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Summary 

Antiviral effects of acyclovir (ACV) and antibody were studied in athymic nude 
mice inoculated intracutaneously in the midflank with herpes simplex virus type 1. 
Three hours after virus inoculation, treatment was initiated. In ACV-treated mice, the 
development of skin lesions was inhibited and the mean survival time was prolonged 
as compared with controls. Treatment with ACV markedly reduced the viral titers 
both at the inoculation site and in the neural tissues (dorsal root ganglia, spinal cord 
and brain). Transfer of antibody was also effective in controlling infection as describ- 
ed previously. The use of ACV plus antibody was more effective than the use of ACV 
alone and in 5 of 17 mice the disease was completely inhibited. Furthermore, in the 
mice that survived, latent infections in the ganglia were also prevented. These results 
indicate that treatment with ACV plus antibody is highly effective against herpes 
simplex virus infection in the immunocompromised host. 

acyclovir; herpes simplex virus; nude mouse; immunocompromised host; antibody 

Introduction 

Acyclovir [ACV, 9-(2-hydroxyethoxymethyl)guanine, or acycloguanosine] has 

* Supported by Grant-in-Aid for Scientific Research from Ministry of Education, Science and Culture 
of Japan. 

** To whom all correspondence should be addressed. 

0166-3542/85/$03.30 g 1985 Elsevier Science Publishers B.V. (Biomedical Division) 



84 

been introduced as a potent and selective antiviral agent against herpes simplex virus 
(HSV) infection [4]. Since HSV can cause severe infections in immunocompromised 
humans [ 18], the potential of ACV for therapy of HSV infections in such patients has 
been investigated [8,15,16,23,25,27,28]. In animal studies, the effects of ACV on 
infection with HSV have been investigated in nonimmunosuppressed mice 
[ 1,5-7,11,13,19,20],  guinea pigs [21,24,26], and rabbits [22], as well as in cyclophospha- 
mide-treated mice [14]. 

We have reported dissemination of HSV in nude mice after intracutaneous inocula- 
tion at the midflank [10,12,17]. Because of  the complete deletion of a mature T cell 
population, infection with HSV in athymic nude mice provides a useful model of HSV 
infection in immunocompromised hosts. Furthermore, this system has the advantage 
that skin lesions are readily visible and to a certain extent, can be assessed quantitati- 
vely, although it has only rarely been used to assess the efficacy ofantiherpes drugs [3]. 

In the present study, we have evaluated the protective effects of ACV against HSV 
infection in the nude mouse system. ACV was used as such or concomitantly with 
antibody. 

Materials and Methods 

Virus 
HSV type 1 (HSV-1), strain Hayashida, an isolate from a vesicular skin lesion of 

herpes labialis, was passaged 5 times in Vero cells and used for inoculation. Vero cells 
grown in Eagle's minimal essential medium (MEM) supplemented with 5% calf serum 
were used for virus propagation and titration. 

Inoculation of mice 
6-week-old female nude (nu/nu) mice with BALB/c genetic background were 

purchased from the Central Laboratory of Experimental Animals, Co., Ltd., Osaka, 
Japan. The mice were inoculated intracutaneously in the midflank with 1 )< l0 s 
plaque-forming units (p.f.u,) of HSV-1 per 0.05 ml as previously described [17]. The 
skin lesions were scored every day. Scores of skin lesions are as follows: 0, no lesion; 2, 
local lesion (vesicle or erosion); 6, mild zosteriform lesion; 8, moderate zosteriform 
lesion; 10, severe zosteriform lesion; and death. 

ACV 
ACV (kindly provided by Nippon Wellcome Co., Ltd., Osaka, Japan) was dissolv- 

ed in phosphate-buffered saline (PBS), pH 7.2, at a concentration of 5 mg/ml. 

Human gamma-globulin 
Human gamma-globulin (kindly provided by the Chemo-Sero-Therapeutic Re- 

search Institute, Kumamoto,  Japan) is a preparation from pooled human plasma and 
had a neutralizing titer of l : 64 against HSV-1. The neutralizing activity of human 
gamma-globulin was measured using the microplate method described previously [9], 
where the neutralizing antibody titer was expressed as the highest dilution which 
showed 80% plaque reduction. 
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Determination of virus titers in mouse tissues 
At various times after virus inoculation, mice were sacrificed for determination of 

virus titers in their tissues. Tissue samples included the skin (the minimum area 
encompassing the inoculated site and the whole lesion), dorsal root ganglia from L 
(lumbar)-i  to L-5, spinal cord in the lumbosacral area, brain, spleen, liver and kidney. 
Dorsal root ganglia were homogenized with a mortar  and pestle in 1 ml MEM 
supplemented with 2% calf serum, and 10-fold serial dilutions were made from the 
homogenates.  The other organs and tissues were frozen at -70°C until they were 
assayed. The organ samples were homogenized with a Teflon homogenizer, and the 
skin was separately homogenized with quartz sand and a mortar  and pestle in 5 ml of 
medium. After centrifugation at 2000 rev/min for 10 min, serial 10-fold dilutions were 
made from the supernatant fluids. Each dilution was inoculated onto Vero cell 
monolayers in 24-well tissue culture plates and allowed to adsorb for 1 h before the 
cells were overlaid with MEM containing 2% calf serum and 2% methyl cellulose. 

After incubation for 3 days, the cells were stained with 0.5% crystal violet, and the 
plaques were counted. The titers of virus recovered from the various homogenates 
were expressed as p.f.u, per organ or tissue. 

Cocultivation of dorsal root ganglia with Vero cells 
Mice that survived 60 days after inoculation were sacrificed. The dorsal root ganglia 

from L-1 to L-5 were removed and were put onto monolayers of  Vero cells. The 
cultures were examined daily for four weeks for the appearance of viral cytopathic 
effect. 

Results 

Protective effects o f  AC V on the course of H S V  infection 
In the first experiment, treatment with ACV was initiated 3 h after intracutaneous 

inoculation with HSV at the midflank in nude mice. ACV was administered intraperi- 
toneally (25 mg/kg  of body weight) every 12 h for a total of  28 injections (700 mg/kg  of 
body weight). As shown in Fig. 1, local skin lesions (vesicle or erosion) appeared by 
day 4 after infection in the PBS-treated controls. The lesion began to spread after day 6 
and developed into a zosteriform skin lesion, and all mice died within 20 days of 
infection. The development of  HSV skin lesions in control nude mice was similar to 
the pattern described in our previous papers [ 10,12,17]. 

In the ACV-treated mice, the skin lesion developed more slowly. In this group, the 
local lesions appeared after day 9, and development of skin lesions at a later time was 
suppressed as long as the ACV treatment was continued. The lesion remained at the 
site of inoculation for up to 15 days and developed into zosteriform lesions after day 
20. Five of 6 ACV-treated mice eventually died between day 21 and day 30. The mean 
survival time was significantly prolonged in ACV-treated mice (24.0 days)as compar-  
ed with controls (12.3 days, P<0.001).  
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Fig. 1. Effect of ACV on the development of skin lesions after intracutaneous inoculation with HSV-1 in 
nude mice. (a) PBS-treated control mice. (b) ACV-treated mice. ACV was administered intraperitoneally 
(25 mg/kg of body weight) every 12 h beginning 3 h after inoculation and continuing for 14 consecutivc 
days. Nude mice were inoculated with 1 × 105 p.f.u. HSV-I intracutaneously in the midflank. Each line 
represents the development of skin lesions of one mouse. The symbol (+) indicates the death of the mousc. 

Effects of ACV on viral growth in mouse tissues 
Fig. 2 presents the virus titers of  tissue homogenates  from control  and  ACV-treated 

mice at various intervals after infection. The organs from which the virus could be 
recovered were the skin, dorsal  root ganglia, spinal cord and brain.  No virus could be 
recovered from the liver, spleen and  kidney th roughout  the experiment.  

In the control  mice, the virus titer in the skin exceeded 104 p.f.u, per tissue from the 
first day after inoculat ion,  and rose as the zosteriform lesions began to develop. The 
virus could be recovered from the homogenates  of dorsal  root ganglia as early as day 4 
after infection, and  from the spinal cord by day 7. The titers of dorsal root ganglia and 
spinal cord rose gradual ly unti l  death of the mice. The virus could be recovered from 
the bra in  after day 10 mostly in mor ibund  mice. The highest titer in each organ was 
recorded just  before death. 

Tissue samples from the ACV-treated mice showed a striking reduct ion in the viral 
titers. In mice treated with ACV, the virus titer in the skin was about  10-fold less than 
that in control  mice on day 1 after infection, and declined slowly unti l  day 13. A 
5000-fold reduct ion of virus titer in the skin was observed on day 13. From day 16, the 



87 

~3 

== 
o 

v~ 

o 

O 
v 

.m 

u= 

> 

4 7 10 13 16 20 25 

8 (c)  
5 

3 

2 

1 

4 7 10 13 16 20 25 

(b)  

4 7 10 13 16 20 25 

f (d) 

3 

2 

1 

1 4 7 10 13 16 20 25 

Days after infection 

Fig. 2. Effect of ACV on viral growth in mouse tissues after intracutaneous inoculation with HSV-I. (a) 
Skin; (b) dorsal root ganglia; (c) spinal cord; (d) brain. Nude mice were inoculated with 1 X 105 p.f.u, of 
HSV- 1 intracutaneously in the midflank and given PBS (o) or 25 nag of ACV per kg of body weight (©) every 
12 h intraperitoneally. Treatment was initiated 3 h after inoculation and continued for the times indicated 
until day 14. Each point represents the geometric mean titer of virus from 3 mice + the standard deviation. 
The hatched portion of each graph indicates the threshold of virus detection. 

titer rose along with the development  of the zosteriform skin lesions. This is likely due 
to cessation of ACV treatment .  For  13 days after infection,  no virus was recovered 
from the dorsal root ganglia as long as the skin lesions were limited to the inoculated 
area. Virus could be recovered from the spinal cord and bra in  only from m o r i b u n d  
mice. 

Effects of combined use of AC V and human gamma-globulin 
Since cessation of admin is t ra t ion  of ACV caused mult ipl icat ion of HSV and finally 

death of nude mice, the effects of combined use of ACV and  h u m a n  gamma-g lobul in  
were tested. ACV was adminis tered intraperi toneal ly (25 mg/kg  of body weight) 
beginning  3 h after the virus inocula t ion  and was given every 12 h for a total of 22 
injections (550 mg /kg  of body weight). One milliliter of huma n  gamma-g lobu l in  was 
injected int raper i toneal ly  only once 3 h after the virus inoculat ion.  Mice which 
received only ACV, gamma-g lobu l in  or PBS served as controls.  

The development  of  skin lesions in each group is shown in Fig. 3 and  the results are 
summarized  in Table 1. When human  gamma-g lobu l in  was given to lethally HSV-in-  
fected nude mice, the development  of zosteriform skin lesions was delayed and 
survival time was also prolonged as described previously [10,12]. Effects of ACV were 
almost  the same as those indicated in the experiment  shown in Fig. 1. 

The use of ACV plus h u m a n  gamma-g lobul in  was more effective. The development  
of skin lesions was suppressed and the mean  survival time was significantly prolonged 
as compared  with the use of ACV alone. Fur thermore ,  5 out of 17 nude mice that were 
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Fig. 3. Effect of ACV and human gamma-globulin on the development of skin lesions after intracutaneous 
inoculation with HSV-I in nude mice. (a) PBS-treated control mice. (b) ACV-treated mice. ACV was 
administered intraperitoneally (25 mg/kg of body weight every 12 h) beginning 3 h after inoculation and 
continuing for 11 consecutive days. (c) Human gamma-globulin-treated mice, One milliliter of human 
gamma-globulin with a titer of 1 : 64 was administered intraperitoneally 3 h after inoculation. (d) ACV plus 
human gamma-globulin-treated mice. ACV was administered intraperitoneally in 25 mg/kg doses begin- 
ning 3 h after inoculation and was given every 12 h for 11 consecutive days. One milliliter of human 
gamma-globulin with a titer of 1 : 64 was administered intraperitoneally only once 3 h after virus inocula- 
tion, 



TABLE 1 

Summary of results of the experiments shown in the Fig. 3 
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Group* Mean survival days** Number of mice 
+ S.D. without skin lesions 

(a) Control 14.9 + 3.7 (n = 16) 0 (0%) 
(b) ACV 22.3 5:2.5 (n = 9) 1 (10%) 
(c) HGG*** 26.6 + 4.5 (n = 16) 1 (6%) 
(d) ACV + HGG 27.7 + 5.0 (n = 12) 5 (30%) 

* For (a), (b), (c) and (d), see legend of Fig. 3. 
** For calculation, mice surviving longer than 60 days were excluded. 

***Human gamma-globulin. 

t rea ted  by  ACV and h u m a n  gamma-g lobu l in  did  not  develop diseases. Those  mice 
which fai led to develop  any  skin lesions were ki l led 60 days  after  chal lenge,  but  no 
virus was recovered f rom the dorsa l  root  gangl ia  even af ter  cocul t iva t ion  with Vero 
cells. 

Discussion 

Our  f indings d e m o n s t r a t e  that  A C V  t rea tment  is effective agains t  in t racu taneous  
HSV infection in a thymic  nude  mice. The use of  A C V  plus a n t i b o d y  comple te ly  
p ro tec ted  some mice f rom latent  infect ion of  the regional  nerve gangl ia ,  as evidenced 
by  the fai lure of  de tec t ion  o f  HSV af ter  cocul t iva t ion  with Vero cells. Using eu thymic  
animals ,  s ignif icant  therapeut ic  efficacy of  A C V  agains t  cu taneous  HSV infect ions 
has been es tabl i shed  in mice [1,5-7,11,13,19] and  in guinea  pigs [21,26]. 

It is well known  tha t  HSV can cause severe local ized and  d i s semina ted  infections in 
i m m u n o c o m p r o m i s e d  h u m a n s  [18]. HSV infection in a thymic  nude mice serves as an 
adequa t e  model  for  the s tudy o f  HSV infect ion in i m m u n o c o m p r o m i s e d  hosts  
[ 10,12,17]. A l though  the poten t ia l  of  A C V  for the rapy  o f  H SV infection in im muno-  
c o m p r o m i s e d  pat ients  has been invest igated [8,15,16,23,25,27,28], more  basic  da t a  on 
exper imenta l  studies are needed.  The present  s tudy was designed to evaluate  the 
pro tec t ive  effects o f  A C V  and a n t i b o d y  against  HSV infect ion in the nude mouse  
system. 

In A C V - t r e a t e d  nude mice, the deve lopmen t  of  skin lesions and virus repl ica t ion  in 
the skin were s t rongly  inhibi ted ,  and  no virus could  be recovered f rom the dorsa l  roo t  
gangl ia ,  spinal  cord  and  bra in ,  as long as A C V  t rea tment  was cont inued.  A C V  
a p p e a r e d  to suppress  acute  gangl ionic  infect ion and  subsequent  retrogressive and 
ascending  infect ion in nude mice. However ,  af ter  cessat ion of  t rea tment  with ACV,  
skin lesions deve loped  and viral ti ters o f  dorsa l  root  gangl ia  rose gradual ly .  Eventua l -  
ly, the mice died.  

We have previously  r epor t ed  [10,12] that  in nude mice given an t ibody ,  the deve lop-  
ment  of  skin lesions is inhibi ted  and the mean survival  t ime is p ro longed  significantly.  
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The inhibitory effect of  antibody on the course of infection originates from the 
suppression of  virus growth, not only at the inoculated skin site, but also in the dorsal 
root ganglia and subsequent retrogressive and ascending infection. However,  HSV 
reaches the dorsal root ganglia as early as 48 h after infection from the midflank, and 
the mice die eventually with the clearance of administered antibody [12]. 

The prominent effect of  concomitant  use of  ACV and antibody is that complete 
suppression of  infection is achieved in at least a certain proportion of  the mice, 
although each treatment alone is not sufficient to bring about complete suppression 
of  the infection. The same potentiating effect has been reported by Cho et al. by using 
adenine arabinoside and human immune globulin in a euthymic mouse system [2]. 
In their experiments, synergistic antiviral effects of  adenine arabinoside and human 
antibody were obtained only in normal mice and not in the thymus deficient nude 
mice, thus emphasizing the necessity of  intact host defense mechanisms for the 
enhanced protection. However,  our results indicate that the concomitant  use of  ACV 
and antibody is effective in nude mice. The reason for this discrepancy is not clear. 

The concomitant  use of  ACV and antibody may be effective in the prophylaxis of  
HSV infections in immunocompromised  patients and should be the subject of  further 
studies. 
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