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Evaluation of free or liposome-eneapsulated ribavirin for 
antiviral therapy of experimentally induced feline 
infectious peritonitis 

R. C. WEISS, N. R. COX, M. L. MARTINEZ, Scott-Ritchey Research Center and Department of 
Pathobiology, College of Veterinary Medicine, Auburn University, Alabama 36849, USA 

Ribavirin, either free in aqueous solution or 
incorporated into liposomes, was evaluated in 
50 specific-pathogen-free kittens after experi- 
mental challenge exposure with feline infectious 
peritonitis virus (FIPV). Ribavirin was adminis- 
tered daily for 10 to 14 days at 16.5 mg kg -1 
bodyweight given per os, intramuscularly or 
intravenously beginning 18 hours after kittens 
were challenge-exposed with FIPV. All kittens, 
including ribavirin-treated and untreated kit- 
tens, succumbed to FIP. Clinical signs of disease 
were more severe in the ribavirin-treated kit- 
tens and their mean survival times were short- 
ened. The clinical efficacy of free ribavirin 
given intravenously at a reduced dosage 
(5.5 mg kg -1 bodyweight) was compared to 
that of ribavirin incorporated into lecithin-con- 
taining liposomes (5 mg kg -1) intravenously. 
Drugs were given once daily for three consecu- 
tive days of each week for three weeks, begin- 
ning 18 hours after virus challenge exposure. 
There was no significant difference either in 
survival rate or severity of disease between kit- 
tens given free ribavirin, liposomal ribavirin or 
saline only. Because of its intrinsic toxicity and 
low therapeutic index against FIPV and its mar- 
ginal antiviral activities in vivo at maximal 
doses, ribavirin cannot presently be recom- 
mended as primary antiviral chemotherapy 
against FIP. 

FELINE infectious peritonitis (FIP) is a fatal 
immune-mediated disease of cats caused by a 
coronavirus, FIPV (Weiss 1989a). FIPV replicates 
within and disseminates systemically in mono- 
cytes and macrophages, particularly those of 
blood, liver, spleen, lymph nodes, lung, bone mar- 

row and mesothelium (Ward 1970, Weiss and 
Scott 1981a,b, Weiss 1989a,b). Effective immuni- 
sation against F~P had not been reported until the 
recent report by Gerber et al (1990) that a vaccine 
consisting of an attenuated temperature-sensitive 
mutant strain of FIPV was efficacious in protecting 
kittens experimentally challenge exposed with 
Fn~V. However, there is still no effective therapy 
for FIP; although immunosuppressive drugs have 
induced some temporary clinical remissions, the 
disease is considered generally to be untreatable 
(Pedersen 1978, 1988). 

In vitro antiviral studies have indicated that FIPV 
is susceptible to human or feline interferons 
(Weiss and Toivio-Kinnucan 1988, Weiss and 
Oostrom-Ram 1989), ribavirin (Weiss and 
Oostrom-Ram 1989, Barlough and Scott 1990) 
and adenine arabinoside and amphotericin B 
(Barlough and Scott 1990). Ribavirin (1-~-D-ribo- 
furanosyl-1, 2, 4-triazole-3 carboxamide) is a 
nucleoside analogue of guanosine with broad 
spectrum virostatic activities against various RNA 
and DNA viruses (Nicholson 1984, Reines and 
Gross 1988). In vitro cytotoxicity studies of rib- 
avirin suggest that there is potential toxicity at 
antiviral dosages in cats (Weiss and Oostrom-Ram 
1989, Weiss 1989b), and in vivo the drug is mod- 
erately toxic at dosages of 22 to 44 mg kg -1 body- 
weight by various routes in healthy cats (Weiss et 
al 1993). Experimental trials with interferons in 
cats inoculated with FIPV have generally been dis- 
appointing (Weiss 1989b, Weiss et al 1990). 

A novel means of delivering very small and 
therapeutic dosages of drugs is first to microen- 
capsulate them into liposomes and then inoculate 
the liposomes intravenously (Alving 1983, 
MacEwen 1987, Kende et al 1988). Liposomes are 
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biodegradable unilamellar or multilamellar phos- 
pholipid vesicles, similar in structure to plasma 
membranes, which have a marked affinity after 
intravenous administration for reticuloendothelial 
cells, predominantly macrophages of liver, lung 
and spleen (Alving 1983, MacEwen 1987). 
Liposomes have been used to deliver chemothera- 
peutic agents to macrophages in animals infected 
with viruses, bacteria, fungi or protozoa (Kende et 
al 1988). In some experimental infections, such as 
murine leishmaniasis, liposome-encapsulated 
drugs were about 700 times more effective than 
non-encapsulated drugs as a form of treatment 
(Kende et al 1988). Administration of liposome- 
encapsulated ribavirin in mice infected with Rift 
Valley fever virus resulted in liver ribavirin con- 
centrations that were fivefold greater than those 
attained with the same doses of free ribavirin; 
mice challenge exposed with lethal amounts of 
virus, moreover, were protected against disease, 
whereas those treated with the same dose of free 
drug succumbed to the lethal infection (Kende et 
al 1985). 

Considering the in vivo efficacy and in vitro 
toxicity of ribavirin, it was also decided to investi- 
gate the use of liposomes as a means of encapsu- 
lating and delivering ribavirin. This could have the 
advantage of lowering the required therapeutic 
dose and its toxicity, and the drug might be target- 
ed specifically to macrophages in various reticu- 
loendothelial organs, which are the target tissues 
for FIPV. Previous toxicity studies of ribavirin in 
the authors' laboratory indicated clinical toxicity 
occurred at dosages between 11 and 22 mg kg -1 
(Weiss et al 1993) and other investigators 
observed that ribavirin administered intramuscu- 
larly at an empirical dosage of approximately 11 
mg kg -1 bodyweight was well tolerated for several 
weeks in cats infected with upper respiratory tract 
viruses (Dr E. Colby, Dartmouth University 
Medical School, personal communication, 1990). 
An initial study was performed and reported here 
(trial 1) that evaluated the efficacy of free ribavirin 
against experimentally induced FIP when the drug 
was used at a dosage of 16.5 mg kg -I bodyweight. 
The authors believed this dosage would still be 
safe when given by various routes or incorporated 
into liposomes. The objective of the studies report- 
ed here was to evaluate ribavirin, administered 
either alone at a maximal tolerated dose or incor- 
porated into liposomes at a similar dose, as an 
antiviral treatment for FIP. 
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Materials and methods 

Cats 

Fifty healthy 20-week-old specific-pathogen- 
free kittens of either sex were obtained from a 
commercial breeding colony (Liberty Labora- 
tories). Kittens were FeLV-antigen-negative (by 
ELISA) and seronegative for feline coronavirus 
and feline immunodeficiency virus antibodies. 
All the kittens were housed individually in feder- 
ally approved stainless steel cages in temperature, 
light and humidity-regulated isolation rooms 
(Scott-Ritchey Animal Isolation Facilities, College 
of Veterinary Medicine, Auburn University, 
Alabama); food and water were provided ad libi- 
turn and litter pans were changed daily. All the 
animals were used and maintained according to US 
federal guidelines. Experimental protocols were 
approved by the Auburn University Institutional 
Animal Care and Use Committee. 

Virus and cell cultures 

The DF2 strain of F~PV (ATCC No VR-2004) was 
used for inoculation of experimental animals and 
for detection of FIPV-neutralising antibodies. The 
titre of the FIPV was approximately 107.3 tissue 
culture infective doses (TCID50 ml-1; by titration, it 
was determined that the inoculum contained about 
105"1 cat lethal doses (LD50) m1-1. Crandell feline 
kidney (CrFK) cells were propagated in Eagle's 
minimum essential medium supplemented with 10 
per cent heat-inactivated fetal bovine serum, 100 
iu of penicillin m1-1, 100 gg of streptomycin m1-1 
and 2.5 ~tg of amphotericin m1-1, along with 2 mM 
L-glutamine and 1 per cent non-essential amino 
acids. Cultures were maintained in a humidified 
incubator at 37°C in an atmosphere of air with 5 
per cent carbon dioxide. 

Ribavirin 

The ribavirin (Lot number 03100785/n-15 of 
Virazole, supplied by Dr D. Hines, Solvay Animal 
Health, Mendota Heights, Minnesota) was stored 
lyophilised at room temperature until diluted 
before use. Aqueous solutions of ribavirin were 
made by mixing lyophilised powder with phos- 
phate buffered saline solution (PBSS pH 7.4) and 
filtering the solution through a 0.2 gm cellulose 
acetate filter (Coming). Ribavirin solutions were 
stored at 4°C for a maximum of 72 hours before 
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use. In vitro screening of aliquots of the ribavirin, 
using a previously described procedure (Weiss and 
Oostrom-Ram 1989), confirmed its antiviral activ- 
ity against FIPV. 

Liposomes 

A generic lecithin was obtained from a com- 
mercial manufacturer (Lot number C-97 of pow- 
dered lecithin, supplied by Dr J. Gerber, 
SmithKline Beecham Animal Health, Lincoln, 
Nebraska). The lecithin was supplied as a dry, 
granulated powder which was autoclaved at 15 lb 
pressure, 121°C for 20 minutes and stored at room 
temperature before use. Suspensions of empty 
liposomes or liposome-encapsulated ribavirin 
were made after reconstituting the dried phospho- 
lipid-containing lecithin granules in PBSS or in 
PBSS containing sterile ribavirin (final concentra- 
tion of 3 mg ml-1). The solutions were agitated for 
10 minutes until the mixture formed a homoge- 
neous creamy-brown consistency. Phase-contrast 
microscopy of the liposome preparations revealed 
a mixture of predominantly (about 90 per cent) 
small unilamellar vesicles 0.2 to 2 gm in diameter 
along with occasional large multilamellar or 
onion-shaped vesicles, approximately 5 to 10 ~tm 
in size. The calculated lipid:drug ratio of the lipo- 
some-encapsulated ribavirin suspension was 1:10 
(3 per cent w/v), Liposomes were stored at 4°C for 
a maximum period of five days during use. Data 
from the manufacturer indicated that similarly pre- 
pared liposomes containing various other com- 
pounds were stable for up to several weeks at 4°C 
(SmithKline Beecham Animal Health Products, 
unpublished data). 

Determination of encapsulation efficiency of 
ribavirin-containing liposomes 

The percentage entrapment of ribavirin by lipo- 
somes was determined by lysing the liposomes in 
detergent, extracting the released ribavirin in the 
aqueous phase of chloroform/alcohol gradients, 
and then calculating the concentration of extracted 
ribavirin spectrophotometrically, using a standard 
curve. Briefly, liposomes were mixed with rib- 
avirin at a predetermined concentration and then 
washed in PBSS and ultracentrifuged at 100,000 g 
to remove unincorporated ribavirin. The pellet was 
resuspended in PBSS and the liposomal vesicles 
lysed after adding 5 per cent (v/v) of Triton X-100 
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(Sigma). Samples of detergent-treated liposomes 
were visualised under phase-contrast microscopy 
to confirm that all vesicles were ruptured. The 
intraliposomal ribavirin was isolated in the aque- 
ous (PBSS) phase of four successive extractions in 
chloroform/isoamyl alcohol (24:1). The intralipo- 
somal ribavirin concentration was determined 
spectrophotometrically at an absorbance of 235 
nm (maximum ultraviolet absorbance peak for 
ribavirin in PBSS) by extrapolation from a standard 
curve of known ribavirin concentrations. 

The encapsulation efficiency (EE) of the lipo- 
somes for ribavirin, expressed as a percentage of 
the original drug-loading dose, was 90 per cent. 
This value was calculated according to the follow- 
ing equation: 

[ribavirin in washed, lysed liposomes] 
EE - X I00 

[ribavirin in unwashed intact liposomes] 

= 2.7 mg m1-1/3-0 mg m1-1 x 100 

= 0.9 x 100 = 90 per cent 

Experimental design of trial 

Twenty4our kittens (six kittens per group) were 
used to evaluate the efficacy of ribavirin given by 
various routes at 16.5 mg kg -~ bodyweight as an 
antiviral treatment for Fn'. 

On the day of inoculation the kittens were 
sedated, using a combination of telazol and 
zolazepam hydrochloride (11 mg kg -1 body- 
weight, intramuscularly) (AH Robbins) and 
atropine sulphate (0.05 mg kg -1 bodyweight, sub- 
cutaneously). Blood was collected by jugular 
venepuncture into vacuum-evacuated glass tubes 
(without anticoagulant) for determination of FIPV 
neutralising antibodies (VNA) in serum. Kittens 
were inoculated intraperitoneally with approxi- 
mately 5 LD50 of F~PV. Eighteen hours after VIPV 
inoculation at day 0, kittens were given ribavirin 
per os, intramuscularly or intravenously, or were 
given a solution of PBSS intravenously. The drug 
or PBSS was administered to each kitten once daily 
at 09.00 for the next 13 days (nine days for the 
intravenous ribavirin and saline-treated groups). 
All the kittens were examined daily and weighed 
twice weekly to adjust the drug amount to weight 
changes. A clinical score, which was correlated 
inversely with the health of an animal, was calcu- 
lated daily for each kitten on the basis of a 10-point 
numerical scale reflecting severity of clinical signs 
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as follows: anorexia = 5; depression = 5; fever 
(39-5 to 39.8°C) = 6; ocular or nasal discharges = 
6; fever (39.9°C or more) -- 7; dehydration = 7; 
weight loss over baseline (0-25 to 0.4 kg) = 7; 
hypothermia (37-5°C or less) = 8; pale mucous 
membranes or slow capillary refill time = 8; vomit- 
ing, diarrhoea and/or melaena = 8; weight loss (0.4 
kg or more) = 8; laboured breathing = 8; central 
nervous system signs (seizure, tremors, paralysis, 
coma) = 9; death = 10. On days 10 and 20 after 
inoculation, the kittens were sedated and were bled 
for VNA serum titres as described. Necropsy exami- 
nations were performed on all kittens that died dur- 
ing the study and on kittens which were euthanased 
when moribund with FIP. All surviving kittens 
were observed clinically for a period of at least 
nine months after inoculation of FIPV. 

Trial 2 

In this trial, 26 kittens were evaluated. Twenty- 
four kittens were inoculated both intranasally and 
oronasally on day 0 with a total dose of approxi- 
mately 1 LD50 of FIPV. The kittens (six per group) 
were treated as follows: ribavirin only (5.5 mg 
kg -I bodyweight, intravenously); ribavirin incor- 
porated into liposomes (5-0 mg kg -1 bodyweight, 
intravenously) along with a small amount (approx- 
imately 0.5 mg kg -1 bodyweight, intravenously) 
or unincorporated or free ribavirin; empty lipo- 
somes only (1.8 ml kg -1 bodyweight, intravenous- 
ly); or PBSS only (virus controls) (1.8 ml kg -1 
bodyweight, intravenously). The treatments were 
given once daily at 09.00 on three consecutive 
days of each week for three weeks, starting 18 
hours after FIPV challenge-exposure on day 0. Two 
kittens were injected similarly with empty lipo- 
somes (1.8 ml kg -1 bodyweight, intravenously) 
and were not challenge exposed with FIPV (lipo- 
some toxicity controls); these kittens were 
euthanased and necropsied at day 21. Sample col- 
lection, clinical scoring and necropsy of kittens in 
this trial were performed as described for kittens 
in trial 1. 

Virus-neutralising antibody assay 

Neutralising antibodies to FIPV-DF2 were mea- 
sured, using a standard infectivity-inhibition 
microassay. This assay was performed essentially 
as described by Weiss et al (1990) except that CrFK 
ceils were used as the indicator cells and viral 
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cytopathic effects were scored at 72 hours. 

Necropsy examination 

Kittens were examined for gross changes. 
Representative sections of all organs and macro- 
scopic lesions were fixed in 10 per cent neutral 
buffered formalin. The fixed tissues were embed- 
ded in paraffin, sectioned at 6 gin, stained with 
haematoxylin and eosin (H & E), and examined by 
light microscopy. Touch impressions of bone mar- 
row from each kitten were made on to glass slides 
and were air-dried and stained, using a modified 
Wright's stain. Bone marrow smears were exam- 
ined by light microscopy and evaluated as 
described previously (Weiss et al 1993). 

Statistical tests 

Analysis of data was performed using a com- 
puterised statistical analysis program (Abstat, 
Anderson-Bell). Differences in survival rates 
between groups were evaluated by Z 2 analysis. 
Mean differences in cumulative survival rates 
between groups in trial 2 were tested for signifi- 
cance by the Kurskal-Wallis one-way analysis of 
variance for ranked data, using a non-parametric 
method. Mean differences in VNA titre, clinical 
scores, and bodyweights were analysed by the 
two-tailed Student's t test. P values of 0.05 or less 
were considered significant. 

Results 

Trial 1: Efficacy of ribavirin by various routes 
against F1P. Clinical responses 

Daily administration of ribavirin (16.5 mg kg -1 
bodyweight) per os, intramuscularly or intra- 
venously to kittens for 10 to 14 days after 
intraperitoneal inoculation of lethal doses of HPV 
did not protect kittens against FIP mortality. Mean 
and median survival times were actually decreased 
in the ribavirin-treated kittens challenge exposed 
with FIPV compared to the untreated control kittens 
(P <0.05 for kittens given ribavirin orally; Table 
1). The predominant clinical signs were fever, 
depression, anorexia, dehydration, weight loss, 
icterus, mucous membrane pallor, and hypother- 
mia in the terminal stages of disease. Although 
fever first occurred on day 1 after inoculation in 
untreated kittens and kittens given ribavirin intra- 
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TABLE 1 : Survival after intraperitoneal inoculation of FIPV in 
kittens given ribavirin by various routes (trial 1) 

Survival 
Number alive/ Median Mean (SD) 

Group Total (days) (days) 

R. C. Weiss, N. R. Co.,;, M. L. Martinez 

0.25 kg (untreated) and 0.66 kg (oral group), 0.40 
kg (intramuscular group) and 0.50 kg (intravenous 
group), respectively (P <0.05 for oral and intra- 
venous groups compared with untreated kittens). 

Untreated 0/6 21 21.2 (2.2) 

Ribavirin* 
(oral) 0/6 16 16.2 (4"8):l: 

Ribavirin* 
(intramuscular) 0/6 18-5 19.2 (2.7)~: 

Ribavirin* 
(intravenous) 0/51- 19 16-8 (6.1) 

*All treatment groups received 16.5 mg of ribavirin kg -1 body- 
weight once daily for a maximum of 14 days, beginning 18 hours 
after virus exposure. All kittens were inoculated intraperitoneally 
with 103.2 TCID50 (about 5 LD50) of FIPV On first day of study 
1One kitten died from anaesthetic accident before study 
:l:Significant decrease compared to untreated kittens, P~<0.01 
(two-tailed paired before Student's t test, 5 df) 

muscularly, fever was delayed by 24 hours or 
more in three of six kittens given ribavirin orally 
and in three of five kittens given ribavirin intra- 
venously. Mean clinical scores were increased sig- 
nificantly compared with untreated kittens in all 
ribavirin treatment groups on day 7 (P = 0.016, 
0.034 or 0-042 for orally, intravenously or intra- 
muscularly treated kittens, respectively), on day 
14 in the oral (P = 0.023) and intravenous (P = 
0.021) groups, and on day 21 in the intramuscular 
group (P = 0.013) (Fig 1). Mean decreases in 
bodyweight were greater in the infected ribavirin- 
treated kittens than infected untreated kittens on 
day 14. The mean weight loss on day 14 in 
untreated kittens and ribavirin-treated kittens was 
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Serological changes 

All the kittens had FIPV neutralising antibodies 
10 days after virus inoculation (Fig 2). A signifi- 
cant increase in mean VNA titre was observed on 
day 10 in infected untreated kittens compared with 
kittens given ribavirin either orally (P = 0-015) or 
intravenously (P = 0.002); VNA in kittens given 
ribavirin intramuscularly tended (P = 0.062) to be 
decreased. Mean + SEM VNA titres in untreated kit- 
tens and kittens treated orally, intramuscularly, or 
intravenously were 187 _+ 27 and 69 +_ 9, 32 +_ 24 
and 101 + 19, respectively. A rapid increase in 
VNA titre occurred in all kittens between days 10 
and 20. Mean + SEM VNA titres at day 20 were 
1216 _+ 326 in untreated kittens, 1280 in one sur- 
viving kitten treated orally with ribavirin, 1173 _+ 
385 in intravenously treated kittens, and 852 _+ 324 
in intramuscularly treated kittens. Although the 
mean VNA titre of intramuscularly treated kittens 
was less than that of other groups, this difference 
was not significant. The magnitude of VNA titres 
did not correlate with positive clinical responses in 
any group. 

Pathological changes 

All the kittens had lesions typical of those 
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FIG 1: Mean -+ SD clinical scores in untreated kittens ([::3) and 
those given 16.5 mg of ribavirin kg -1 bodyweight daily by oral 
(~) ,  intramuscular ~ )  or intravenous (m) administration, starting 
18 hours after intraperitoneal inoculation of 5 LD50 of FIPV (trial 1). 
Magnitude of clinical score was directly related to severity of clini- 
cal signs 
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FiG 2: Mean IOglo VNA titre in untreated kittens (O) and those 
treated with 16.5 mg of ribavirin kg -1 bodyweight by oral (e) ,  
intramuscular (A) ,  or intravenous (D) administration, starting 18 
hours after intraperitoneal inoculation of 5 LD50 of FIPV (trial 1) 
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induced experimentally after intraperitoneal inocu- 
lation of FIPV. In contrast to the untreated kittens, 
however, kittens treated with ribavirin had a rela- 
tively greater incidence of haemorrhagic lesions 
involving the intestinal tract (small and large 
bowel). Fifty-five per cent (six of 11) of all the 
kittens given ribavirin orally or intramuscularly 
had cerebral haemorrhage. In contrast, none of the 
infected kittens given ribavirin intravenously and 
only one infected untreated kitten had haemor- 
rhages in the brain. Kittens in the oral and intra- 
muscular ribavirin groups had a greater number of 
haemorrhagic lesions than untreated kittens or 
those given ribavirin intravenously. Kittens in the 
latter two groups had mild haemorrhages confined 
mostly to the upper bowel, whereas kittens treated 
with ribavirin orally or intramuscularly had pro- 
nounced haemorrhage or petechiae diffusely in the 
small and large intestines, liver, heart, lungs, 
diaphragm, subcutaneous tissues and brain. 

Trial 2: Comparison of the efficacy of 
unencapsulated (free) and l@osome-encapsulated 
ribavirin against FIP. Clinical responses 

Significant differences in survival rate after FIPV 
challenge exposure were not observed between 
untreated kittens and those treated with either free 
ribavirin (5.5 mg kg -1, intravenously) or ribavirin 

TABLE 2: Survival after oronasal inoculation of FIPV in kit- 
tens given liposome-encapsulated or free ribavirin (trial 2) 

Survival 
Number alive/ Median Mean (SD) 

Group Total (days) (days):l: 

Untreated 2/6 36 66.8 (23.3) 
(PBSS) 

Liposomes 0/6 34 43.2 (9-8) 
only 

Ribavirin 3/6 99 96.3 (21.7) 
only 

Ribavirin/ 2/51- 32 73.0 (27.4) 
liposomes 

*Treatment groups received 5.5 mg of ribavirin kg -1 bodyweight 
intravenously once daily for three consecutive days at the start of 
each week for three weeks, beginning 18 hours after virus expo- 
sure. Liposomes (with or without ribavirin) or PBSS alone were 
given intravenously at a dosage of 1.8 ml kg -1 bodyweight. All kit- 
tens were inoculated oronasally with 102.5 TCID50 (about 1 LD50) 
of FrPV on first day of study 
1-One kitten died from cardiac arrest during liposome administra- 
tion during second week of study and was excluded from data 
SMean survival time calculated on basis of survival at 20 weeks 
postinoculation 
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in liposomes (5 mg kg -1, intravenously). The 
group of kittens treated only with empty lipo- 
somes had fewer survivors (none of six) after chal- 
lenge-exposure with FIPV than untreated kittens 
(two of six) or those given free ribavirin (three of 
six) or liposomal ribavirin (two of five); Table 2. 
These differences, however, were not significant 
by X 2 analysis. 

The median and mean survival times in kittens 
receiving free ribavirin were greater than survival 
times in untreated kittens and kittens given liposo- 
mal ribavirin or empty liposomes (Table 2). There 
was a notable increase in survival rate between 
four and 13 weeks after virus challenge exposure 
in the group of kittens given free ribavirin com- 
pared to other groups (Fig 3). The survival rates 
and mean survival times at 13 weeks after FIPV 
inoculation were 67 per cent (four of six kittens) 
and 71.2 days for kittens receiving free ribavirin; 
33 per cent (two of six kittens) and 50.5 days for 
untreated kittens; 40 per cent (two of five kittens) 
53.4 days for kittens given liposome-encapsulated 
ribavirin; and 0 per cent (none of six kittens) and 
43-2 days for kittens given empty liposomes, 
respectively. 

No significant differences in clinical scores 
were observed among the groups, although the 
kittens treated with free ribavirin tended 
(P = 0.060) to have lower scores (that is, fewer 
clinical signs) on day 30 than untreated kittens 
(Fig 4). The clinical signs of FIP were similar to 
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FIG 3: Effect of intravenous administration of free ribavirin, liposo- 
mal ribavirin, empty liposomes or PBSS on survival of kittens inoc- 
ulated with FIPV. Eighteen hours after being inoculated oronasally 
with about 1 LD50 of FIPV the animals were either (~ )  injected 
once daily with PBSS (untreated), (O) injected once daily with 5'5 
mg of free ribavirin kg -1 bodyweight, (m) injected once daily with 
5.0 mg of liposomal ribavirin kg -1 bodyweight, or (-X-) injected 
once daily with an equivalent volume (1.8 ml kg -1 bodyweight) of 
liposome suspension without ribavirin (trial 2) 
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FIG 4: Mean :L SD clinical scores in untreated kittens (I~) and 
those given either (E~) 5-5 mg of free ribavirin kg - I  bodyweight, 
(13) 5.0 mg of liposomal ribavirin kg - I  bodyweight, or ( I I )  empty 
liposomes only, starting 18 hours after oronasal inoculation of 
about I LD50 of FIPV (trial 2) 
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FIG 5: Mean +_ SD VNA titres after oronasal inoculation of about 1 
LD50 of FIPV in kittens inoculated intravenously with (o) PBSS 
only (untreated), (&)  5,5 mg of free ribavirin kg -1 bodyweight, 
(o )  5.0 mg of liposomal ribavirin kg -1 bodyweight, or (El) empty 
liposomes only (trial 2) 

those described in the kittens of trial 1, Kittens 
give liposome-encapsulated ribavirin had a non- 
significant decrease in mean bodyweight (0.8 kg) 
on day 30 compared with weight loss in either 
untreated kittens (0.6 kg), kittens given empty 
liposomes (0.4 kg) or kittens receiving free 
ribavirin (0-6 kg), Kittens treated intravenously 
with liposomes (with or without ribavirin) 
frequently had acute respiratory distress, including 
dyspnoea and apnoea, during treatment; these 
reactions abated when the rate of delivery was 
considerably decreased. One kitten (A3) that was 
pre-sedated with tiletamine had acute respiratory 
failure during liposome administration and died 
after cardiac arrest on day 14. Necropsy examin- 
ation of this kitten revealed early FIP lesions in 
the lungs, liver haemorrhage, and haemoperi- 
toneum. Two uninfected kittens that received 
equivalent dosages of empty liposomes (1.8 ml 
kg -1 bodyweight, intravenously) remained healthy 
and did not lose weight or show other signs of 
disease. 

Serological responses 

All the kittens seroconverted to FIPV on day 10, 
and the VNA titres increased progressively during 
the course of the disease (Fig 5). Although the 
VNA titres of kittens given free ribavirin tended to 
be lower, particularly during the first five weeks 
after challenge exposure than those of other 
groups, no significant differences in the magnitude 
of antibody responses between groups were 
observed. 

Pathological changes 

All the kittens which died or were killed (17) 
had lesions typical of Fn< Lesions included vas- 
culitis, perivasculitis, fibrinonecrotising and pyo- 
granulomatous inflammation, and haemorrhage in 
serosal and parenchymal organs, including the res- 
piratory tract (17 of 17 kittens), lymph nodes (17 
of 17), liver (15 of 17), intestinal tract (15 of 17), 
kidneys (14 of 17), spleen (14 of 17) and central 
nervous system (10 of 17). Fifteen kittens had 
haemorrhages in various organs, most commonly 
affecting the intestinal tract (13 kittens), Eleven 
kittens had thymic atrophy. Nine of 17 kittens 
(seven of which died before day 35) showed 
lesions characteristic of the effusive form of Fn,, 
including thoracic or abdominal effusions (or 
both). While the extent of the lesions varied 
markedly among individual kittens, there were no 
notable differences either in type or severity of 
lesions (including haemorrhage) among the treat- 
ment groups. Kittens given ribavirin only, which 
on the average survived longer than other kittens, 
tended to have a slightly higher incidence of 
chronic inflammatory or non-effusive-type FIP 
lesions. 

Examination of bone marrow impression 
smears and formalin-fixed marrow sections 
revealed that FIPV challenge exposed untreated kit- 
tens had an increase in bone marrow cellularity, 
• including relative increases in megakaryocytes 
and osteoclasts; there was a moderate myeloid left 
shift and normal numbers of erythroid precursors. 
Kittens given ribavirin only had increased bone 
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marrow cellularity, a slight myeloid left shift, 
decreased numbers of erythroid precursors, and 
either normal or decreased numbers of megakary- 
ocytes. Kittens given liposomal ribavirin had 
increased bone marrow cellularity with marked 
megakaryocytosis and a slight myeloid left shift, 
whereas those given empty liposomes only had 
increased bone marrow cellularity, erythroid 
hypoplasia, erythrophagocytosis and either 
increased or decreased numbers of megakary- 
ocytes. Kittens given empty liposomes only and 
not challenge exposed with FIPV had no notable 
changes in bone marrow. 

Discussion 

The likelihood of drug toxicity at relatively high 
doses of ribavirin in cats infected with FIPV was 
predicted on the basis of the low therapeutic index 
of ribavirin in F~Pv-infected feline cell cultures 
(Weiss and Oostrom-Ram 1989). Based on the 
findings of previous toxicological studies, it was 
believed that a dose of 16.5 mg of ribavirin kg -1 
bodyweight given alone at various routes in kit- 
tens challenge exposed with FIPV would still be 
sufficiently tolerated and thus allow the authors to 
evaluate independently its antivirai properties 
apart from any significant drug toxicity (trial 1). 

Kittens treated daily for 10 to 14 days with 16.5 
mg of ribavirin kg -1 bodyweight per os, intramus- 
cularly or intravenously after challenge exposure 
with lethal doses of FIPV (trial 1), however, were 
not protected against virus-induced disease and 
mortality. The ribavirin-treated kittens actually 
had more severe weight loss and other clinical 
signs of disease, decreased survival times and 
more severe haemorrhagic lesions after FIPV chal- 
lenge exposure than untreated kittens, suggesting 
clinical toxicity at this dosage. Despite this 
increased severity of clinical signs, ribavirin-treat- 
ed kittens had some delay in onset of fever after 
virus inoculation and had decreased mean VNA 
responses on day 10, suggesting some antiviral 
activity by ribavirin in vivo. The delayed onset of 
clinical signs and reduced VNA titres in ribavirin- 
treated kittens after FIPV challenge exposure, how- 
ever, may have been caused by initial immunosup- 
pressive or myelotoxic effects of the drug rather 
than direct antiviral actions. A similar effect on 
early clinical disease and antibody titres was 
observed in FIPV experimentally infected kittens 
treated daily with immunosuppressive doses of 
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interferon-o~ in a previous study (Weiss et al 
1990). Ribavirin toxicity in cats has been demon- 
strated previously in vitro and also in vivo at high- 
er dosages than those reported in these trials 
(Povey 1978 a, b, Weiss and Tovio-Kinnucan 
1988, Weiss and Oostrom-Ram 1989, Weiss et al 
1993). The toxic effects of ribavirin in kittens, 
namely thrombocytopenia and suppression of 
bone marrow erythroid and myeloid precursors 
(Povey 1978a, Weiss et al 1993), may have 
increased the severity of clinical disease induced 
by FIPV in kittens of the present study and aggra- 
vated some of the clinicopathological findings of 
FIP including thrombocytopenia, lymphopenia and 
anaemia (Weiss and Scott 1980, Weiss 1989a, 
1991). Although complete blood and platelet 
counts were not carried out in the kittens of this 
study, the findings of more severe and disseminat- 
ed haemorrhagic lesions in the kittens treated with 
ribavirin compared to untreated kittens strongly 
suggested that the pathological effects induced by 
FIPV, and the toxic effects induced by ribavirin, 
were additive. Similarly, ribavirin at much higher 
dosages (25 mg kg -1 bodyweight, given three 
times daily per os) enhanced the severity of dis- 
ease, lesions (including severe haemorrhage) and 
clinicopathological findings in kittens infected 
with feline calicivirus (Povey 1978a). Because rib- 
avirin alone seemed too toxic to use at dosages 
likely to be therapeutic, the authors attempted to 
deliver smaller doses of the drug specifically to 
tissues and cells infected with virus, using rib- 
avirin-encapsulated liposomes as a carrier-mediat- 
ed antiviral therapy. The rationale was that effec- 
tive targeting of liposomes containing ribavirin to 
target cells of FIPV, namely mononuclear phago- 
cytes in the liver, lung, spleen, bone marrow and 
lymph nodes (Ward 1970, Weiss and Scott 1981a, 
b, Weiss 1989a) would result in more precise 
delivery of antiviral dosages of ribavirin to these 
cells and thus minimise its distribution to other tis- 
sues. It was hoped that the therapeutic dosage 
would effectively be lowered, thereby reducing 
toxicity. Previous studies indicated that liposomes 
are taken up by macrophages in vitro and in vivo 
(Bonventre and Gregoriadis 1978, Alving 1983, 
MacEwen 1987) and that liposomes administered 
intravenously concentrate in organs with sinu- 
soidal capillaries containing reticuloendothelial 
cells, such as the liver, spleen, and bone marrow 
(Ladigina and Vladimirsky 1986, Popescu et al 
1987). Liposome encapsulation of antimicrobial 
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drugs dramatically improves therapeutic efficacy 
in various diseases, particularly those associated 
with disseminated intracellular pathogens (Alving 
1983, Kende et al 1985, 1988, Ladigina and 
V!adimirsky 1986, Popescu et al 1987) and 
may reduce bone marrow toxicity of antiviral 
agents such as 3'-azido-3' deoxythymidine (AZT) 
(Phillips et al 1991). 

In trial 2, both the challenge dose of FIPV and 
the concentraton of ribavirin administered to kit- 
tens was lowered. The rationale for lowering the 
challenge dose of FIPV was to maximise the 
chances that a positive treatment effect from either 
free or liposome incorporated ribavirin would be 
observed and that the kittens would not be over- 
challenged with virus; it is generally recognised 
that antivirals often fail at high inocula of chal- 
lenge virus. The concentration of ribavirin was 
lowered both to minimise toxicity and also to 
compare the effect of targeting low doses of drug 
in liposomes with the effect of equivalent doses of 
free drug. Unfortunately, the FIPV-infected kittens 
treated with liposome-encapsulated ribavirin were 
not protected against induced FIP. Kittens given 
empty liposomes and challenged with FIPV actual- 
ly had an increased mortality rate compared to 
untreated kittens or those given liposomal rib- 
avirin. The reason for the decreased survival in 
kittens given empty liposomes was unclear; lipo- 
some-mediated toxicity or perhaps enhancement 
of FIPV replication oi" immunopathological effects 
secondary to release of cytokines from liposome- 
activated macrophages may have occurred. 
Curiously, kittens given equivalent volumes of 
liposomes with ribavirin had a better survival rate 
than kittens given empty liposomes only, suggest- 
ing that the antiviral effects attributed to ribavirin 
in these cats may have counterbalanced the delete- 
rious effects of the liposomes. The fact that kittens 
that had not been challenge exposed with FIPV 
which were given empty liposomes only did not 
have notable gross or microscopic changes in their 
tissues, including bone marrow, argues against a 
profound toxic effect of the liposomes; haemato- 
logical or biochemical changes, however, were not 
quantified in these kittens. Another explanation 
for the lack of efficacy observed with liposome- 
encapsulated ribavirin could be that the liposomes 
were not distributed effectively to the sites of viral 
replication, or that the amount of ribavirin incor- 
porated into liposomes was suboptimal. The 
dosage of ribavirin used to load the liposomes (5.5 
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mg kg -1 bodyweight), of which 90 per cent was 
incorporated, was not discernibly toxic. This 
dosage was also not therapeutic, and moderately 
higher dosages (for example, 16-5 mg kg -1 body- 
weight) were apparently too toxic, exacerbating 
clinical disease. It was still unclear why the free 
ribavirin was more effective than the liposome- 
incorporated drug at equivalent concentrations, 
unless there was liposome-mediated toxicity or 
modulation of macrophages or other cells that 
somehow affected viral processing or antiviral 
immunity. Apparently, the liposomes were unable 
to target effectively sufficient antiviral doses of 
ribavirin to critical cell populations and thus failed 
to prevent or treat disease manifestations of FIP. 
Species differences in drug tolerance (that is, the 
therapeutic index of ribavirin for FIPV in cats com- 
pared to other mammals) may have contributed to 
the relative lack of efficacy of free or liposome- 
encapsulated ribavirin-treated animals in other 
studies (Kende et al 1985). In practice, the thera- 
peutic window observed with dosages of ribavirin 
used in this study seemed too narrow to be clini- 
cally useful if ribavirin is to be considered as pri- 
mary antiviral treatment of FIP in cats. 

Previous in vitro studies of ribavirin indicated 
that even near toxic levels are not totally inhibito- 
ry to FIPV (Weiss and Oostrom-Ram 1989). 
Considering that FIP is essentially an immune- 
mediated disease initially induced by rapid virus 
replication in macrophages rather than the classi- 
cal type of viral disease associated with viral cyto- 
pathicity, it is conceivable that even very small 
amounts of virus persisting in vivo during and 
after ribavirin treatment were sufficient to elicit 
immunopathological responses and thus cause 
progressive disease. The authors' intention in 
using an antiviral drug like ribavirin as primary 
treatment for FIP in cats in an acute infection 
model was to suppress initial viral replication 
before immunopathological responses were 
induced. Their intention was not to inhibit direct 
viral cytopathic effects. If immunopathological 
responses none the less occurred, it was hoped that 
the suppression of the circulating viral load using 
antiviral drugs would largely inhibit the direct 
stimulus for antibody production and thereby 
diminish the generation of pathogenic immune 
complexes. Accordingly, the relative amount of 
complement-mediated inflammation, necrosis and 
vasculitis would be reduced, thereby allowing the 
host to recover from the severe immunologically 
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mediated inflammatory reactions and catabolic 
effects that characterise the disease. Apparently, 
the amount of antiviral activity induced by rib- 
avirin in the cats in this study was ineffective in 
modulating immunopathological responses thera- 
peutically. Arguably, cats with clinical FIP are pre- 
sented at a later stage of disease when treatment 
may be attempted than were the cats in this acute 
experimental study. Conceivably, there is relative- 
ly much less viral replication or viraemia and per- 
haps different degrees or types of immunopatho- 
logical injury induced in cats with natural disease 
compared to kittens with experimentally induced 
disease. An acute infection model, however, is still 
relevant to the study of natural FIP. Notwith- 
standing observations that FIPV can be difficult to 
isolate in clinical specimens of natural disease, 
particularly non-effusive cases of FIP (possibly 
because the virus is so markedly cell-associated, 
complexed strongly with antibody, or perhaps 
degraded by proteases and other enzymes released 
during intense inflammatory reactions), it is possi- 
ble that at least small amounts of virus continue to 
replicate and circulate in vivo during clinical dis- 
ease and induce immunopathological lesions via 
immune complexes or other mechanisms. Failure 
of antiviral therapy to ameliorate immunopatho- 
logical disease (by suppressing viral production) 
in the experimental disease suggests that this 
approach alone would probably be ineffective in 
the natural disease where the immunological prob- 
lems undoubtedly are more advanced. 

These findings indicated that concentrations of 
ribavirin that are sufficiently tolerated in vivo do 
not effectively treat cats infected with FIPV or pro- 
tect them against virus-induced mortality. 
Incorporation of ribavirin into liposomes to target 
less toxic concentrations of the drug more specifi- 
cally to macrophages in various infected tissues 
was also unsuccessful in preventing fatal FIP. 
Because ribavirin has been shown to induce syner- 
gistic antiviral effects against FIPV when combined 
with other agents such as human interferon-(z in 
vitro (Weiss and Oostrom-Ram 1989) and because 
some improvement in clinical responses was 
induced by low dosages of ribavirin in the cats of 
this study, additional clinical studies of low doses 
of ribavirin combined with interferon in FIPV- 

infected cats may be useful. Considering also that 
host resistance against FIPV is allegedly related to 
a strong cellular immune response (Pedersen and 
Black 1983, Weiss 1989a), effective therapy for 
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FIP as suggested previously may ultimately depend 
upon the use of multiple drugs, using a combina- 
tion of antiviral, immunomodulating and anti- 
inflammatory agents (Weiss 1989b, Barlough and 
Scott 1990). 
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