were accli-
ated to the Laboratory Animal Research Facility at Utah State
niversity for 5 days prior to use and weighed approximately
00–115 g at the time drug treatments were started. Hamster pro-
edures complied with USDA guidelines and were approved by the
tah State University Institutional Animal Care and Use Committee.

Mouse studies were performed at Colorado State University.
emale 6-week-old BALB/cJ mice were obtained from the Jackson
aboratory (Bar Harbor, ME) and housed under specific pathogen-
ree conditions for 2 weeks prior to use. Mouse studies were
onducted under Colorado State University Animal Care and Use
ommittee approved protocols.

.2. Virus

The Adames strain of PTV was received from Dr. Dominique Pifat
f the U.S. Army Medical Research Institute for Infectious Diseases,
t. Detrick (Frederick, MD). The virus used was from a stock pre-
ared following four passages of the original virus through LLC-MK2
onkey kidney cells (American Type Culture Collection, Manassas,
A) and one passage in hamsters. Viral stocks made from pooled
amster liver homogenates containing high titers of infectious PTV
ere diluted in minimal essential medium just prior to infectious

hallenge.

.3. Test materials

Cationic liposomes (DOTIM lipid + cholesterol) in 10% sucrose
olution and plasmid DNA (pMB75.6; 3 mg/ml) were provided by
uvaris BioTherapeutics (Burlingame, CA). A detailed description of
he 4242 base pair empty vector plasmid pMB75.6 and the for-

ulation of CLDC have been previously described (Gowen et al.,
006a). Briefly, the CLDC were prepared by the sequential addition
f nuclease-free water (NFW), DOTIM, and plasmid DNA. A 0.05 ml
olume of this preparation contained 5 �g of liposome–complexed
NA. Experimental doses are indicated in �g amounts, referring to

he total DNA content complexed with the cationic lipid. Further
ilutions of CLDC were made in NFW.

In addition to the standard CLDC preparation, the second study
lso included DNA–liposome complexes formed with the mouse
estrictive CpG-containing 1826 ODN (5′-TCC ATG ACG TTC CTG ACG
T-3′) or the non-CpG 1982 control ODN (5′-TCC AGG ACT TCT CTC

GG TT-3′) from Proligo (Boulder, CO). A third experiment included
tandard CLDC, as well as CLDC formulated with the human and
ouse-reactive CpG-containing 2006 ODN (5′-TCG TCG TTT TGT

GT TTT GTC GTT-3′) or a CpG-free version of the 2006 ODN, both
ynthesized by Sigma Genosys (The Woodlands, TX). In addition

s
d
2
o
p

mouse-reactive CpG)
2006 CLDC (human- and
mouse-reactive CpG)

ODN No Yes

LDC were also prepared with plasmid pCpG Giant (Invivogen, San
iego, CA). The pCpG Giant is a high molecular weight plasmid
ntirely devoid of CpG dinucleotide. This plasmid was purified in
he same manner as pMB75.6. A description of the various treat-

ents is included in Table 1.
Ribavirin was supplied by ICN Pharmaceuticals, Inc. (Costa Mesa,

A) and served as the positive control for all challenge stud-
es. Poly(I:C12U), a mismatched double-stranded RNA, trade name
mpligen®, was included in the initial experiment as an addi-

ional positive control. It was provided by HEMISPHERx Biopharma
Philadelphia, PA) at a concentration of 2.4 mg/ml. Ribavirin was
issolved in sterile saline and poly(I:C12U) was prepared for injec-
ion in NFW. All treatments were given by intraperitoneal (i.p.)
njection.

.4. In vivo challenge studies

Hamsters were weighed prior to the start of experiments and
orted into groups of five hamsters per cage so that mean cage
eights across the entire experiment varied by less than 5 g. Groups

f hamsters received treatments as specified in the figure legends.
ollowing treatment, animals were inoculated by the subcutaneous
oute with approximately 50 plaque-forming units of PTV. Five
nimals from each treatment group were sacrificed on day 4 of
nfection to measure viral loads (assessed by viremia and liver
irus) and serum alanine aminotransferase (ALT) activity. Serum
as collected for assaying systemic viral burden and ALT activity

nd livers were harvested and homogenized for viral titer determi-
ation as described below. The remaining animals in each group
ere held 21 days for observation. Several sham-infected animals
ere included in each experiment as normal controls in order to

stablish reference values for all tested parameters.

.5. Determination of liver and serum virus titers

Virus titers were assayed using an infectious cell culture assay
s previously described (Sidwell et al., 1988). In brief, dilutions
f liver homogenate or serum were serially diluted and added to
riplicate wells of LLC-MK2 cell monolayers in 96-well microplates.
iral cytopathic effect (CPE) was determined 6–7 days after expo-

ure to the samples and the 50% endpoints were calculated as
escribed (Reed and Muench, 1938). The assay detection range was
.75–9.5 log10 cell culture 50% infectious doses (CCID50)/g of liver
r 1.75–8.5 CCID50/ml of serum. For statistical analysis, in samples
resenting with undetectable liver or serum virus, a value of 2.75 or
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.75 log10 was assigned, respectively. In cases where virus exceeded
he detection range, a value of 9.5 or 8.5 log10 was assigned. Thus,
here samples are shown to be at the outer limits of detection,

roup mean viral loads may be over or underestimates of the actual
urden.

.6. Measurement of serum ALT activity

Serum ALT levels serve as a good marker for liver disease
Amacher, 1998). ALT activity in hamster serum samples was mea-
ured using the ALT (SGPT) Reagent Set (Pointe Scientific, Lincoln
ark, MI) per the manufacturer’s recommendations. The reagent
olumes were adjusted for large sample size analysis on 96-well
icroplates.

.7. Quantitative RT-PCR analysis of hamster cytokine induction

Hamsters treated with 30 �g CLDC were sacrificed at the indi-
ated times after treatment. Spleen tissue was harvested and
mmediately stored in RNAlater® (Ambion, Austin, TX) until time
f RNA purification. Spleens were homogenized using a Tissue
earorTM (Biospec Products, Bartlesville, OK) and total RNA was
solated using RNeasy reagents from Qiagen (Valencia, CA) as indi-
ated by the manufacturer. All RNA preparations were treated with
Nase (Turbo DNA-freeTM, Ambion) for removal of contaminating
enomic DNA prior to quantitative (q)RT-PCR analysis. Superscript
II Platinum® One-Step Quantitative RT-PCR reagents from Invitro-
en (Carlesbad, CA) were used to measure relative IFN-�, TNF-�,
L-12p40 and IL-21 transcript levels. Primers and probe sequences
or these genes and the housekeeping normalization gene, �-actin,
ave been previously described (Gowen et al., 2008).

.8. Statistical analysis

Kaplan–Meier survival plots were generated using the Prism
oftware package (GraphPad Software, San Diego, CA). Survival
urves were compared using the log-rank test. The Mann–Whitney
est (two-tailed) was performed to analyze the differences in mean
irus titers and serum ALT levels.

.9. Microarray analysis

Groups of 5 BALB/c mice were injected i.p. with 500 �l sterile
BS alone, sterile PBS with 50 �g CpG 1826 ODN or CLDC con-
aining 20 �g DNA. At 6 h post-treatment mice were sacrificed and
pleens were removed and homogenized using a Polytron PT10-35
otor-stator homogenizer (Kinematica, Lucerne, Switzerland). Total
pleen RNA was extracted with TRIzol reagent (Invitrogen) accord-
ng to the manufacturer’s instructions, treated with 4 U DNase I
mplification Grade (Invitrogen) in a volume of 100 �l and further
urified using the RNeasy Mini Kit (Qiagen) RNA cleanup proto-
ol. Labeled cDNAs were produced by reverse transcribing 50 �g
otal RNA using 5 �l 5× first-strand reaction buffer, 2.5 �l DTT
100 mM), 1.5 �l random primers (3 mg/ml), 2.5 �l of a mixture of
mM dATP, dGTP, dCTP and 0.5 mM dTTP, 1 �l (200 U) Superscript II

everse transcriptase (Invitrogen), and 1 �l Cy3-dUTP or Cy5-dUTP
GE Healthcare, Little Chalfont Buckinghamshire, UK) in a final vol-
me of 25 �l at 42 ◦C for 90 min. Labeled cDNAs were purified using
icrocon YM30 columns (Millipore, Billerica, MA).
Murine whole genome oligonucleotide arrays were produced
y the Rocky Mountain Regional Center for Excellence Genomics
ore at Colorado State University. Hybridization was performed

n humidified chambers at 42 ◦C for 15 h. Post-hybridization, the
rrays were washed twice with 1× SSC/0.05% SDS and twice with
.06× SSC, centrifuged, and dried. Slides were scanned using a
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enePix 4000B Scanner (Molecular Devices, Sunnyvale, CA). The
uorescence for each channel of the array (Cy3 and Cy5) was
ormalized to the mean channel intensity and analyzed using
eneSifter analysis software (VizX Labs, Seattle, WA). Statistical
ignificance was determined by application of Student’s t test and
enjamini and Hochberg correction to analyses of all mean normal-

zed data. Any transcript that showed at least two-fold change in
xpression level between experimental sample and control sample
ith a P value cutoff of <0.05 was considered significant.

.10. Analysis of mouse IFN gene expression by qRT-PCR

Spleen total RNA from PBS-, CpG 1826 ODN-, and CLDC-
reated mice were prepared as described above in Section 2.9.
everse transcription of 4 �g total RNA was carried out with the
uperScript III First-Strand Synthesis Kit for RT-PCR (Invitrogen)
ccording to the manufacturer’s instructions using an oligo dT
rimer. Levels of relative cytokine gene expression were deter-
ined using specific primers and FAM dye-labeled TaqMan probes

urchased from Applied Biosystems Inc., Foster City, CA. Probe
nd primer sequences for IFN-�4 and IFN-� were published pre-
iously (Karaghiosoff et al., 2003). IFN-� probe and primers were
esigned by Applied Biosystems. Reactions were prepared with
aqman Universal PCR Master Mix (Applied Biosytems) and run in
6-well format on an iCycler (BioRad, Hercules, CA). Cytokine gene
xpression was normalized to abundance of the hypoxanthine gua-
ine phosphoribosyl transferase 1 (HPRT1) housekeeping gene. The
�Ct method of relative quantification was used to calculate fold

hange in cytokine gene expression of treated (CpG ODN and CLDC)
amples compared to untreated (PBS) samples.

. Results

.1. Treatment of PTV infection in hamsters with CLDC

CLDC have been shown to be effective in eliciting protective
mmunity against PTV infection in mice (Gowen et al., 2006a). Here

e investigated its ability to induce protection in hamsters, which
re more susceptible to the virus. The highest dose of CLDC tested,
0 �g, was found to be moderately effective, protecting 50% of the
nimals from a highly lethal challenge dose (Fig. 1A). Moreover,
amsters receiving the high dose of CLDC that succumbed to the

nfection survived considerably longer (9.4 ± 1.8 days) than those
rom the NFW placebo group (4.8 ± 1.3 days; P < 0.01). The lower
ose of 15 �g was slightly protective as it was able to significantly

mprove disease outcome by delaying the time of death. An addi-
ional control group consisting of hamsters treated with only the
iposome component of the CLDC was also included and produced a
urvival curve similar to that of the placebo group (Fig. 1A). The pos-
tive control drug, ribavirin was highly effective to the extent that
0% of the hamsters were protected and the only fatality occurred
n day 11. Poly(I:C12U) did not protect to the same degree as seen
reviously (Gowen et al., 2006c), which may have been due to the
ore lethal challenge dose used in the current study. The tested

oses of CLDC have been previously shown to be well-tolerated in
amsters (data not shown).

Various disease parameters were also measured on day 4 of the
nfection. Due to the death of certain animals prior to the time of
acrifice in some of the groups, including 5 of the 10 from the NFW

lacebo group, the data are likely an underestimate of the true
isease severity in those groups. No detectable virus and normal
LT levels were observed for the four hamsters in the 30 �g CLDC
roup (Fig. 1B–D). The death of one hamster in this group prior to
he time of sacrifice was surprising considering that in the parallel
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Fig. 1. Prophylactic intervention of PTV infection in hamsters with CLDC. Groups of 15 hamsters each (30 for the placebo group) were treated with a single i.p. injection
of 30 or 15 �g of CLDC, liposomes only, 100 �g of poly(I:C12U) or NFW placebo, 4 h prior to PTV challenge. Ribavirin (40 mg/kg/day) was administered twice per day for 6
days starting 4 h before challenge. Ten hamsters per group (20 for the placebo) were observed daily and (A) mortality was plotted over a 21-day period. The remaining five
hamsters in each group (10 for the placebo) were sacrificed on day 4 of the infection for determination of (B) liver and (C) serum virus titers, and (D) serum ALT levels.
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ue to death prior to time of sacrifice, disease parameters could not be determined
espectively. *P < 0.05; **P < 0.01; ***P < 0.001 compared to NFW-treated animals. Me
ines. Equivalent, equiv.; nuclease-free water, NFW; liposomes, Lipo; ribavirin, Rv.

reated and challenged cohort of 10 animals held for survival
Fig. 1A), all survived a minimum of 6 days. The lower dose of CLDC
ignificantly reduced liver viral burden, and decreased serum virus
nd ALT to levels that approached statistical significance compared
o the decimated placebo NFW group. Although remarkable, this
ctivity was not sufficient to improve overall number of survivors.
onsistent with the survival data, only two of the five animals that
eceived liposomes alone survived through day 4 and no appre-
iable decrease in viral load or ALT levels was observed (Fig. 1B–D).
oly(I:C12U) was less effective than the 15-�g CLDC group in reduc-
ng liver virus titers (P < 0.05). Like the hamsters that were treated

ith 15 �g of CLDC, all poly(I:C12U)-treated animals survived until
he time of sacrifice, so caution must be used when comparisons
ith the placebo group are made since only the animals with

he least severe disease are included in the latter. Hamsters in
he ribavirin group had undetectable viral loads and normal ALT
alues.

.2. Treatment of PTV infection in hamsters with CLDC
ormulated with mouse-reactive CpG-containing ODNs

In the first experiment, CLDC were found to be moderately effec-

ive in protecting hamsters from a highly lethal PTV challenge
ose. To examine whether the effect of CLDC in the hamster sys-
em results from exposure to unmethylated DNA (CpG) islands
ontained in the bacterial plasmid DNA used in its formulation,
pG-containing ODN and a control non-CpG ODN were used to gen-

f
O

e

, 3 and 5 hamsters from the CLDC 30 �g, liposomes only and NFW placebo groups,
us titers and ALT levels for each group in graphs B–D are represented by horizontal

rate the DNA liposome complexes. As shown in Fig. 2A, only the
tandard preparation of CLDC protected animals from death. Nei-
her plasmid nor ODN alone elicited protective immunity against
TV, although the time to death was delayed for many of the ani-
als, suggesting that there may be a slight hint of some beneficial

ctivity (Fig. 2B).
Similar to the first experiment, 50% of the NFW placebo died,

s well as several animals in some of the other treatment groups,
he night before the day of sacrifice. As before, not being able to
nclude the hamsters that died prior to sacrifice complicates the
nalysis of the data and limits the statistical power. Neverthe-
ess, the data that were collected suggest that the standard CLDC
ormulation was more effective at reducing viral burden and ALT
ompared to the uncomplexed plasmid and ODNs, as well as the
iposome–complexed ODNs (Fig. 2C–E). There was no evidence
hat plasmid DNA and ODNs alone, or ODNs in conjunction with
iposomes, were effective at reducing viral titers. As expected, rib-
virin significantly abrogated liver disease (viral burden and ALT)
ompared to the five placebo-treated hamsters included in the
nalysis.

.3. Treatment of PTV infection in hamsters with CLDC

ormulated with mouse- and human-reactive CpG-containing
DNs and plasmid DNA lacking CpG motifs

Since it does not appear that known mouse-reactive CpG ODNs
voke a protective antiviral response to PTV in hamsters we next
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Fig. 2. Effect of mouse-reactive ODN-liposome complexes on the outcome of PTV infection in hamsters. Groups of 15 hamsters each (30 for the placebo group) were treated
with a single i.p. injection of 30 �g of plasmid DNA and ODNs, alone, or complexed with liposomes, or NFW placebo, 4 h prior to PTV challenge. Ribavirin (40 mg/kg/day)
was administered twice per day for 6 days starting 4 h before challenge. Ten hamsters per group (20 for the placebo) were observed daily and mortality was plotted over a
21-day period. Survival curves for hamsters receiving (A) complexed or (B) uncomplexed plasmid and ODNs are shown. The remaining five hamsters in each group (10 for
the placebo) were sacrificed on day 4 of the infection for determination of (C) liver and (D) serum virus titers, and (E) serum ALT levels. Due to death prior to time of sacrifice,
disease parameters could not be determined for 2, 1, 3, 1 and 5 hamsters from the plasmid DNA, 1982 ODN, 1982 CLDC, 1826 CLDC and NFW placebo groups, respectively.
*P < 0.05; **P < 0.01; ***P < 0.001 compared to NFW-treated animals. Mean virus titers and ALT levels for each group in graphs C–E are represented by horizontal lines. 1982
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DN, non-CpG control oligo; 1982 CLDC, 1982 ODN complexed with liposomes; 18
iposomes; nuclease-free water, NFW; plasmid, Plas; ribavirin, Rv.

ested mouse and human cross-reactive ODNs, as well as a plasmid
evoid of CpG islands, for the ability to induce a protective effect.
s in the initial experiment, standard CLDC afforded 50% protec-

ion from mortality, which was significantly better than the placebo
reatment wherein only 5% of the hamsters survived (Fig. 3A).
otably, ribavirin, protected fewer animals than usual (80% sur-
ival instead of 90–100% commonly seen); however, the hamsters

hat died survived remarkably longer (11 days). Although not sig-
ificant by the log-rank test, the 40% survival seen with the 2006
LDC group was significant when comparing the total number
f survivors to the placebo NFW group by the Fisher’s exact test
P = 0.0312). In contrast to the extended survival time observed

w
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g

N, CpG-containing mouse-reactive oligo; 1826 CLDC, 1826 ODN complexed with

n the CLDC-treated hamsters that failed to survive the infection
7.6 ± 2.3 days), those treated with 2006 CLDC succumbed in a
horter period of time (4.3 ± 0.5 days; P < 0.05).

In the analysis of liver viral burden and disease present on day
of infection, CLDC and non-CpG plasmid nCLDC group values

id not differ by much and were comparable to that of ribavirin
Fig. 3B and D). In contrast, liver disease and infectious virus loads

ere more dramatic with ODN CLDC treatment and comparable

o the NFW placebo group. As alluded to previously, the analysis
f the ODN CLDC and placebo groups is likely an underestimate of
he magnitude of infection and disease since 1–2 animals in each
roup failed to survive. Consequently, mean serum viral burden and
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Fig. 3. Impact of CpG motifs on protective immunity elicited by CLDC. Groups of 15 hamsters each (30 for the placebo group) were treated 4 h prior to PTV challenge with
a single i.p. injection of NFW (placebo), 30 �g of standard CLDC, or CLDC formulated with a non-CpG-containing plasmid (nCLDC), human-reactive ODN 2006 (2006 CLDC),
or non-CpG ODN 2006 (n2006 CLDC). Ribavirin (40 mg/kg/day) was administered twice per day for 6 days starting 4 h before challenge. Ten hamsters per group (20 for the
placebo) were observed daily for 3 weeks for (A) mortality. The remaining five hamsters in each group (10 for the placebo) were sacrificed on day 4 of the infection for
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or 1, 2 and 2 hamsters from the 2006 CLDC, n2006 CLDC, and NFW placebo groups
irus titers and ALT levels for each group in graphs B–D are represented by horizon

LT levels did not include the sickest animals from these groups.
espite the slight hint of protection (40% survival) by 2006 CLDC

n the treated animals evaluated for mortality, there was no appar-
nt inhibition of virus replication or amelioration of liver disease
Fig. 3B–D).

.4. Cytokine induction in hamsters following exposure to CLDC

Hamsters were treated i.p. with 30 �g of CLDC, and splenic tran-
cript induction was assessed for a group of inflammatory cytokines
ncluding IFN-� and IL-12, previously shown to be induced in mice
timulated with CLDC (Gowen et al., 2006a). As shown in Fig. 4A,
FN-� was induced shortly after exposure, with maximal induc-
ion detected 3–4 h post-exposure, and transcript levels returning
o normal by 12 h. Doubling the treatment dose of CLDC to 60 �g
id not increase the highest observed IFN-� gene expression lev-
ls seen at the 2- and 6-h time points. TNF-� was rapidly induced
y CLDC with sustained elevated expression through 6 h post-
xposure (Fig. 4B). The increased dosage of CLDC augmented TNF-�
ranscript levels at the 2-h time point; however, this elevation was
ot maintained out to the 6-h time point. Surprisingly, there was
o apparent induction of IL-12 following CLDC treatment (data

ot shown), as was seen at the protein level in the murine sys-
em (Gowen et al., 2006a). IL-21 gene expression was dramatically
levated at 2 h with an abrupt decline by 3 h following exposure
nd returning to normal thereafter (Fig. 4C). The 60-�g CLDC injec-
ion evoked a robust induction of IL-21 when measured at 2 h, with

s
i
r
w
i

h just prior to time of sacrifice, serum virus titers and ALT could not be determined
ectively. *P < 0.05; **P < 0.01; ***P < 0.001 compared to NFW-treated animals. Mean
s. Nuclease-free water, NFW; ribavirin, Rv.

eturn to baseline at 6 h. Overall, the data indicate that CLDC do
mpact gene expression of select inflammatory cytokines in the
amster system.

.5. Expression analysis of CLDC- and CpG ODN-treated mice

Microarray experiments were conducted to gain insights into
he mechanistic differences between CLDC and CpG ODN. Since
o microarray sets for hamsters were available, mice (n = 5 per
roup) were either injected with PBS (control) or with 50 �g of
pG 1826 ODN, or with 20 �g of CLDC, all by the i.p. route. Six
ours later, spleens were collected and RNA prepared for hybridiza-
ion using a 36 K array. When CLDC-treated mice were compared
o control animals, there were 17,599 differences out of a total
f 36,177 transcripts, as defined by at least a two-fold change
n the level of gene expression (Fig. 5A). For CpG ODN-treated

ice versus controls, there were 12,328 differences in transcript
xpression noted (Fig. 5B). Of greatest interest, when CpG ODN-
nd CLDC-treated mice were compared, we noted 5727 differences
n gene transcription (Fig. 5C), or differences in 16% of all genes
xpressed.

Next, differences in immune response genes in CLDC- ver-

us CpG ODN-treated mice were examined. There were 64 (11%)
mmune response genes up-regulated in the mice receiving CLDC,
elative to those that received CpG ODN, while 33 (5%) genes
ere down-regulated in CLDC-treated mice. Notable differences

ncluded up-regulation of type I and type II IFN responses, as well as
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Fig. 4. Inflammatory cytokine gene induction in hamsters following exposure to
CLDC. Hamsters were treated i.p. with a 30-�g dose of CLDC (grey bars) and tran-
script levels for IFN-� (A), TNF-� (B) and IL-21 (C) were determined from spleens
collected at 0, 1, 2, 3, 4, 6, 8, 12, 24 h after treatment. Also included in the analysis
were hamsters exposed for 2 and 6 h to a 60-�g dose of CLDC (black bars) or 6 h to
vehicle alone (white bars). Spleens were homogenized and total RNA was isolated
f
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Fig. 5. Microarray analysis of differential gene induction following exposure to CLDC
and CpG 1826 ODN. Mice (n = 5) were injected i.p. with 20 �g CLDC, 50 �g CpG
1826 ODN, or PBS control and 6 h later, RNA was prepared from spleens and sub-
jected to microarray analysis. Data represent treatment with CLDC versus control
(A), CpG ODN versus control (B), and CLDC versus CpG ODN (C). The grey color repre-
sents genes expressed in relatively equal amounts in the treatment groups (<2-fold
c
o
a

w
c
m
i
consistently underestimates expression levels by qRT-PCR and even
misses some genes entirely (Dallas et al., 2005; Yuen et al., 2002),
as was the case for IFN-� (Fig. 6C).

Table 2
Immune response genes up- and down-regulateda in CLDC-treated mice compared
to CpG ODN.

Up-regulated in CLDC-treated mice Down-regulated in
CLDC-treated mice

IFN-� (5.17) CD47 (2.37)
IFN-� (7.16)
IL-17 (2.92)
IL-15 (2.01)
IL-12 (p35) (2.06)
or qRT-PCR analysis. Gene expression levels were normalized to �-actin expres-
ion and the data are expressed as relative gene expression compared to the time 0
aseline value.

L-12 and IL-15 (Table 2). There was also strong up-regulation of a
ey co-stimulatory molecule responsible for generating CD8+ T cell
esponses (CD70), as well as two chemokines that regulate mono-
yte (CCL2) and macrophage (M-CSF) recruitment and survival.
ne critical gene down-regulated in CLDC-treated mice was CD47,
hich is widely expressed on a variety of cell types and delivers a

trong immunosuppressive signal via the signal regulatory protein
lpha (SIRP-�). CD47/SIRP-� ligation has been shown to cause inhi-
ition of cytokine production and phagocytosis by macrophages
Brown and Frazier, 2001; Latour et al., 2001). Down-regulation
f the expression of this immunosuppressive signal could in part
ccount for the enhanced activity of CLDC as an immunostimu-
ant.
To confirm the IFN results from the microarray data, we con-
ucted qRT-PCR on the same RNA samples. Although a difference
as not suggested by microarray analysis we further analyzed IFN-
since it is believed to induce the production of IFN-� (Goodbourn

t al., 2000). As shown in Fig. 6, induction of IFN-�, -�, and -�

C
M
C

p

hange), the red color represents genes over expressed in mice treated as indicated
n the Y axis and the green color represents genes over expressed in mice treated
s indicated on the X axis.

as most prominent in mice exposed to CLDC. Notably, the fold
hange by qRT-PCR (Fig. 6A and B) was much higher than that of
icroarray data for IFN-� and IFN-� (Table 2). While the microarray

s a reliable method to determine relative expression differences it
CL2 (3.31)
-CSF (2.23)

D70 (3.25)

a The level of up- or down-regulation equivalent to fold change is indicated in
arentheses.
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Fig. 6. Type I and II IFN gene induction in mice following exposure to CLDC. Mice
were treated, and RNA was prepared, as described for the microarray analysis. Rel-
ative splenic messenger RNA levels of IFN-� (A), IFN-� (B), and IFN-� (C) were
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It was hypothesized the CpG islands naturally present in the
etermined by qRT-PCR. Gene expression was normalized to the HPRT1 housekeep-
ng gene. The data are represented as fold change in IFN expression of treated (CpG
DN and CLDC) samples compared to untreated (PBS) samples.

. Discussion

The synergistic combination of liposomes and plasmid DNA pro-
ides a unique and potent immunological stimulus, which activates
ubstantial TH1-mediated immune responses (Dow et al., 1999;
owen et al., 2006a). The effect of CLDC on innate immune acti-
ation and subsequent cytokine production are directed through
athways including toll-like receptor 9 (TLR9) and potentially other

mmune response pathways (Yasuda et al., 2002, 2005a,b). Type I
nterferon (IFN-�/�) induction in plasmacytoid dendritic cells (DC),
hrough activation of TLR9 is dependent on the transcription fac-
or interferon regulatory factor 7 (IRF-7), which interacts with and
s activated by myeloid differentiation factor 88 (MyD88) adap-
or protein. Cationic liposomes markedly potentiate activation of
nnate immunity by TLR9 (bacterial DNA and CpG ODN) and TLR3

poly I:C) agonists (Zaks et al., 2006). However, there is evidence
uggesting that cationic liposome–DNA complexes can also acti-
ate the innate pathway through TLR9 independent mechanisms
Honda et al., 2005). The ability of cationic liposomes to potentiate

p
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ctivation of innate immunity by DNA is likely due to protection of
he DNA from extracellular degradation, passive targeting to DC and

acrophages, and to enhanced entry of DNA into the endosomal
ompartment, where TLRs are selectively expressed, thus allow-
ng for increased immune activation (Akira and Takeda, 2004). The
ationic liposomes may also increase the endosomal versus lyso-
omal retention of TLR9 agonists in conventional DC, leading to
ugmented IFN production (Honda et al., 2005).

When the immune stimulatory property of CLDC was first
bserved, it was initially assumed that increased potency was
primary difference between CLDC and CpG ODN. However, a

eries of recent studies have revealed that there are also impor-
ant qualitative differences in the immune activation by these
ompounds (Honda et al., 2005; Stetson and Medzhitov, 2006;
akaoka et al., 2007). A key factor in understanding the differences
etween the two immune stimulatory compounds has been an

ncreased understanding of the degree to which cytoplasmic sen-
ors for nucleic acids contribute to activation of innate immunity.
or example, these receptors, which include the cytosolic receptors
or RNA molecules (RIG-I; retinoic acid-induced protein-I and mda-
; melanoma differentiation-associated gene-5) and for DNA (DAI;
NA-dependent activator of IFN-regulatory factors), have now been

hown to be an important part of the signaling machinery for
esponding to nucleic acids. The DAI receptor was discovered by
n vitro studies that revealed a different set of innate immune
esponses were activated when CpG ODN were delivered to DC
nd macrophages (Takaoka et al., 2007). These new observations
uggest that combining cationic liposomes with nucleic acids fun-
amentally changes the immune stimulatory properties by altering

ntracellular trafficking.
Currently, there is a great need to develop effective prophy-

actic and therapeutic countermeasures for the prevention and
reatment of RVF, particularly broad-spectrum drugs that address

ultiple targets on a long list of threat agents. We have previously
emonstrated vigorous CLDC induction of antiviral cytokines and
rotective immunity in mice challenged with PTV, which serves
s a model of RVF disease. Since immunomodulators act primarily
hrough stimulation of cellular responses rather than direct disrup-
ion of the viral life cycle in order to exert their antiviral activity,
emonstrating efficacy in multiple species is of great importance. In
ur experience with other immune response modifiers, efficacy in
he mouse PTV infection model does not necessarily translate into
omparable efficacy in hamsters (Gowen et al., 2008, 2006c). Tak-
ng this into consideration, the effective treatment of PTV infection
n hamsters with CLDC reported here is encouraging.

It is conceivable that a higher dose of CLDC would demonstrate
reater efficacy than seen in these three experiments. In mice, 1 �g
f CLDC was found to be highly effective (Gowen et al., 2006a).
n a per body weight basis, this would be equivalent to a dosage
f approximately 10 �g in the size of hamster used in our studies.
ince poly(I:C12U) requires considerably more drug to be effective
n the hamster PTV infection model than in the mouse (Gowen et al.,
006c), we chose to increase the dose of CLDC to 30 �g for the ham-
ter studies. Future studies investigating the efficacy of higher doses
r multiple dose treatment regimens may produce better results, as
e may not have reached the optimal dosage in hamsters. This idea

s supported by the hamster gene expression data of the inflamma-
ory mediators, TNF-� and IL-21, wherein doubling the 30-�g dose
ugmented the levels of these cytokines induced in the spleens of
reated animals.
lasmid DNA used in the preparation of CLDC were principal
omponents accounting for its immunostimulatory activity, pre-
umably through signaling events resulting from recognition by
LR9 (Hemmi et al., 2000; Krieg, 2002). In experiments where
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e used CLDC formulated with known mouse- or human-reactive
DNs containing CpG motifs instead of the standard plasmid DNA,
ery little, if any, antiviral activity was seen. Since species specificity
as been observed with the recognition of CpG sequences (Bauer et
l., 2001), it is possible that the hamster system is not responsive to
he mouse- or human-reactive ODNs. This notion is consistent with
he fact that CLDC prepared with plasmid devoid of CpG sequences
ailed to significantly protect hamsters from death, whereas the
tandard CLDC formulation was effective. Interestingly, there was
noticeable and significant reduction in day 4 viral loads and ALT

evels suggesting that components other than CpG can evoke, to
lesser degree, a beneficial antiviral response. This finding was

ot surprising since previous reports indicate that other TLR9- and
pG-independent mechanisms likely contribute to the overall stim-
latory properties of CLDC (Ishii et al., 2006; Stetson and Medzhitov,
006).

The CpG dinucleotide sequences contained in plasmid DNA are
nown to be potent stimulants of antiviral defenses including the
nduction of type I IFN. Although the ability of CLDC to induce
ype I IFN has not been demonstrated in hamsters, intravenous
dministration evokes the rapid release of high levels of IFN-�
n mice (Gowen et al., 2006a). Early appearance of, or treatment

ith, type I IFN has been shown to be effective in nonhuman
rimates challenged with RVFV (Morrill et al., 1989, 1990). There-
ore, in its current formulation, the most likely use for CLDC as

countermeasure for RVF would be in instances of intentional
elease of aerosolized RVFV or in cases of accidental laboratory
nfections where the drug could be administered within a day or
wo after exposure. Post-exposure use in the event of intentional
elease would require rapid identification of the agent and timely
dministration of the drug. In future studies it will be important to
efine the window for both pre- and post-exposure prophylaxis.
his is particularly important because delayed treatment might
xacerbate infection through an immunopathological mechanism.
ince the elaboration of exaggerated amounts of proinflamma-
ory mediators is widely believed to contribute significantly to the
athogenesis of viral hemorrhagic fevers, treatment of advanced
VFV infection may actually worsen the disease state by accel-
rating the production of various cytokines and chemokines that
ncrease disease severity and vascular dysfunction (Bray, 2005;
eisbert and Jahrling, 2004). Thus, CLDC treatment after the onset
f illness may be contraindicated. Studies investigating therapeutic
LDC treatment in hamsters are needed to address this issue.

There were significant qualitative differences in immune gene
xpression in CLDC- versus CpG ODN-treated mice, with a number
f important molecules necessary for effective antigen presen-
ation, especially IL-12 and IL-15 and type I and II IFNs being
p-regulated in CLDC-treated animals. Overall, in vitro and ani-
al studies suggest that CLDC activate the innate immune system
ore broadly and at a higher level than CpGs. The microarray

tudies establish clearly that CLDC are a unique immune activator,
hich shares some similarities with CpG ODN, but also a number

f important differences. Now we must add to this the possibil-
ty that fundamental mechanistic differences in immune activation
eparate these two modalities.

In the experiments reported here, CLDC were given prophylac-
ically, which would support its potential application in preventing
VF disease in high-risk individuals such as herdsmen or others

nvolved in livestock handling or processing, particularly in the set-
ing of an epidemic, where use would be restricted to a limited

indow in time. Ultimately, studies in animal models employing

uthentic RVFV are needed to validate the efficacy seen in mice
nd hamsters challenged with PTV. From a practical standpoint,
he potential use of CLDC as a prophylaxis to thwart natural out-
reaks of RVF, which occur sporadically and sometimes in remote

G

earch 81 (2009) 37–46 45

reas often far removed from modern medical facilities, will depend
n cost and formulation of the drug. Since large-scale production
f plasmid DNA can be done rather inexpensively, reduced man-
facturing costs may make CLDC a viable option. However, unless
he drug can be formulated for oral administration and without
equirement for a cold chain, it is unlikely that CLDC will have
ny utility in a natural outbreak setting. Additional animal stud-
es would be needed to define the window of protective immunity
or extended prophylaxis following CLDC treatment.
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