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Summary 

Fifteen to 20 mg/ml ribavirin administered as a small particle aerosol for 1 0 -  18 
h per day is currently the regimen generally used to treat experimental or natu- 
rally-occurring respiratory syncytial (RS) or influenza virus infections in humans. 
To determine if such prolonged treatment schedules could be reduced, cotton rats 
and mice were inoculated with RS or influenza B virus, respectively, and then 
treated with different concentrations of ribavirin small particle aerosols. Aerosols 
generated from reservoirs containing 60 mg/ml ribavirin given 2 h twice daily, pro- 
tected cotton rats from RS virus and mice from influenza B virus as well as aer- 
osols generated from reservoirs containing 20 mg/ml ribavirin given 11 h daily. 
Aerosols generated from reservoirs containing 40 or 20 mg/ml given 2 h daily were 
less efficacious. There  was no evidence of intolerance or pulmonary histopathol- 
ogy in infected or uninfected animals exposed to any of the doses of ribavirin tested. 
These studies indicate that use of aerosols containing higher concentrations of ri- 

~bavirin than generally used to treat respiratory virus diseases may permit signifi- 
cantly shorter t reatment  schedules without loss of efficacy or increase in toxicity. 

Ribavirin; Aerosol  treatment;  Influenza; Rsv 

Correspondence to. Dr. P.R. Wyde, Department of Microbiology and Immunology, Baylor College of 
Medicine, Houston, TX 77030, U.S.A. 

0166-3542/87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 



212 

Introduction 

Ribavirin, 1-13-ribofuranosyl-l,2,4-triazole-3-carboxamide, is an antiviral that has 
been used successfully in small particle aerosol in clinical trials to treat respiratory 
syncytial (RS) [1,5,11] and influenza [2,4,6,12] virus infections of children and 
adults. This drug has recently been licensed for use as a small particle aerosol for 
the t reatment  of serious RS virus infections in children. Presently, the general use 
of long treatment schedules (10-18 h daily) discourage the use of ribavirin for other 
than severe illness. If t reatment schedules could be significantly reduced without 
loss of efficacy, the breadth of use of this modality of treatment could be in- 
creased. 

We have previously shown that by increasing the concentration of ribavirin in 
the delivery reservoir, mice inoculated with influenza A virus could be protected 
from lethal disease using two 2 h daily exposures to ribavirin aerosols as well as 
mice exposed to continuous 11 h daily regimens [17]. No untoward effects were 
observed in mice exposed to the higher concentrations of ribavirin aerosol. In this 
study, we measured the effects of increasing ribavirin concentrations and short- 
ening duration of daily treatments on RS virus infection of cotton rats and influ- 
enza B virus infection of mice. 

Materials and Methods 

Animals 
Three-  to 6-wk-old cotton rats (Sigmoden hispidus) of either sex were used in 

all experiments.  These animals were obtained from a colony maintained by us and 
each was a descendent of 2 pairs of cotton rats obtained from the Small Animal 
Section, Veterinary Research Branch, Division of Research Service, National In- 
stitutes of Health.  

Mice used in the experiments were 6- to 8-wk-old CD-1 male mice obtained from 
Charles River Breeding Laboratories (Wilmington, MA). All animals were hou- 
sed in cages covered with barrier filters and fed mouse chow and water ad libitum. 

girb~S 

Seed RS (Long strain) and influenza B/Hong Kong/72 viruses were obtained from 
the American Type Culture Collection (Rockville, MD). A stock RS virus p o o l '  
was prepared in HEp-2 tissue monolayers as described previously [10]. The influ- 
enza B/Hong Kong/72 virus stock used was a mouse lung suspension prepared as 
has been described in detail previously [14]. In the present study animals lightly 
anesthetized with ether  were inoculated intranasally (i.n.) with either 100 median 
infectious doses (MIDs0) of RS virus or four median lethal doses (MLDs0) of vir- 
ulent sixth passage influenza virus. Control animals in experiments to evaluate his- 
tologic changes were inoculated with either HEp-2 or normal lung lysates. 
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Collection and processing of lungs 
Cotton rats and mice to be tested for pulmonary virus titers were killed by cerv- 

ical dislocation on day four after virus inoculation. In the case of mice which re- 
ceived 4 days of aerosol treatment, this was done prior to the initiation of the day 
4 aerosolization. Lungs were removed and one lobe from each was placed in for- 
malin for histologic studies. The remaining lobes were homogenized using glass 
tissue homogenizers (cat. no. K886600; Kontes, Vineland, N.J.) and a Wheaton 
overhead stirrer (model 903475; Millville, N.J.). The homogenates were clarified 
by centrifugation (100 x g) and tested immediately for virus. 

Virus quantification 
Lung homogenates derived from animals inoculated with influenza B virus were 

serially diluted using minimal essential medium and tested in Madin Darby canine 
kidney (MDCK) tissue cells (Flow Laboratories, McLean, VA) using trypsin con- 
taining medium as described previously [14]. After incubation for 5 days at 37°C, 
0.05 ml of a 0.5% suspension of chicken erythrocytes was added to each well. Wells 
exhibiting hemagglutination were considered to be infected with influenza virus. 

Each dilution of homogenate derived from animals infected with RS virus was 
tested in HEp-2 cells and incubated at 37°C. Wells in plates used to detect RS vi- 
rus were observed for syncytia formation on day 5 after inoculation. Wells exhib- 
iting syncytia were considered to be infected with RS virus. 

Histological methods and evaluations 
After fixation in buffered formalin for a minimum of 24 h, all lung tissues were 

embedded in low-melting point paraffin, sectioned at 5 Ixm thickness, and stained 
with hematoxylin eosin. The stained sections were coded by number and given to 
Drs. Donald Greenberg and Toshiaki Kawai, Department of Pathology, Baylor 
College of Medicine, Houston TX, for blinded evaluation of histopathology. 

Aerosol treatments 
Aerosol machines using Collison nebulizers modeled after the design of K.R. 

May [3] were used in these experiments. These machines and their use to deliver 
antivirals have been described in detail previously [13,14,16]. Ribavirin was ob- 
tained from ICN Pharmaceuticals, Costa Mesa, CA. Suspensions of this drug were 
prepared in water containing 20, 40, or 60 mg/ml. Aerosol was delivered at 12.5 
l/min to animals kept in plastic cages covered with plastic tops. (The 40 mg/ml ri- 
bavirin was delivered only to mice, because of the limited availability of cotton 
rats.) Placebo animals receiving aerosols containing water only were not routinely 
included as extensive preliminary testing showed water aerosol alone to have no 
effect on replication of virus or the disease induced by either RS or influenza B 
virus. Cotton rats were treated with ribavirin aerosols on days +1 through +3 after 
virus inoculation; mice were treated with drugs on days +1 through +4. 

Ribavirin quantification 
Quantification of ribavirin deposited in lungs of cotton rats exposed to contin- 
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uous  smal l  pa r t i c le  ae roso l  was p e r f o r m e d  using a W a t e r s  (Danve r s ,  M A )  high 
p e r f o r m a n c e  l iquid  c h r o m a t o g r a p h y  ( H P L C )  sys tem as desc r ibed  p rev ious ly  [8]. 
Br ief ly ,  lungs were  r e m o v e d  f rom an imals  e x p o s e d  for  2 h of  con t inuous  ae roso l ,  
r insed  of  sur face  b l o o d  and  h o m o g e n i z e d  in 2.0 ml of  water .  The  resul t ing  ho-  
m o g e n a t e s  were  cen t r i fuged  at  13 000 x g to r e m o v e  large debr i s  and  then  d e p r o -  
te inized by ultrafi l t rat ion through CF25 ultrafi l tration cones. The  ultrafi l trates were 
a d d e d  to a pheny l  b o r o n a t e  affinity co lumn  and r ibavi r in  was e lu t ed  with  0.1 M 
formic acid. Each  e luate  was lyophil ized,  resuspended  and assayed by reverse phase 
H P L C .  

To  d e t e r m i n e  if r es idua l  r ibavi r in  was p r e se n t  in lung h o m o g e n a t e s  f rom ani-  
mals  being tes ted for virus, por t ions  of  representat ive  samples were i r radia ted with 
u l t r av io le t  ( U V )  l ight  ( ge rmac ida l  bulb  at  a d i s tance  of  30 cm for 7 min)  to kill  
any virus present .  These  samples  and homogena tes  from uninfected lungs were then 
ser ia l ly  d i lu t ed  ( two- fo ld  d i lu t ions)  and  c o m p a r e d  with m e d i u m  con t ro l s  for  the i r  
ab i l i ty  to  inh ib i t  a d d e d  ( a p p r o x i m a t e l y  10 TCIDs0 ) inf luenza o r  RS  virus.  

Statistics 
T h e  s ta t i s t ica l  s ignif icance b e t w e e e n  the  g e o m e t r i c  m e a n  t i te r  ( G M T )  of  virus in 

the  u n t r e a t e d  con t ro l  g roup  and  d i f fe ren t  e x p e r i m e n t a l  g roups  was d e t e r m i n e d  us- 
ing the  W i l c o x o n  n o n p a i r e d  r ank  sum test  [9]. The  s tat is t ical  s ignif icance of  the  
final m o r t a l i t y  in each  e x p e r i m e n t a l  g roup  and the  con t ro l  g roup  was d e t e r m i n e d  
using ch i - square  2 x 2 con t ingency  tab les  [9]. 

Results 

RS virus studies 
A s  i n d i c a t e d  in T a b l e  1, all co t ton  rats  e x p o s e d  to smal l  pa r t i c le  ae roso l s  of  ri- 

bav i r in  had  r e d u c e d  virus  t i ters  in the i r  lungs as c o m p a r e d  to virus t i ters  o b s e r v e d  

Table 1 

Comparison of virus titers in lungs of cotton rats inoculated with respiratory syncytial virus and treated 
with different doses of rivabirin aerosol 

Group Ribavirin Ribarivin reservoir Pulmonary RS virus titer 
administration concentration (logldg of lung) (h) 
schedule ta) (h) (mg/ml) Expt. 1 Expt. 2 

1 (No treatment) - 4.4 _+ 0.5 4.6 - 0.4 
2 1 x 11 20 3.4 + 0.8 3.1 + 0.8 

3 2 × 2 20 3.9 -+ 0.6 4.2 -+ 0.5 
4 2 x 2 60 3.2 + 1.0 3.1 + 0.8 

(a) Number of exposures to small particle aerosol per day × the duration of each exposure. Treatments 
were given on day +1, +2 and +3. 

(b) Geometric mean titer _+ standard deviation; underlined value indicate statistical significance of p<0.01 
compared to group 1 (untreated, virus controls) using the Wilcoxon nonpaired rank sum test and 10 
degrees of freedom. Number of animals/group in experiment 1 = 16, in experiment 2 = 6. 
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Table 2 

Compar i son  of virus titers and deaths  in mice inoculated with influenza B/HK/72 virus and treated with 
different doses of  ribavirin aerosol. 

Group  Ribavirin Ribavirin reservoir 
administrat ion concentrat ion 
schedule ta~ (h) (mg/ml) 

Pulmonary  influenza virus titer Dea ths  tc~ no. 
(lOglo/g of lung) (b) dead 

Expt.  1 Expt. 2 no. inoc. 

1 (No t rea tment)  - 6.1 -+ 1.1 6.6 -+ 0.4 8/11 
2 1 x 11 20 4.8 + 0.9 5.0 + 0.8 0/10 

3 2 x 2 20 5.4 +- 0.5 5.9 -+ 0.4 3/10 
4 2 x 2 40 5.0 -+ 0.4 5.3 + 0.5 0/10 

5 2 x 2 60 4.5 + 0.8 5.1 + 0.7 0/10 

~a~ N u m b e r  of exposures  to small  particle aerosol per day × the durat ion of each exposure.  Trea tments  
were given on day +1 through +4. Animals  collected on day +4  for determinat ion of virus titers 
were sacrificed prior to the start of  t rea tment  on this day. 

(b~ Geometric mean  titer -+ standard deviation; underlined values indicate statistical significance of p<0.05 
compared  to group 1 (untreated,  virus controls) using Students t-test and l0 degrees of freedom. 

(c~ Cumula t ive  number  of  deaths/group on day 10 after virus inoculation (inoc); underl ined entries in- 
dicate statistical significance with p<0.05 compared to untreated virus controls using 2 × 2 chi-square 
contigency tables and one degree of freedom. 

in lungs of virus inoculated, untreated control cotton rats (group 1). In both ex- 
periments statistically significant and comparable reductions in pulmonary virus ti- 
ter were observed in groups 2 (1.0 log10 reduction in experiment 1 and 1.5 log10 in 
experiment 2) and 4 (1.2 log w reduction in experiment 1 and 1.5 log10 in experi- 
ment 2), the groups which received 20 mg/ml of ribavirin 11 h/day and 60 mg/ml 
of ribavirin 2 h twice daily, respectively. Cotton rats receiving 20 mg/ml of drug 2 
h twice daily had no significant reduction in virus titer as compared to virus con- 
trois in either experiment. 

lnfluenza virus studies 
All groups of animals inoculated with influenza virus that were exposed to ri- 

bavirin aerosols also had reduced pulmonary virus titers when compared to virus 
titers in the untreated control group (Table 2). Highly significant (p<0.01) and 
similar reductions in titers occurred in groups 2 and 5 in both experiments. How- 
ever, significant protection (p<0.05 compared to virus controls) was observed in 
group 4, the group exposed to 40 mg/ml ribavirin twice daily for 2 h, only in ex- 
periment 2. No significant reductions in pulmonary virus titers were observed in 
either experiment in the group given 20 mg/ml ribavirin 2 h twice daily. 

As indicated in the last colomn in Table 2, all groups of mice exposed to small 
particle aerosols of ribavirin had fewer deaths than group 1, the untreated virus 
control group. Significant protection (×2 = 8.9, p<0.01 compared to controls) was 
observed in the group treated with 20 mg/ml of ribavirin 11 h/day for 4 days (group 
2), and in the groups of mice treated with 40 and 60 mg/ml 2 h twice daily for 4 
days (groups 4 and 5, respectively). In contrast, mice receiving 20 mg/ml of drug 
2 h twice daily were not significantly protected (p>0.05) from lethal disease. 
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Fig. 1. Bronchiolitis, focal pneumonia and necrosis in lungs from an untreated, respiratory syncytial 
(RS) virus infected cotton rat, day +4, 100x; stained with hematoxylin and eosin (HUE). 

Histologic findings 
Examination of sections of lung from untreated RS virus infected control cotton 

rats collected on day +4 after inoculation of virus revealed evidence of bronchiol- 
itis, focal pneumonia and necrosis of the broncholar epithelium in nearly all mi- 
croscopic fields (Fig. 1). In contrast, sections of lung collected on day +4 from in- 
fected cotton rats treated with 20 mg/ml of ribavirin 11 h/day (not shown) or 60 
mg/ml twice daily (Fig. 2) exhibited only focal bronchiolitis and occasional areas 
of peribronchiolar pneumonia.  Bronchiolitis and moderate focal pneumonia were 
observed in most microscopic fields in sections of lung from infected cotton rats 

Fig. 2. Reduced bronchiolitis and pneumonia in lungs from a RS virus infected cotton rat treated twice 
daily on days +1 through +3 for 2 h with 60 mg/ml ribavirin aerosol, day +4; 100x, stained with HaE. 
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Fig. 3. Lung from an uninfected cotton rat exposed twice daily on days +1 through +3 for 2 h to 60 
mg/ml ribavirin aerosol, day +4; no apparent histopathologic changes are apparent; 100× ; Hc~E stain. 

t rea ted  with 20 mg/ml of drug in te rmi t t en t ly  (not  shown).  No ev ident  his topath-  
ology was observed  in sections of lung from un t rea t ed  cot ton rats inocu la ted  with 
H E p - 2  lysate or un in fec ted  co t ton  rats given 60 mg/ml of r ibavir in  twice daily (Fig. 
3). 

Similar  histologic findings were found  in lungs of mice given inf luenza B virus 
and  t rea ted  with the different  doses of r ibavir in  aerosols;  mice t rea ted  with 20 
mg/ml r ibavi r in  daily for 11 h or with 60 mg/ml twice daily for 2 h had the least 
ev idence  of h is topathologic  changes.  Infected  mice given 20 mg/ml r ibavir in  2 h 

Table 3 

Concentration of ribavirin in lungs of cotton rats and mice exposed for 2 h to continuous small particle 
aerosols of ribavirin a. 

Ribavirin reservoir concentration Pulmonary ribavirin concentration (nanomoles/g of lung) 
(mg/ml) Cotton rat Mouse 

0 0 0 
20 20.4 -+ 4.1 66.4 -+ 8.5 
40 N . D .  (b) 82.8 + 16 
60 43.2 _+ 13.3 167.2 -+ 35.2 

ca) Mean -+ standard deviation determined by high performance liquid chromatography; 4-6 ani- 
mals/group. 

Cb) Not done. 
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twice daily, and untreated animals had the most extensive histopathologic find- 
ings. Untreated mice inoculated mouse lung lysate or uninfected mice exposed to 
60 mg/ml ribavirin twice daily had no evident histopathology. 

Pulmonary drug deposition 
As shown in Table 3, mean (-+ standard deviation) pulmonary concentrations 

of ribavirin in cotton rats exposed for 2 h to continuous small particle aerosols 
generated from reservoirs containing 20 or 60 mg/ml of drug were 20.4 -+ 4.1 and 
43.2 -+ 13.3 nmole/g of lung, respectively. Concentrations of drug in mice similarly 
exposed to 20, 40 or 60 mg/ml of drug were 66.4 + 8.5, 82.8 -+ 16.0 and 167.2 -+ 
35.2 ng/g of lung, respectively. 

A significant antiviral activity was not observed in lung homogenates from any 
group of mice tested in assays looking for residual ribavirin (i.e., in UV irradiated 
homogenates of lungs from mice being tested for virus titers). 

Discussion 

The results of these studies show that the same level of protection against RS 
and lethal influenza B virus infections in cotton rats and mice can be achieved with 
intermittent 4 h treatment regimens of ribavirin aerosols as can be achieved with 
continuous 11 h daily regimens, if the concentration of ribavirin in the aerosol gen- 
erator reservoir is increased from 20 mg/ml to 60 mg/ml. Aerosols generated from 
reservoirs containing 40 mg/ml given 2 h twice daily also provided significant pro- 
tection against lethal influenza disease, although in some experiments (e.g., ex- 
periment 1 in Table 2) the degree of protection against pulmonary virus replica- 
tion was less than that seen with the higher ribavirin concentrations. (The 40 mg/ml 
concentration was not tested against RS virus infection.) In contrast, the 20 mg/ml 
concentration of ribavirin given 2 h twice daily did not significantly reduce pul- 
monary virus titers in any experiment or significantly reduce mortality in mice given 
lethal doses of influenza B virus. 

In these experiments both cotton rats and mice exposed to 60 mg/ml concentra- 
tions of ribavirin exhibited 2-fold greater accumulations of drug in their lungs after 
2 h of continuous treatment than animals exposed to 20 mg/ml concentration of 
drug (Table 3). (In the earlier study [17] up to 4-fold differences between the two 
groups were noted.) However, no histologic evidence of pulmonary toxicity or ob- 
vious untoward effects were observed in infected or uninfected mice or cotton rats 
treated with 60 mg/ml or lesser doses of ribavirin. Kinetic studies of pulmonary 
levels [17] suggest that one factor that may help reduce toxicity is the rapid decline 
in pulmonary levels which occurs when aerosol delivery is stopped. 

As shown in Table 3, cotton rats exposed to the continuous small particle ri- 
bavirin aerosols accumulated much lower levels of ribavirin than mice similarly ex- 
posed. This species difference in pulmonary drug accumulation may be a result of 
the lower minute ventilation per unit body weight of cotton rats as compared to 
mice [6]. Humans have still lower minute ventilation per unit body weight values 
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than ei ther  the co t ton  rats or  mice [6] and may  be expected to accumula te  lower 
levels of  r ibavirin than ei ther  rodent  species. However ,  humans  exposed to higher  
drug concent ra t ions  would  still be expected to have increased levels of  ribavirin in 
their lungs than people  exposed  to lower  aerosol  concent ra t ions  of  this drug. 

The  equivalent  efficacy of  higher  concent ra t ions  of  ribavirin adminis tered for  
shorter delivery intervals as more  conventional and longer treatments has now been 
seen with 3 viruses (RS, influenza B and influenza A)  and in two rodent  species, 
(e.g. ,  mouse  and cot ton  rat). Toge the r  the data  suggest that  it may  be that  total  
dosage and not  dura t ion of  t rea tment ,  that  is the pr imary  factor  determining the 
efficacy of  ribavirin. 

The  impor tance  of  these findings lies in the fact that  if successful t r ea tment  of  
respi ra tory  virus disease with small particle aerosols of  ribavirin can be achieved 
with shor t ened  t r ea tment  periods and without  loss of  efficacy or  increase in tox- 
icity, this m o d e  could be used to treat  modera t e  RS,  influenza and o ther  respira- 
tory  diseases. The  data  presented  suggests that  high dose - shor t  dura t ion ribavirin 
aerosol  may  be successful in the t rea tment  of  respiratory virus infections in hu- 
mans.  
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