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5- Iodo- 5’- amino-2’,5’-dideoxyuridine 
(AIU, AIdUrd), the 5’-amino analog of 5’-  
iodo-2’-deoxyuridine (IdUrd, idoxuridine) 
is a potent inhibitor of herpes simplex vi- 
rus replication in cell culture (1). Unlike 
IdUrd and other antiviral nucleosides, in- 
cluding adenine arabinoside (ara-A , vidar- 
abine) and 5-trifluoromethyl-2’-deoxyuri- 
dine (F,TDR, trifluorothymidine) , AIU 
produces no detectable cellular toxicity in 
vitro, even when administered at millimo- 
lar concentrations (1). AIU is metabolized 
in vitro only by HSV-infected cells and, 
after conversion to the 5‘-triphosphate, is 
incorporated into both viral and cellular 
DNA (2). Subsequent studies have demon- 
strated that the initial phosphorylation of 
AIU is mediated by the HSV-specific thy- 
midine kinase (3), (M. S. Chen, Y-C. 
Cheng, W. P. Summers, W. H. Prusoff, 
and D. C. Ward, manuscript in prepara- 
tion). In contrast, AIU is not a substrate 
for, nor an inhibitor of, the normal cellular 
thymidine kinase enzymes. This pattern of 
selective inhibition of viral metabolism 
suggested that AIU might have therapeu- 
tic potential for the treatment of herpes 
simplex infections and exhibit advantages 
over existing antiviral drugs. Our initial 
evaluation of the clinical potential for AIU 
showed that ophthalmic solutions of AIU 
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(at 4-8 mg/ml) were highly effective in the 
treatment of experimental herpes simplex 
keratitis in rabbits (4), although not as 
effective as IdUrd. The experiments re- 
ported here demonstrate that AIU can pro- 
vide as effective a therapy of experimental 
herpes simplex keratitis as IdUrd when it 
is administered at higher concentrations 
in an ophthalmic ointment. 

Methods and materials. Drugs. IdUrd 
was obtained from Calbiochem, LaJolla, 
California. AIU was synthesized by the 
method of Lin et al. (5). Ophthalmic oint- 
ments of IdUrd, 0.5%; AIU, 10%; AIU, 
30%; and dextrose, 30% were prepared on a 
weight-to-weight basis with sterile, white 
petrolatum. These ointments were identi- 
cal in appearance and coded by the phar- 
macist so that the other investigators were 
not aware of the substance instilled during 
the course of the experiment. 

Animals. A total of 32 New Zealand al- 
bino male rabbits weighing 1.5 to 2.0 kg 
were used. The rabbits were maintained in 
special quarters with ventilation and iso- 
lation techniques designed for the mainte- 
nance of animals with infectious diseases. 

Virus. The virus used was herpes sim- 
plex, type 1, (NIH strain No. 11 124). Viral 
stocks were maintained through multiple 
passages in cultured Vero cells using an 
infection multiplicity of 10 plaque-forming 
units per cell. Between passages, the virus 
pool was stored at -60” in Hanks basal 
minimal essential medium supplemented 
with 50% (v/v) fetal bovine serum. The 
frozen virus suspension was thawed to 21” 
and 0.1 ml of the virus solution, containing 
1 0 3 e 5  infectious units (TCID,,J , was used for 
inoculation. 

Inoculation. Three overlapping circular 
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epitheliaL abrasions were made in the cor- 
nea of each animal by touching it with a 6- 
mm corneal trephine. Care was taken to 
avoid deep penetration of the stroma. Vi- 
rus-containing solution, (0.1 ml) , was 
dropped into the lower cul-de-sac of each 
eye. Following this, the lids were man- 
ually closed and rubbed against the eye for 
30 sec. 

Examination and grading. Each animal 
was graded daily by two independent ob- 
servers in the manner described below, 
and the average of the two grades was 
recorded. Grading was carried out for a 
period of 10 days following infection. One 
drop of fluorescein in a 10% solution was 
instilled into each eye; the corneas were 
examined at 3~ magnification with an ul- 
traviolet light and using the slit-lamp 
biomicroscope . The severity of the kerati- 
tis was scored on a scale of 0 to 3. The 
grades represented the following: Grade 0, 
no detectable dendritic ulcers; Grade 0.5, 1 
to 4 dendritic ulcers limited to the epithe- 
lium along the lines of abrasion, with no 
stromal involvement; Grade 1.0, 5 to 9 
dendritic ulcers limited to the lines of 
abrasion, without deep stromal edema be- 
neath the involved epithelium; Grade I .5, 
5 to 9 dendritic ulcers which are not lim- 
ited to the lines of abrasion, with or with- 
out deep stromal edema beneath the in- 
volved epithelium; Grade 2.0, 10 to 20 den- 
dritic ulcers, or a confluent ulcer not ex- 
ceeding one-third of the surface area of the 
cornea, with or without deep stromal 
edema beneath the involved epithelium; 
Grade 2.5, greater than 20 dendritic ul- 
cers, with or without deep stromal edema 
beneath the involved epithelium; Grade 
3.0, a confluent corneal ulcer involving 
over one-third of the corneal surface, with 
deep stromal edema beneath the involved 
epithelium. 

Treatment. Twenty-four hours following 
viral infection, the animals were divided 
into five groups which were matched with 
regard to severity of the lesions. Treat- 
ment was then initiated with the following 
ophthalmic ointments: (i) control, 30% 
dextrose; (ii) IdUrd, 0.5%; (iii) AIU, 10%; 
(iv) AIU, 30%. The ointments were stored 
in 1-ml syringes and identified only by 
code. There was no difference in the a p  

pearance of the preparations. Neither the 
individuals treating the animals nor those 
grading the keratitis knew the code until 
the experiment was terminated. In a pre- 
liminary experiment, using 1251-labeled 
AIU ointment in the eyes of normal rab- 
bits, significant radioactivity was detected 
in ocular and adnexal tissues 6 hr after 
application of the ointment. Ointment (0.1 
ml) was placed into the lower cul-de-sac of 
each eye at 6-hr intervals for 72 hr, for a 
total of 12 treatments. Each animal re- 
ceived the same medication in both eyes. 

Results. At 24 hr following infection, the 
rabbit corneas possessed, on the average, 
one to four dendrites, typically along the 
lines of epithelial abrasion. The average 
lesion score of all 64 corneas in the study 
was 0.6, with grades ranging from 0 to 2.0. 
Treatment was instituted at this time. The 
mean and cumulative corneal lesion 
grades were observed during the 10-day 
observation period are shown in Figs. 1 
and 2. 

Placebo (dextrose)-treated animals. 
These animals showed increasingly severe 
herpetic keratitis, reaching an average se- 
verity of 2.5 on the third day after infec- 
tion. The keratitis remained above 2.0 un- 
til the sixth day after infection. Then, over 
a 24-hr period, the degree of keratitis im- 
proved from 2.3 to 1.4. On the tenth and 
last day of observation, the mean lesion 
score for this group was 0.8, with 7 of the 
16 corneas in this group totally without 
keratitis. 

Id Urd (0.5 %)-treated animals. The ker- 
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FIG. 1 .  Mean lesion score per eye as a function of 
time after infection. Group A = control; Group B = 
AIU, 10%; Group C = AIU, 30%; Group D = IdUrd, 
0.5%. The 72-hr period during which drug therapy 
was applied is indicated by cross-hatching. 
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FIG. 2. Cumulative sum of the average daily le- 
sion score per eye as a function of time after infec- 
tion. Group A = control; Group B = AIU, 10%; 
Group C = AIU, 30%; Group D = IdUrd, 0.5%. 

atitis in these animals worsened during 
the first day of treatment, increasing from 
an average pretreatment score of 0.5 to a 
score of 1.4 after 24 hr of treatment. Dur- 
ing the last 2 days of treatment, the kera- 
titis improved, with a score of 0.3 on the 
final day of treatment. At the end of the 
treatment period, 7 of 16 corneas were en- 
tirely healed. However, in the period after 
cessation of treatment, there was a 
marked rebound, with a steady worsening 
of the keratitis to a mean lesion score of 1.2 
on the fifth day after treatment was 
stopped. On the tenth and last day of 
study, 5 of 16 corneas were free of disease. 

AIU (10%)-treated animals. At the start 
of treatment, these animals had an aver- 
age keratitis score of 0.6. The keratitis 
initially worsened, in a manner similar to 
the IdUrd and the 30% AIU treatment 
groups. During the second and third days 
of treatment, the keratitis improved, with 
an average lesion score of 0.7 on the final 
day of treatment. At this time, 4 of 16 eyes 
were entirely healed, the remainder rang- 
ing between grades 0.5 and 1.8. Unlike the 
IdUrd treatment group, there was no 
worsening of the keratitis after the cessa- 
tion of therapy, except on Day 5 when the 
mean lesion score was 0.8. The average 
score for the last five days of the study was 
0.6. On the last day, 2 of the 16 corneas 
were entirely healed and an additional 7 
had one to four dendrites present. 

AIU (30%)-treated animals. This group 
responded in essentially the same manner 
as the AIU 10% group. The keratitis in 
this group of animals worsened slightly 
during the course of treatment, having ad- 
vanced from a grade of 0.6 at the initiation 
of treatment of 0.9 by the third day. The 
keratitis remained essentially stable on 
the first 3 days after the cessation of treat- 
ment. During the next 3 days, the kerati- 
tis score improved; and 5 days after the 
cessation of therapy, the mean keratitis 
score was 0.7. At the end of the study, 5 of 
16 corneas were entirely free of disease. 

Statistical analysis. Data for Days 1 
through 6 were analyzed nonparametri- 
cally with Mann-Whitney test statistics 
for two independent variables. Lesion 
scores for both eyes of any one rabbit were 
summed. The following relationships were 
found, based on the eight rabbits in each 
group. Each of the three drug-treated 
groups receiving either IdUrd or AIU was 
significantly different from the placebo 
(dextrose-treated) controls. There was no 
significant difference between either 
group receiving AIU and the IdUrd- 
treated group. 

Discussion. Herpes simplex virus infec- 
tion is the single most frequent cause of 
corneal opacities in the developed coun- 
tries, and appears to be a leading cause of 
corneal disease in the developing nations 
as well (6, 7). There are a number of anti- 
viral agents with proven efficacy in the 
treatment of human herpetic keratitis: 
IdUrd (idoxuridine); ara-A (vidarabine) ; 
F,TDR (trifluorothymidine); and ara-C 
(cytosine arabinoside). However, there is a 
need for alternative antiviral therapy for 
ocular viral infection. The antiviral action 
of IdUrd, the most widely used drug in the 
treatment of dendritic keratitis, is related 
to the adverse biological consequences of 
incorporating this thymidine analog into 
viral DNA (8). The further incorporation 
of IdUrd into the DNA of normal unin- 
fected cells is most likely responsible for 
the considerable toxicity that has been 
found during systemic and topical use of 
this drug in humans (9, 10). The ocular 
toxicity of IdUrd is manifested as punctate 
epithelial keratopathy (the earliest and 



THERAPY OF EXPERIMENTAL HSV KERATITIS 95 

most frequent side effect), a follicular con- 
junctivitis, a contact dermatitis, or nar- 
rowing and occlusion of the puncta (10). 
Moderate to severe toxicity of the regener- 
ating epithelium has been observed during 
corneal wound healing (1 1). IdUrd-resist- 
ant strains of HSV type 1 have been found 
(12, 13). An additional concern has been 
the teratogenicity of IdUrd. This has been 
demonstrated in pregnant rabbits receiv- 
ing the drug topically to the eye in doses 
similar to those used clinically in humans 

Ara-A, the other antiherpetic agent cur- 
rently licensed in the United States for 
general use, has been shown to be as effec- 
tive as, but not better than, IdUrd in the 
treatment of acute dendritic keratitis (1 5). 
Ara-A shows significantly less ocular tox- 
icity than IdUrd, although it does show mod- 
erate in vitro cytotoxicity at antiviral con- 
centrations (l) ,  is teratogenic when ad- 
ministered to pregnant rabbits (16), and 
has been reported to produce human chro- 
mosome breakage in vitro and in vivo (17, 
18). F,TRD has been shown to be more 
effective than IdUrd in the treatment of 
herpetic keratitis, although it has ocular 
toxicity similar to that of IdUrd (10, 19). 

AIU is a new thymidine analog differing 
from IdUrd by the substitution of an 
amino group for the 5’-hydroxyl. Initial 
studies with AIU showed that it was a 
potent inhibitor of the replication of herpes 
simplex virus, type 1,  in concentrations 
that were totally devoid of apparent cellu- 
lar toxicity. At molar concentrations of 
AIU, ara-A, IdUrd, F,TDR, and ara-C 
which produced a comparable degree of 
inhibition of the replication of HSV in cell 
culture, only AIU produced no cytotoxicity 
in the uninfected host cells (1). AIU did not 
inhibit the replication of any other DNA 
viruses tested (including SV40, adenovi- 
rus, or vaccinia virus); of the RNA viruses 
tested (i.e., polio, sendai, measles, influ- 
enza, Rous sarcoma, and Maloney and 
Rauscher murine leukemia viruses), only 
the murine leukemia viruses were in- 
hibited (D. C. Ward, N. H. Ruddle and W. 
H. Prusoff, unpublished data). Teratologic 
studies have shown that AIU does not re- 
tard growth or induce any developmental 

(14). 

defects in neonatal mice, even when ad- 
ministered at dosages as high as 450 mg/ 
kg/day (D. M. Albert et al., unpublished 
data). IdUrd, in contrast, in doses half as 
great, produces a marked growth retarda- 
tion in neonatal mice, and produces devel- 
opmental abnormalities such as cataract, 
retinal dysplasia, and retardation of reti- 
nal development (20). 

Initial studies on the mechanism of ac- 
tion of AIU have shown a pattern of selec- 
tive inhibition of viral metabolism. Prein- 
cubation of HSV-1 with AIU prior to infec- 
tion does not decrease virion infectivity. 
When AIU is present in the media only 
during the adsorption process, no inhibi- 
tion of virus production occurs. In con- 
trast, addition of AIU (200 p M )  4 to 6 hr 
postinfection markedly reduces the yield of 
progeny virus (1). When murine, simian, 
or human cells in culture are treated with 
f251-labeled AIU for up to 24 hr, essentially 
none of the nucleoside becomes cell associ- 
ated ( 2 ) .  In contrast, upon HSV-1 virus 
infection, significant radiolabel is detected 
in both nucleotide pools and in DNA ( 2 ) .  
The major acid-soluble metabolite has 
been shown by enzymatic and chromato- 
graphic analysis to be the 5’-triphosphate 
of AIU (2). 

It has been reported that infection of a 
cell with herpes simplex virus results in 
the production of a viral-specific thymi- 
dine kinase enzyme (3). Initial experi- 
ments have shown that AIU is ineffective 
in inhibiting viral replication in cells in- 
fected with an HSV mutant lacking the 
virus-specific thymidine kinase enzyme. 
Subsequent studies have shown that AIU 
is phosphorylated by HSV-1- and HSV-2- 
specific thymidine kinase (M. S.  Chen, Y. 
C. Cheng, W. P. Summers, D.  C. Ward, 
and W. H. Prusoff, manuscript in prepara- 
tion). It is apparent that the inability of 
uninfected cells to metabolize AIU, which 
prevents its incorporation into normal host 
DNA, could account for AIU’s striking 
lack of cellular and systemic toxicity. 

The experiments reported here show 
that AIU is equally effective as IdUrd in 
the treatment of experimental herpetic 
keratitis. AIU’s potent in vivo antiviral 
efficacy, coupled with its striking lack of 



96 THERAPY OF EXPERIMENTAL HSV KERATITIS 

systemic or cellular toxicity and teratogen- 
icity , suggest that further investigation of 
its systemic and topical use in the treat- 
ment of ocular and other herpetic infec- 
tions is justified. 

Summary. AIU (5-iodo-5’-amino-2’ 3’- 
dideoxyuridine, AIdUrd) has been shown 
to be as effective as IdUrd in the treatment 
of experimental herpes simplex keratitis 
in rabbits. AIU’s striking lack of cellular 
or systemic toxicity or teratogenicity and 
its specific inhibition of viral metabolism 
are discussed. 
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