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Abstract

Cationic liposome-DNA complexes (CLDC) have been demonstrated to induce potent antitumor activities. The ability of these complexes
elicit protective immunity against viral infections has not been fully explored. Here we report findings on the use of CLDC as an antiviral age
in a mouse model of acute phleboviral (Punta Toro virus) disease. CLDC treatment of mice challenged with Punta Toro virus (PTV) resulted
dramatic increases in survival and reduced viral burden and other parameters indicative of protection against disease. CLDC were effective w
administered by intraperitoneal and intravenous routes and elicited protective immunity when given within 1 day of virus challenge. Treatmel
administered 36 h or longer after challenge, however, were not effective in preventing mortality or disease. CLDC treatment induced release
number of potential antiviral cytokines including IFN4L-12, and IFNe. Taken together, our findings indicate that non-specific immunotherapy
with CLDC appears to be an effective treatment for blocking PTV-induced disease and suggests that further exploration in other viral dise
models may be warranted.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The requirement for maximum-level containment facilities
and greatly restricted access associated with the select agent sta-
Viruses that cause hemorrhagic fever are among the deatlis of RVFV creates a major challenge for the development of
liest and most feared due to the devastating effects they caantiviral drugs for treatment of RVFV infection. Closely related
have on both human and animal populations. The potentiab RVFV, Punta Toro virus (PTV) is a member of the Bunyauviri-
threat of weaponization has led to their classification as catedae family, genughiebovirus, that produces a fatal hepatic
gory A highest priority pathogen®(AID, 2002) underscoring disease in mice similar to that caused by RVFV in humans
the importance of identifying prophylactic and therapeutic inter-and livestock Pifat and Smith, 1987 Safe to work with under
ventions in the event of intentional release as well as naturdiiosafety level 2 (BSL-2) containment, this animal model of
outbreaks. Included in this group of viruses is Rift Valley feveracute phleboviral disease facilitates investigations of promising
virus (RVFV) which is endemic to the African continent. RVF antivirals and has served as a highly predictive substitute for the
is an acute bunyaviral disease that affects humans and domeasere biohazardous phleboviruses such as RV&idyell et al.,
ticated animals. More recent outbreaks affecting humans havie994).
caused considerable morbidity and mortality and indicate geo- More than a decade ago, studies were undertaken investigat-
graphic spread to areas outside of sub-Saharan AfNbenad, ing a gene delivery system that employed the use of liposomes
2000; CDC, 1994; Meegan, 1979 complexed to plasmid DNA with the goal of eliciting expres-
sion of the delivered gene product in target tissugfai(et al.,
1993. It became apparent that the injection of the complex of
* Corresponding author. Tel.: +1 435 797 3112; fax: +1 435 797 3959. plasmid DNA and liposomes resulted in a profound activation
E-mail address: bgowen@cc.usu.edu (B.B. Gowen). of innate host immunity. This activation occurred whether or
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not the plasmid DNA component was coding or non-codingwere formed just prior to injection by gently mixing cationic
(empty vector), indicating that gene expression was not requirediposomes with plasmid DNA at a ratio of 16 nmol lipid per
The response was substantially dependent upon formation oflgug DNA in 5% dextrose in water at room temperature. The
cationic lipid DNA complex (CLDC), since neither entity alone plasmid (pMB75.6 empty vector; 3 mg/mL) used for these stud-
had significant stimulatory properties except at exceedingly highes contained a human cytomegalovirus enhancer/promoter but
in vivo doses. With these early observations, it has become retacked a gene insert downstream of the promoter. The plasmid
ognized that the stimulation of innate immunity, triggered byalso contained a kanamycin resistance gene, an IXX8 intron, a
CLDC, was due in part to a liposome-mediated potentiatiorpoly adenylation site from the human growth hormone gene, a
of the inherent responsiveness of the mammalian immune sybacterial origin of replication derived from ColEl, and a bac-
tem to non-methylated CpG motifs within the bacterial DNA teriophage f1 origin of single replication. The final plasmid
of the plasmids Krieg, 2003. Recently it has been demon- DNA concentration in the complexes was 109 DNA per
strated that CpG motifs are recognized by Toll-like receptor 9ml. Experimental doses are indicated jyy amounts, refer-
(TLR9) (Hemmi et al., 200§ an interaction requiring internal- ring to the total DNA content complexed with the cationic
ization that is facilitated by the lipid component. Liposomeslipid. Ribavirin, known to be active against PT\&iflwell et
have been shown to enhance the immunostimulatory activity cdl., 1988, was supplied by ICN Pharmaceuticals Inc. (Costa
CpG oligodeoxynucleotides by 15-40-foldijrsel etal., 2000l  Mesa, CA) and served as the positive control for challenge stud-
This route-sensitive and dose-dependent effect has been recags. Ribavirin was dissolved in sterile saline and given i.p. in all
nized in multiple species including rodents, rabbits, dogs, anéxperiments.

non-human primates (S.W. Dow, unpublished results) and is

characterized by an immediate up-regulation of a broad-arra9.4. PTV challenge studies

of soluble and cellular host defenses. Intravenous (i.v.) admin-

istration of CLDC also resulted in release of IL-12, IRN- Atotal of 15-21 mice from each group (25-31 for the placebo
IFN-a, TNF-« and recruitment and activation of macrophagesgroup) were treated with a single i.p. injection of 10% sucrose
and NK cellsin vivo Dow et al., 1999a,b; Freimark etal., 1998 vehicle (placebo) or various doses of CLDC, at indicated times,
Here we report our findings evaluating the potential antivi-pre- or post-infectious challenge withv210* cell culture 50%

ral activity of CLDC in a mouse model of acute phleboviral infectious doses (CCIg) of PTV. Ribavirin was administered

infection. twice a day for 5 days with treatment starting 4 h pre-inoculation.
Five to 10 animals from each group were sacrificed on day

2. Materials and methods 3 or 4 of infection and their livers were removed, weighed,
and scored visually on a scale of 0—4 for hepatic icterus; zero

2.1. Animals being normal and four being maximal yellow coloration. Serum

was collected from survivors for serum alanine aminotrans-

Female 12-14 g C57BL/6 mice were obtained from Charlederase determinations and virus titers were obtained for both
River Laboratories (Wilmington, MA). Allanimals were held for liver homogenates and serum samples. The remaining animals
a minimum of 48 h prior to experimentation. Animal proceduresin each group were observed for death out to 21 days. To assess

used in this study complied with guidelines set forth by thepotential toxicity associated with test drugs, three uninfected

USDA and Utah State University’s Institutional Animal Care mice from each treatment group were observed for any visible

and Use Committee. signs of toxicity and normal weight gain. For comparison, three
sham-infected animals were included as normal controls in order
2.2. Virus to establish baselines for all parameters tested. The experiment

evaluating efficacy by i.v. route of administration was performed
The Adames strain of PTV was provided by Dr. Dominique similarly.
Pifat of the U.S. Army Medical Research Institute for Infectious
Diseases, Ft. Detrick (Frederick, MD). The virus used in these@.5. Liver and serum virus titers
experiments was from a stock prepared following four passages

of the original virus stock through LLC-MK(rhesus monkey, Virus titers were determined using an infectious cell culture

kidney) cells. PTV was inoculated into mice via the subcuta-assay as previously describeSiqwell et al., 1988 Briefly,

neous route. specific volumes of liver homogenate or serum were serially
diluted and added to triplicate wells of LLC-Mkell monolay-

2.3. Test materials ersin 96-well microplates. The viral cytopathic effect (CPE) was

determined 5 and 6 days post-virus exposure and the 50% end-
Sterile 10 mM solutions of the cationic liposome DOTIM points were calculated as describ&eéd and Muench, 1988
{octadecenoyloxethyl-2-heptadecenyl-3-hydroxyethyimi- The assay detection limit was 2.8 legCCIDsg/g of liver or
dazolinium chloride and cholesterol were prepared in a 1:Inl of serum. In samples presenting with no detectable virus,
molar ratio as described previously, except that the liposomes value of <2.8logs was assigned. Therefore, a mean virus
were extruded through a final filter diameter of 200 nm rathetiter value preceded by “<” indicates that at least one of the
than 100 nm Dow et al., 1999n Liposome-DNA complexes samples had undetectable levels of virus and is likely an over-
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estimate of the actual mean viral load. For statistical analysis3. Results
a value of 2.8logs was used for samples with undetectable
virus. 3.1. Prophylactic and therapeutic intraperitoneal CLDC
treatment of PTV infection in mice
2.6. Serum alanine aminotransferase (ALT) determinations
Due to the nature of CLDC as an immunostimulant, we

Detection of ALT in serum serves as an indirect method fortested whether it could elicit protective antiviral activity against
evaluating liver damage. Serum ALT levels were measured usingTV by single dose injection. CLDC were initially evaluated
the ALT (SGPT) Reagent Set purchased from Pointe Scientifiat various doses pre- and post-PTV challenge. As summarized
Inc. (Lincoln Park, MI) following the manufacturer’s recom- in Table 1 all doses and schedules were highly effective as
mendations. The reagent volumes were modified for use witlbnly three animals were lost out of a total of 42. In the 06

96-well microplates. —24 h pre-treatment group, the sole mouse that died survived
significantly longer than placebo-treated animals. The.@0
2.7. Cytokine profiling treatments given at4 h pre-infection and 24 h post-infection were

equally effective protecting 90% of the mice from a lethal chal-

Mice were treated as indicated with various dose amountkenge dose of PTVTable J). The doses tested did not appear to

of CLDC and serum was collected after 4, 8 and 16 h.have any overt toxic effects as a parallel toxicity study indicated
Systemic gamma interferon (IF), interleukin-12 (IL-12), normal weight gain and healthy appearance (data not shown).

and alpha interferon (IFNY levels were assayed using Although three of the four CLDC treatments resulted in signifi-
ELISA reagents purchased from R&D Systems (Minneapoliscant reductions in liver scores, they were not as effective as the

MN). positive control drug, ribavirinTable 1. No virus was detected
in liver homogenates from the CLDC 2@ therapeutic treat-
2.8. Statistical analysis ment group or the ribavirin group, however, due to overall low

liver virus titers and the sensitivity limitations of the cell-based

The Fisher’s exact test (two-tailed) was used for evaluatinfectious assay used, the results were not significant by the
ing increases in total survivors. The log-rank test was usedtatistical test employedéble 1. In contrast, all CLDC treat-
for time-to-death survival analysis and was performed usingnents were found to produce significant reductions in serum
JMP statistical software (SAS, Cary, North Carolina). Theviral loads, with the 2@.g therapeutic CLDC dose having the
Mann—-Whitney test (two-tailed) was performed to analyze themost dramatic effect. In addition, CLDC-treated mice had sig-
differences in mean day to death, virus titers, and serum ALT levnificantly reduced serum concentrations of ALT, indicative of
els. Wilcoxon ranked sum analysis was used for mean liver sconeduction in liver injury. It should be noted that due to mortal-

comparisons. ity prior to the time of sacrifice (day 4), serum could only be

Table 1

Protection of mice against lethal PTV infection with prophylactic and therapeutic i.p. CLDC treatment

Treatmenft/ Dosage Number of Meanday of  Survival log-rank  Disease paramefer

time (h surv/total death +S.D. prob>x?

ime (h) P X Mean virus titef & S.D. ALT®+S.D. Liver scoré+ S.D.
Liver Serum

CLDC/-24 5ug 11/11™ <0.0001 <2.9:0.6 <3.0+:0.6" 139+155™  2.940.4

CLDC/-24 0.5u9 10/11™ 12.0 <0.0001 <3.860.6 <3.4+1.4" 367+1059° 2.1+0.8"

CLDC/-4 20ug 9/10™ 6.0 <0.0001 <3.60.7 <5.1+1.3" 144+336™  2.340.8

CLDC/24 20ug 9/10™ 5.0 <0.0001 <2.8 <28 40+48™ 25404

Ribavirin 75mgl/kg/iday  10/10 <0.0001 <2.8 <2.80.1™ 16+ 15™ 0.6+0.4™

10% Sucrose 0/20 5:80.5 <3.2+0.8 7.1+04 2678+ 550 3.0£0.7

Shame-infected 3/3 <2.8 <2.8 3224 0.0+0.0

2 Single dose CLDC treatment given at the indicated times. Ribavirin started atand was given twice per day for 5 days. Placebo 10% sucrose solution was
administered at-24 h.

b Mean day of death of mice dying prior to day 21.

¢ Determined 4 days post-virus challenge. Ten mice per group (due to mortality prior to time of sacrifice, serum titers and ALT were determineddaniay fiv
from the placebo group).

d Logi cell culture 50% infectious dose CC4pJg of liver or ml of serum. The assay detection limit was 2.§@CIDsg/g or ml; a value of <2.8 was assigned
for samples presenting with no detectable virus.

€ ALT, alanine aminotransferase; measured in international units per liter.

f Score of zero (normal liver) to four (maximal discoloration).

* P<0.05 compared to 10% sucrose placebo-treated contraols.
™ P<0.01 compared to 10% sucrose placebo-treated controls.
" P<0.001 compared to 10% sucrose placebo-treated controls.
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obtained for 5 of the 10 animals in the placebo group. Therei, liver virus titers were found to be unremarkable as even the
fore, it is likely that the mean serum virus titer and ALT levels placebo group presented with animals for which virus could not

observed for the placebo group are an underestimate of the actuzd detected by infectious cell culture assay. In contrast, high lev-
disease severity. Overall, the initial study with CLDC indicatedels of systemic virus were present in nine of 10 placebo-treated
remarkable protection against lethal PTV challenge and redu@nimals and titers were reduced by greater than three logs with

tion of disease manifestations associated with infection. the two highest doses of CLDC, comparable to that seen with
ribavirin.

3.2. Intraperitoneal CLDC dose effect on treatment of PTV A second trial was conducted to better resolve the efficacy

infection in mice limits of CLDC. In this evaluation, which examined half-log

dilutions of drug starting with 3.g of DNA, a more robust

Having seen remarkable efficacy following single doseplacebo die-off was seefigble 2 Trial 2). The highest doses of
CLDC administration 24 h post-infection, additional experi- 3, 1, and 0.3.g protected 90, 80, and 70% of infected animals,
ments were undertaken to determine the effective dose rangespectively, from an LB inoculum of virus. At the lowest
of CLDC. In the first trial, doses spanning four orders of mag-dose of 0.1ug, only 30% of the animals survived. This was con-
nitude were evaluated. As shownTable 2 Trial 1, the 0.3.g  sistent with the data from Trial 1 where u8 was the lowest
dose (100% survival) appeared to demarcate the cut-off for theffective dose. As reflected able 2 Trial 2, good correlation
amount of CLDC needed to elicit significant protection. Unex-was also evident in the evaluation of hepatic icterus where the
plainably, the 3ug dose seemed to drop-off slightly to 80% two highest doses produced significant reductions in liver dis-
survival in contrast to the 30 and 0.3 dose treatments whereoloration. Notably, PTV could not be detected in any of the five
no mice were lost. Although not to the degree seen with riblivers examined in the g@g CLDC treatment group; however, as
avirin, highly significant reductions in liver discoloration were before, due to low virus titers and variability with the placebo
observed with CLDCTable 2 Trial 1). Consistent with the dose- group, no statistical significance was achieved. All other treat-
dependent decrease in liver scores, marked declines in seruments, including ribavirin, had detectable liver virus in at least
ALT levels were seen. The two higher CLDC doses prevente@ne of the five animals@ble 2 Trial 2). As seen with liver virus
ALT levels from rising substantially above the baseline identi-titers, no detectable serum virus was found in theg3CLDC
fied in normal mice and the reduction seen with the@@roup  group. Ribavirin treatment also resulted in undetectable levels of
was also impressive. As the results demonstrafabie 2 Trial ~ serum virus on day 3 of the infection. All other CLDC treatments

Table 2
Dose effect of i.p. CLDC treatment on PTV infection of mice
Treatmentt Dosage Number of Meanday of  Survival log-rank Disease parameter
surv/total deat? +S.D.  prob>x2 —— -
Mean virus tite? + S.D. ALT®+ S.D. Liverscorb+ S.D.
Liver Serum
Trial 1, CLDC  30ug 1111 0.0009 <2.8 <3.31.1" 57+ 74" 15+07"
3ug 8/10 5.5-0.7 0.0249 <2406 <3.3+0.9" 124+ 12™ 1.8+ 09"
0.3ug 1111 0.0009 <2.9£0.3 <5.2+1.6 333+ 704" 3.2+ 0.37
0.03ug 2/11 4.4+0.5 0.2107 <3.#0.7  6.7£0.9 3872+ 1158 3.6+ 0.3
Ribavirin 75mglkglday  10/10 0.0014 <2.8:0.1 <3.7+1.4 194 4™ 0.0+ 0.0
10% Sucrose 7120 581.2 <3210 <6.5+1.6 44244 1811 3.9+ 0.2
Sham-infected 3/3 <2.8 <2.8 4511 0.0+ 0.0
Trial 2, CLDC  3pg 9/10™ 4.0 0.0005 <2.8 <28 35+ 13" 1.1+1.17
1ug 8/10™ 9.5+4.9" 0.0007 <3.3:0.7 <55£1.6 19464+ 2553 2.1+ 1.17
0.3pg 7/10" 4.0+0.0 0.0228 <3310 5.4+05" 438+ 555" 3.0+ 1.2
0.1pg 3/10 4.8:0.8 0.8072 <3.%11  6.3+0.7 32484+ 1913 3.6+ 0.4
Ribavirin 75mg/kg/day  10/10 <0.0001 <209 <28” 15+ 6™ 0.4+ 05"
10% Sucrose 3/20 5%1.3 <3.8+14  6.8+0.7 2939+ 1322 35+ 04
Shame-infected 3/3 <2.8 <2.8 2010 0.0+ 0.0

2 Single dose CLDC treatment 24 h post-challenge. Ribavirin given twice per day for 5 days.

b Mean day of death of mice dying prior to day 21.

¢ Determined 3 days post-virus challenge. Ten mice per group in Trial 1 and 5 per group (10 for the placebo) in Trial 2.

d Logio cell culture 50% infectious dose CC4pJg of liver or ml of serum. The assay detection limit was 2.§@CIDsg/g or ml; a value of <2.8 was assigned
for samples presenting with no detectable virus.

€ ALT, alanine aminotransferase; measured in international units per liter.

f Score of zero (normal liver) to four (maximal discoloration).

* P<0.05 compared to 10% sucrose placebo-treated controls.
™ P<0.01 compared to 10% sucrose placebo-treated controls.
" P<0.001 compared to 10% sucrose placebo-treated controls.
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Table 3
Outcome of delayed i.p. CLDC treatment on PTV infection of mice
Treatmerft Initiation of Number of  Mean day of Survival log-rank  Disease parameter
treatment (h)  surv/total deatR +S.D.  prob>x2
Mean virus tite? + S.D. ALTE+S.D.  Liver score+S.D.
Liver Serum
CLDC, 1ug 24 9/11 45+0.7 0.0165 <28 <3411 125+ 186" 1.9+ 0.2"
36 4/11 4.140.9 0.7911 <3.20.9 6.1+1.1 3591+ 1781 3.6+ 04
48 1/11 45+1.2 0.0578 <3.£1.3 7.0£0.5 4381+ 895 3.2+ 0.6
60 0/11 5.0t1.3 0.0312 <3.61.2 7.1+0.9 3722+ 1176 3.0+ 0.4
72 0/11 4.A1.0 0.0166 <3.1+0.8 6.3+0.5 3021+ 903 3.2+ 0.3
Ribavirin —4 10/10™ 0.0007 <2.8 <28 15+ 6" 0.2+0.3"
10% Sucrose 24 7121 501.3 <3.7+14 6.6+0.1 3845+ 727 3.2+ 0.7
Sham-infected 3/3 <2.8 <2.8 D4 0.0+ 0.0

2 Single dose CLDC treatment. Ribavirin given twice per day for 5 days.

b Mean day of death of mice dying prior to day 21.

¢ Determined 3 days post-virus challenge. Five mice per group.

9 Logyg cell culture 50% infectious dose CC4flg of liver or ml of serum. The assay detection limit was 2.8&gCIDso/g or ml; a value of <2.8 was assigned
for samples presenting with no detectable virus.

€ ALT, alanine aminotransferase; measured in international units per liter.

f Score of zero (normal liver) to four (maximal discoloration).

* P<0.05 compared to 10% sucrose placebo-treated controls.
™ P<0.01 compared to 10% sucrose placebo-treated controls.
" P<0.001 compared to 10% sucrose placebo-treated controls.

had 5.4-6.3 logs of systemic virus. Nonetheless, compared toti#l h CLDC or ribavirin groups, whereas all other treatments
placebo-treated group that had a mean viral load of 6.8 logs, thead measurable virus similar to that observed for the placebo-
decrease seen in the W CLDC treatment group was found treated animals. A similar profile was obtained when analyzing
to be highly significantTable 2 Trial 2). Concordant with the systemic virus with only the 24 h CLDC and ribavirin groups
serum virus data, baseline levels of ALT were observed in thaignificantly abrogating serum virus titers. As expected, con-
3 g CLDC and ribavirin groups. Also, the animalsinthe @  comitant drop-offs in serum ALT levels were also observed in
group presented with reduced liver disease as indicated by thhese two groups, while the treatments delayed 36 h or more pre-
significant abrogation of serum ALT activity. Interestingly, the sented with ALT activity analogous to that seen in the placebo
1 g dose presented with greater levels of ALT activitglfle 2 group (Table 3. These data were also consistent with the sig-
Trial 2). Due to the acute nature of the infection in mice, thisnificant reduction in liver scores seen only in 24 h CLDC and
result was spurred by two of the five animals in theglgroup  ribavirin treatment groups and suggest that timely CLDC treat-
having very high ALT levels at the time of sacrifice, while levels ment may be required for limiting virus-induced liver damage
for the other three were relatively low. These two mice also hadnd decreasing virus titers in this disease model.

higher systemic virus resulting in large standard deviations for

this and ALT disease parameters. 3.4. CLDC induction of IFN-y, IL-12, and [FN-

3.3. Effects of delayed CLDC therapy on disease outcome IFN-vy, IL-12, and IFNe are essential components for the
establishment of antiviral host defens&oani et al., 1997,

Based on the results from the initial studies, thegICLDC  Samuel, 2001l The ability of CLDC to induce these cytokines
dose was evaluated for therapeutic efficacy in more advanced 4-week old mice used inthe PTV disease model was evaluated
states of PTV infection. As previously seenTiable 2 when by ELISA. As shown inFig. 1A, in a dose-dependent manner,
treatment was administered at 24 h, a high percentage of animasrum IFNy levels were found to be highest at the 8h time
survived infectious challengdéble 3. By delaying treatment point and waned moderately by 16 h. In contrast, 8 h exposure
an additional 12 h the survival rate fell precipitously to 36%,to 3ng CLDC administered by i.v. route resulted in an IFN-
comparable to the level observed with the placebo-treated any response more than 25-fold greater than the equivalent dose
mals (33%). Further delay in the time of administration outgiveni.p. Fig. 1A, inset). Moreover, the kinetics were noticeably
to 48 h or longer increased detrimental effects associated wittifferent between the treatment routes as i.v. exposure dropped-
delayed therapy as nearly all animals died in those treatmermff dramatically (98%) following the 8 h sampling, whereas, by
groups Table 3. Compared to the placebo group, the reduced.p., a gradual decrease (45%) was observed. In the case of IL-
survival in the 60 and 72h groups was found to be statisti12p70, as revealed iRig. 1B, levels seemed to peak between
cally significant by log rank survival analysis and the 48 h groupthe 4-8 h times and drop-off significantly by 16 h when dosed
(P =0.0578), although not considered significant, was notewori.p. Interestingly, the 0.8g dose, which offered protection in
thy (Table 3. There was no detectable liver virus found in the challenge studieSéble 2, only elicited low levels of IL-12p70.
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450 IFN-y and IL-12p70, the levels of IFN-were much greater
400 12000 O3ugiv. 3‘3;9 when CLDC were administered by the i.v. roufiéy, 1C, inset).
03 ug When comparing profiles, there was a 110-, eight-, and nine-
fold increase in IFNx levels at the 4, 8, and 16 h time points,
respectively, when CLDC were dosed i.v. In contrast to that
seen by i.p., i.v. delivery resulted in peak levels of IkN¢t both

the 4 and 8 h exposure timeBig. 1C, inset). Collectively, the
data indicate that i.p. CLDC can elicit the production of IFN-
IL-12p70, and IFNe in weanling mice; however, i.v. delivery
was much more efficient in stimulating elevated levels of these
cytokines with distinctly different kinetics.

350

300

250+

2004

IFN- v( pg/ ml)

150+
1004
50

16 h 3.5. Intravenous CLDC treatment of PTV infection in mice

(A) Exposure to CLDC Treatment

In light of the observed cytokine profiles, an experiment
600 R assessing i.v. CLDC delivery was conducted starting with 10-
5001 fold less material than used for i.p. in the previous challenge
:gg study. As indicated iffable 4 treatment with the top dose of
200 ’_l_’ 300 ng (0.3.9) resulted in 70% protection against anddehal-

lenge dose. Significant reductions in systemic virus load and
AL liver disease were evident as well at this dose. A 60% survival
4h 8h 16h rate was achieved with the 30 ng do3alfle 4, which was not
efficacious when given i.pTable 2. Despite significant protec-
tion from death at this dose, very little impact was seen on other
disease parameters evaluated with the exception of reduced ALT
/ 1 é levels. As in the first experiment, due to the mortality of many
8h 16 h of the animals in the placebo group prior to sacrifice, serum

Exposure to CLDC Treatment could not be obtained; therefore, the indicated serum virus titer
and ALT values are likely an underestimate of the magnitude
500 ) ®0.3 yg of disease. The 3 ng dose was not effective at protecting mice
90+ 450 - O3 pgiv. ; . . . .

400 1 21 pg from death nor reducing virus burden or liver damage and dis-
801 B3ve coloration {Table 4. The antiviral activity of i.v. CLDC was less

350
701 2:2 than expected and may have been influenced by stress associated
60 200 4
50 150 4
100
1] []
4h I 8h I
4h '

1004
0

1L-12p70 (pg/ ml)

-
=
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100

4. Discussion

I FN- o (pg/ml)

with tail vein delivery of CLDC in 4-week old animals.
0
301 16h

20
10

Robust in vivo immunological stimulus and antitumor activ-
ity elicited by CLDC have been previously reportddofv et
al., 1999a. More recently, CLDC have also been shown to be
potent inducers of type | interferon production in vivde(lins
et al., 200%. The aim of this work was to evaluate CLDC for
antiviral activity in a model of acute phleboviral disease. Col-
Fig. 1. Effect of CLDC on IFNy, IL-12p70, and IFNe induction in uninfected lectively, in the PTV mouse model, a single dose of 0gBof

mice. Four-week old mice were injected i.p. with 0.3, 1, qeg8of CLDC ) pe delivered i.p. was found to protect more than 86% of
and serum was collected at the indicated exposure times. Animals treated b

intravenous (i.v.) route with gg of CLDC were also included for comparison ghallenged animals, _C(_)mpared to 25% fOI’ the place_:bo group,
(insets). The samples were analyzed by ELISA for systemic (A)4F(8) IL- when treatment was initiated 24 h post-virus inoculation. How-
12p70, and (C) IFNx production and the data represent the means and standaréver, this dose was not as effective as quantitiesuaf 8r more
deviations of groups of five animals. at reducing the other disease parameters evaluated, which was
reflective of the cytokine profiles obtained for these doses. The
As before, different kinetics were observed for i.v. dosing as3 ug dose was comparable to the positive control drug ribavirin
IL-12p70 levels peaked at 4 h and decreased rapidly thereaftér limiting viral burden and liver disease. This is remarkable
(Fig. 1B, inset). At the 4 h exposure time, IL-12p70 levels wereconsidering that ribavirin treatment was initiated prior to infec-
more than 12-fold higher than that observed with i.p. dosingious challenge and was given twice a day for 5 days compared
(Fig. 1B). As for IFN-a, only low-level production was elicited to single dose treatment with CLDC.
by i.p. CLDC, with the exception of the 8y dose where the In mice, PTV infection and disease manifestations progress
levels in one animal approached 90 pg/mlg; 1C). As with  rapidly with the majority of animals succumbing to lethal infec-

8h 16 h
(C) Exposure to CLDC Treatment
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Table 4
Dose effect of i.v. CLDC treatment on PTV infection of mice
Treatmerft Dosage Number of Mean day Survival log-rank  Disease parameter
surv/total Survival of prob >x?2 - itef T - 5
deat® +S.D. Mean virus titef + S.D. ALT® £+ S.D. Liver score+ S.D.
Liver Serum
CLDC 300ng 71106 43+25 0.0025 <3.204 <3.0+:04 189+ 363 2.7+ 0.8
30ng 6/10° 43405 0.0124 <2.8 <5415 1379+ 777 4.0+ 0.0
3ng 1/10 4.8:-0.8 0.7534 <3.%14 55+1.4 1589+ 927 3.5+ 0.6
Ribavirin 75mglkgliday  9/10° 4.0 <0.0001 <2.8 <3311 17+ 10 0.0+ 0.0™
10% Sucrose 2/20 4#1.0 <3.1+:0.8 <5.7+2.0 2439+ 896 3.8+ 0.3
Shame-infected 3/3 <2.8 <2.8 3R 24 0.0+ 0.0

2 Single dose CLDC treatment 24 h post-challenge. Ribavirin given twice per day for 5 days.
b Mean day of death of mice dying prior to day 21.
¢ Determined 4 days post-virus challenge. Five mice per group (nine for the placebo). Due to mortality prior to day of sacrifice, serum titers and ALT we
determined for only two and four mice from the 3ng CLDC and placebo group, respectively.
d Logio cell culture 50% infectious dose CC4pJg of liver or ml of serum. The assay detection limit was 2.§0@CIDsg/g or ml; a value of <2.8 was assigned
for samples presenting with no detectable virus.
€ ALT, alanine aminotransferase; measured in international units per liter.
f Score of zero (normal liver) to four (maximal discoloration).
* P<0.05 compared to 10% sucrose placebo-treated controls.
™ P<0.01 compared to 10% sucrose placebo-treated controls.
™ P<0.001 compared to 10% sucrose placebo-treated controls.

*

tion by 96 h, but occasionally as early as 48—72h post-virusvith CLDC correlated well with the in vivo challenge studies.
inoculation. If CLDC therapy was delayed until 36 h after viral At the 8 h exposure time, IFN; IL-12, and IFNe levels were
challenge, the protective effect was lost. Treatment of mice witlall nearly 2—3 times greater in thq.8 dose group as compared
more advanced stages of disease was found to be deleterioustaghe lower doses and it was the only dose capable of eliciting
groups of mice treated at or after 48 h had a collective survivahotable amounts of IFN= This treatment dose was found to be
rate of 3% (1/33), compared to 33% (7/21) for placebo-treatedptimal for survival, reduction of viral load, and limitation of
animals. The data suggest that once PTV infection has reachéder disease. Remarkably, the Qud dose induced only min-
a certain point, the immunostimulatory activity elicited byd ~ imal levels of cytokines, yet in the context of survival it was
quantity of CLDC may exacerbate the disease. Thisis in contragtqually as effective as the higher dose in providing a significant
to several other immune modulators previously tested againgtvel of protection. It would appear that the lack of a vigorous
PTV which showed efficacy out to 36—48 h; notably, however,Thl cytokine response observed following treatment withu@3
many doses were evaluated in these stu@ebnell etal., 1992; of CLDC is not critical to the survival outcome. Nevertheless,
Smee et al., 1991 A more comprehensive multi-dose investi- in the context of infectious challenge, the combination of the
gation into this matter is necessary as a lower effective doseative antiviral defenses triggered by exposure to the virus and
such as 0.3.g, which is three-fold less than the amount used inlow-dose CLDC, likely stimulates a sufficient Thl response to
the delayed administration study, may yield more encouragingvercome the infection.
results. It should also be noted that handling stress associated Potent and comparable immune activation resulting from sys-
with treatment likely contributes to the observed increase in mortemic i.v. administration of CLDC has been demonstrated in
tality as the combination of late stage infection and elevatedarious strains of miceJow et al., 1999a By comparison with
stress due to treatment may worsen the prognosis considérp. dosing, i.v. delivery of 3ug of CLDC resulted in dramatically
ably. Taking this into consideration, future investigations intoelevated cytokine levels demonstrating far more immunostimu-
this matter should include placebo groups for each timepointatory capacity by this route. Moreover, considerable differences
Collectively, our findings with i.p. delivery of CLDC suggest in kinetics profiles for all three cytokines evaluated were discov-
that protective immunity against PTV disease is elicited wherered when comparing the two routes. Intraperitoneal delivery of
administration occurs within 24 h of initiation of infection; how- CLDC was initially selected as the route of choice since systemic
ever, immunotherapy at more advanced stages of infection mayeatment through tail vein injection in weanling C57BL/6 mice
be disadvantageous. Experiments to establish the relationshipould have been a daunting task considering the large number
between dosage of CLDC, cytokine response, extent of viremiaf animals used in these studies. However, based on the results
and efficacy are currently being designed in order to better undeof our cytokine profiling efforts comparing i.p. and i.v. dosing
stand the therapeutic window of CLDC treatment. in 4-week old animals, additional exploration evaluating sys-
IFN-v, IL-12, and IFNe are Th1l response cytokines that pro- temic delivery was necessary. Although significant protection
mote activation of cell-mediated immunity critical to combating was observed at the 300 and 30 ng doses, as well as reduc-
infections of viral origin Romani et al., 1997; Samuel, 2001 tion in disease parameters (mostly with the 300 ng dose), the
The cytokine profiles obtained for groups of mice treated i.presults were less than expected considering the cytokine profiles
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seen with the 3ug dose. It is conceivable that the additional enhance cytokine and cell influx levels in the lung following admin-

stress associated with the challenges of tail vein dosing of PTV- istration of plasmid: cationic lipid complexes. J. Immunol. 160, 4580

infected weanling mice was deleterious to survival. Further, it 4586. ) _ _ .

. . . . . Gursel, I., Gursel, M., Ishii, K.J., Klinman, D.M., 2001. Sterically stabilized

'S, plqu5|ble that too strong a response or dlﬁe,rence,s In Cy,tOkme cationic liposomes improve the uptake and immunostimulatory activity

kinetics may not have been optimal for treating this particular o cpG oligonucleotides. J. Immunol. 167, 3324-3328.

viral disease. Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Mat-
Although there is some indication as to the basis of the sumoto, M., Hoshino, K., Wagner, H., Takeda, K., Akira, S., 2000. A

immunostimulatory properties of CLDC, the precise mecha- _ToII-||ke receptor recognizes bacterla] DNA. Nature 408 740-745.

nism by which the complexes contribute to heightened antivirai(neg’ A.M., 2002. CpG maotifs in bacterial DNA and their immune effects.

- . Annu. Rev. Immunol. 20, 709-760.

host defense remains unclear. Collectively, our data suggest th@tegan, 3.M., 1979. The Rift Valley fever epizootic in Egypt 1977-78. 1.

CLDC are an effective therapeutic for the treatment of PTV  Description of the epizootic and virological studies. Trans. Roy. Soc.

infection by i.p. and i.v. routes of administration. Further inves-  Trop. Med. Hyg. 73, 618-623.

tigation exploring efficacy by other routes of administration National Institute of Allergy and Infectious Diseases (NIAID), 2002. The

. . . . . Counter-Bioterrorism Research Agenda of the National Institute of
the mechanism by which CLDC induces protective immunity Allergy and Infectious Diseases (NIAID) for CDC Category A Agents.

against PTV, and its potential use as an immunotherapeutic in National Institutes of Health, Bethesda, MD.

other viral disease models is currently underway. Pifat, D.Y., Smith, J.F., 1987. Punta Toro virus infection of C57BL/6J mice: a
model for phlebovirus-induced disease. Microb. Pathogenesis 3, 409-422.

Reed, L.J., Muench, H., 1938. A simple method of estimating fifty percent
endpoints. Am. J. Hyg. 27, 493-497.
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