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Chapter 15. Antiviral Agents 

C. E. Hoffmann, Pharmaceuticals Division, Biochemicals Department 
E. I. du Pont de Nemours & Co., Inc., Wilmington, Delaware 

Introduction - A sign of the advances in antiviral chemotherapy is the 
large number and variety of review articles published on the subject. 
Clinical applications for available antiviral agents are covered in reports 
by Becker , 
WaldmanY5 JamesY6 and her man^.^ 
and present status of antiviral agents in the U.S.A. More generalized 
reviews on the trends in antiviral research are covered in reviews by 
Becker,9 Galabov,l0 Meyer and colleagues,ll and Hoffmann.12 The papers 
presented at two symposia, "Antivirals with Clinical Potential" and the 
"Third Conference on Antiviral Substances," have been published1 
provide a broad overview of both interferon and its inducers and compounds 
with antiviral activity. 

Diana and Pancic ,2 Kaufman, Pradalies and Leynadier , 
The review by Maugh* discusses the history 

and 

Antiviral agents are currently available for clinical use against 
herpes- and influenza-caused infections. This has resulted in a series of 
papers related to clinical treatment of the disease. Reports by Rawls15 
and Dostal, et a 1 . I 6  cover the treatment of herpesvirus infections, with 
others coverin 
encephalitis. l 8  Testing and model systems for herpesvirus studies have 
also appeared with descriptions of test methods for herpes keratitisl9 and 
for intranasal testing.20 
herpesvirus has been used as a guide for studies of chemotherapy and 
epidemiology of herpes infections. The chemoprophylaxis and prevention 
of respiratory diseases are discussed in articles by Jackson and Stanley22 
and Batten.23 Douglas,24 Knight,25 and Dolin26 report on influenza as a 
disease and cover methods for its control. More specifically, Couch27 
provides an assessment of amantadine's use for influenza and Hoffman and 
Dixon28 review the problem of influenza in hospitals and methods for 
control. 

the treatment of herpes skin infections17 and herpes-caused 

A study of the polypeptides and antigens of 

The control of herpesvirus disease remains a major target of virus 
chemotherapy with many studies aimed at this and other DNA viruses. A 
comparison of the activities of the better known antiherpes compounds in 
tissue culture and i n  v i m  was reported by Collins and Ba~er,~' in the 
hairless mouse model by Harris and BoydyJ0 and in hamsters by Renis.31 
utility of nucleoside analogs for treatment of non-neoplastic diseases was 
discussed by Calabresi, et a l .  32 while Fox discussed the pharmacology and 
chemistry of inhibitors of herpes replication. 3 3  

The 

Adenine Arabinoside (Ara-A, Vidarabine) - A breakthrough in the treatment 
of herpes simplex encephalitis with the use of Ara-A (1) was reported by 
Whitley and colleagues in a collaborative NIAID study.34 In 28 clinical 
biopsy-proved cases, i.v. administration reduced mortality from 70 to 28%, 
and if started early enough, prevented subsequent debilitating neurological 
sequela. Treatment started after severe neurological damage had occurred 
could prevent death, but could not reverse the damage. Another clinical 

Cop)right(lr 1Y7X h) Ac,ideii i~ PIC\\ In( 
All  right, ill reprduclion in .in) forni r L w v c d  

I \RNI I  1 ? 0 1 0 5 1 1  X 



- 140 Sect.  I11 - Chemotherapeutic Agents w h i t f i e l d ,  Ed. 

s tudy  on s i x  p a t i e n t s  wi th  severe  herpesvi rus  i n f e c t i o n s  showed a c l i n i c a l  
response and cu re  of t he  i n f e c t i o n  by a 15  mg/kg/day 

of t he  t reatment  of I D U  r e f r a c t o r y  h e r p e t i c  k e r a t i t i s ,  
A r a - A  t reatment  provided c l i n i c a l  improvement and 
appeared u s e f u l  f o r  the  t reatment  of t h i s  d i sease .36  
Other c l i n i c a l  s t u d i e s  have repor ted  a degree o f  
e f f i c a c y  on herpes  z o s t e r  i n  immunosuppressed37 
p a t i e n t s .  In  two cases  of severe  chickenpox and one 
of Purpura f u l m i n a n s ,  r ap id  cure  w a s  repor ted  from 
i . v .  A r a - A  t rea tment .38  No e f f e c t  on the  human ce l lu -  
l a r  immune mechanism w a s  seen from treatment  w i th  

rt'? i . v .  t rea tment .  35 I n  double-blind and open s t u d i e s  

t h i s  compound, an important  cons ide ra t ion  i n  an i n f e c t i o n  where hos t  
defense i s  of such importance.  39 
t he  i n s o l u b i l i t y  of Ara-A,  i t s  requirement f o r  i . v .  admin i s t r a t ion ,  and i t s  
rap id  i n  vivo deamination t o  the  less a c t i v e  ara-hypoxanthine (Ara-Hx) pose 
severe  problems f o r  widespread use  and have r e s u l t e d  i n  cont inuing  r e sea rch  
t o  provide a b e t t e r  agent .  

Although these  s t u d i e s  are encouraging, 

One promising compound i s  adenine a rab inos ide  monophosphate (Ara-AMP) 
which i s  more so lub le  and has  been shown t o  bu i ld  high in t r a -ocu la r  l e v e l s  
i n  r a b b i t s  dosed i . v .  wi th  small amounts of  t h e  compound.40 Other s t u d i e s  
have shown t h a t  Ara-A and Ara-AMP ointment were a b l e  t o  prevent  f a t a l  
herpesvi rus  e n c e p h a l i t i s  when used as an ointment and n e i t h e r  caused s k i n  
i r r i t a t i o n .  41 
ca ted  t h a t  Ara-AMP was supe r io r  t o  Ara-A and low doses  of Ara-Hx o r  
A ~ ~ - H x M P . ~ *  
be adminis tered.  A comparison s tudy  i n  mice in fec t ed  wi th  t h r e e  d i f f e r e n t  
herpesvi rus  hominis i n f e c t i o n s  showed Ara-AMP t o  be supe r io r  t o  A r a - A  which 
was supe r io r  t o  phosphonoacetic a c i d . 4 3  Almost t h e  r eve r se  w a s  observed i n  
the  t reatment  of g e n i t a l  herpesvi rus  hominis i n f e c t i o n s  i n  mice where PAA 
ointment w a s  e f f e c t i v e  whereas n e i t h e r  A r a - A  nor  Ara-AMP ointment provided 
p ro tec t ion .  44 Several  s t u d i e s  have been c a r r i e d  out  comparing the  r e l a t i v e  
a c t i v i t i e s  of Ara-A and Ara-Hx,45~46,47  with Ara-A found t o  be t en  t i m e s  o r  
more a c t i v e  than Ara-Hx. I n  the  presence of coformycin, an adenine 
deaminase i n h i b i t o r ,  A r a - A  i n  t i s s u e  c u l t u r e  w a s  35-70 times more po ten t  
than Ara-Hx.48 I n  o rde r  t o  e s t a b l i s h  the  r o l e  of ant ibody i n  c o n t r o l  of 
herpesvi rus  i n f e c t i o n s ,  A r a - A  w a s  t e s t e d  i n  mouse herpes  e n c e p h a l i t i s  
i n f e c t i o n s  wi th  and without  r a b b i t  immune g lobul in .  The combination 
produced g r e a t e r  e f f i c a c y  than e i t h e r  t reatment  a lone ,  sugges t in  t h a t  

Treatment of e s t ab l i shed  h e r p e t i c  k e r a t i t i s  i n  r a b b i t s  i nd i -  

Due t o  the  h igher  s o l u b i l i t y  of Ara-AMP, greater doses  could 

seve re  i n f e c t i o n s  may r e q u i r e  a combination therapy f o r  c o n t r o l .  &9 

Cytosine Arabinoside (Cytarabine,  Ara-C) - I n  s p i t e  of i t s  h igher  t o x i c i t y  
and immunosuppressive a c t i o n Y b 0  t h e r e  i s  continued i n t e r e s t  i n  i t s  c l i n i c a l  
app l i ca t ion .  In  an open s tudy i t  w a s  repor ted  t h a t  in t ravenous  doses  of 
cy ta rab ine  (2) reduced the  shedding of type 1 and 2 herpesvi rus  t o  4 days 
i n  15 of 1 7  p a t i e n t s  whereas without  t rea tment ,  shedding would be expected 
t o  cont inue f o r  s e v e r a l  weeks.51 
61  p a t i e n t s  wi th  herpes  z o s t e r  suggested a b e n e f i c i a l  e f f e c t ,  bu t  a random- 
ized  double-blind s tudy  i n  30 p a t i e n t s  provided no evidence of a b e n e f i t .  
I n  f a c t ,  t he  b l i s t e r  hea l ing  time w a s  greater f o r  t h e  t r e a t e d  group.52 

An uncont ro l led  s tudy of cy ta rab ine  i n  
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Another open study on herpes zoster in patients with malignancies reported 
9 of 10 to be benefited by single daily i.v. doses of  
~ytarabine.~~ Studies on the use of cytarabine against 
herpes encephalitis in children and infants indicated a 
beneficial effect if given early enough; 5 4 9  55 however, it 
would appear that vidarabine is a better agent. Neither 
cytarabine nor IDU were effective in treatment of cyto- 
megalovirus infections of newborn mice indicating that 
they would be of little value in treatment of this disease 
in human neonates.56 
toxicity of these agents yet retain antiviral efficacy, 

in ectromelia-infected mice. 57 

N 5  ':q?l AT 
In an effort to bypass some of the 

2 albumin conjugates of IDU and Ara-C were made and tested 
- 

Less toxicity and more 
activity was observed than with the free compounds. 

Idoxuridine (IDU - 5-Iodo-2'-deoxyuridine) - Idoxuridine (3) was used suc- 
cessfully in the treatment of recurrentgenital herpes 
when applied topically in a solution of dimethyl sulf- 
oxide.58 Twenty percent idoxuridine gave the best 
response, although 5% solutions were better than 
placebo. Recurrence rates were not affected by these 
treatments. A similar effect was seen with this combin- 
ation for the treatment of zoster lesions.59 A study of 
6-azauridine and IDU showed about a 50% response on 
relapsing genital herpes for either alone, but an 82% 
response for a combination of the two.60 The present 
status of idoxuridine for herpes infections is discussed 

"J)/ 
0 H!3' - by Stuart-Harris61 and Grupper.62 

Other Purine and Pyrimidine Analogs - In continuing effort to obtain 
increased activity and safety, a large number of purine and pyrimidine 
analogs have been tested in laboratory systems. Among these are 5,6- 
dihydro-5-azathymidine with prophylactic and therapeutic activity against 
herpes infections in mice,63 5-iodo-2'-deoxycytidine (IDC) with therapeutic 
activity equal or better than IDU against herpetic keratitis in rabbits and 
man, 64 and 5-trifluoromethyl-2'-deoxyuridine, which was well tolerated and 

showed a dose-dependent protection of mice 
infected intracerebrally with type 1 herpes- 
virus, but was inactive against encephalitis 
in mice due to M C ,  an RNA virus.65 A combi- 
nation of 2-deoxy-D-glucose and 3-deaza- 
uridine provided a synergistic effect against 
Japanese B encephalitis in tissue culture 
with no increased cytotoxicity, again sug- 
gesting combinations of agents for virus 
chemotherapy.66 Continued studies with 

nucleotide suggested broad-spectrum activity 

H2 

HOCHZ <~ 
Q 

- 4 3-deazaguanine (5) and its nucleoside and 

with nine RNA viruses and seven DNA viruses sensitive in tissue culture. 
In vivo activity was demonstrated against influenza A and B and para- 
influenza virus infections67 as well as against Friend leukemia 
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splenomegaly in mice. 
mechanism of action for a number of active analogs. Arabinosylthymine 
(Ara-T), which has selective activity against herpesvirus, was shown to be 
phosphorylated and activated only by a virus-induced pyrimidine deoxyribo- 
nucleoside kinase and was not a substrate for normal cell kinases.68 
similar effect was demonstrated in the case of 5-halogenated deoxycytidine 
analogs which were 10-100 times less toxic to cells than the corresponding 
5-halogenated uridine analogs. The former could only be phosphorylated by 
a virus-induced kinase whereas normal cells contained an activating kinase 
for the latter compounds.69~70 
dideoxy-5-iodouridine (AIU), has been shown to be a potent inhibitor of 
herpesvirus , but has essentially no cellular toxicity. 71 It appears to 
selectively block an intracellular event during virus replication, an event 
occurring 4-6 hours after infection, and has no effect on infected or 
uninfected cell RNA synthesis, although blocking DNA synthesis in infected, 
but not uninfected, cells. 

More basic studies have attempted to determine the 

A 

A new thymidine analog, 5'-amino-2' ,5- 

Ribavirin (Virazole - l-~-D-Ribofuranosyl-1,2,4-triazole-3-carboxamide) - 
Oral doses (600 mg/day) (5) showed no demonstrable effect 
in volunteers challenged with influenza A virus72 and a 
mar inal effect on volunteers challenged with influenza 

Dosage at 1000 mg/day resulted in a reduction in 
signs and symptoms in volunteers infected with the Victoria 

response or virus shedding. 74 
strain of influenza A, but had no effect on antibody 

In ferrets, 100 mg/kg/day, but not lower doses, 
caused a marked reduction in symptoms from influenza A 

an immunosuppressive effect. 75 
OH OH challenge infection. However, this was also accompanied by 

Activity by aerosol or i.p. 
administration to mice infected with influenza A and parainfluenza has been 
reported. 76,77 

5 - 

Mode-of-action studies show that virus RNA synthesis is inhibited by 
ribavirin and this can be reversed by guanosine or ~anthosine.~~ 
tional studies with cell-free influenza virus ribonucleic acid polymerase 
showed that the inhibition is not by ribavirin but by its 5'-triphosphate, 
indicating the necessity for cellular phosphorylation for activity. 7 9  
general effect of the compound on cellular processes as a mode of action is 
suggested by the fact that no resistance to ribavirin could be obtained in 
herpesvirus after 10 passages, whereas idoxuridine gave a high degree of 
resistance under similar passage. * O  

Addi- 

A 

Phosphonoacetic Acid (PAA) - Disodium phosphonoacetic acid (6) in a cream 
base proved to be too irritating at effective levels for 
use in treating herpesvirus lesions in monkeys.81 
none of its analogs, was active against Marek's disease 

It , but 0 

HO-fl-CH -@ 
(2Na) A 'OH virus replication in tissue culture. However, it was 

6 ineffective against the disease in chickens. 8 2  PAA - 
produced a significant effect when applied topically on 

superficial herpetic keratitis of rabbits against both IDU-sensitive and 
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-resistant strains .83 
Marek‘s disease herpesvirus and on the virus-induced DNA polymerase where 
it acts by binding with the pyrophosphate site of the enzyme.84 
virus mutants resistant to PAA can be produced and the DNA polymerase 
isolated from these mutants, although of the same molecular weight, are 
also r e s i ~ t a n t . ~ ~ , ~ ~  A review of the data on PAA to 1977 discussed some 
possible problems with PAA, the development of resistance, and the chance 
that the agent would be sequestered like pyrophosphate causing long-term 
complications. 87 

Mode-of-action studies indicate it is active on 

Herpes- 

Amantadine HC1 (1-Adamantanamine HC1) - Until 1976, FDA clearance for 
amantadine HC1 (7) was for the prophylaxis of influenza A 2  . .  

NHz . HC1 (Asian) infection only. 
include use for the prevention and symptomatic management of 
infections caused by influenza A viruses. A report of the 
VIII Influenza Workshopaa covered much of the work to 1975. 
More recent reports assess the use of amantadine HC1 for 
influenza. *’ 3 Double-blind controlled studies showed that 
amantadine HC1 was effective in reducing the incidence of 
1973 and 1974 influenza A outbreaks, but did not provide 

In 1976 this was broadened to 

- 7 

b 
activity against influenza B occurring at the same time.91 
study, illness due to an influenza A outbreak was significantly reduced in 
students treated prophylactically. However, during a post-treatment period 
with influenza still present, an accelerated rate of illness occurred in 
the previously protected group, indicating treatment should be continued 
until the outbreak is over.’* 
infection indicated that the therapeutic use of amantadine HC1 resulted in 
an accelerated physiologic improvement with a significant increase in 
helium-oxygen flow rate.93 Influenza A/New Jerseyf8f 76 (HswlN1) was found 
to be inhibited by amantadine HC1 in tissue culture, in ovo, and in mice,94 
and amantadine HC1 was also inhibitory to the formation of virus-induced 
polypeptides in tissue ~ulture.’~ 
orally to ferrets produced no activity against influenza A infection and 
caused toxic effects. In contrast, low doses, 6 mg/kg, provided as an 
aerosol, were consistently effective and without side effects. 9 6  
of amantadine, rimantadine (8) and ribavirin have also been effective for 
treatment of influenza A infections in mice.97 Studies on the formation of 
amantadine- and rimantadine-resistant variants of influenza suggest this is 
due to a selection of resistant particles from a nonhomogeneous population 
and not due to a mutagenic effect.” 
action of these compounds suggest a possible effect on virus-associated RNA- 
dependent RNA polymerase which occurs at an early phase of infection.99~100 

In another 

A study of students with natural influenza A 

High doses of amantadine HC1 given 

Aerosols 

More recent studies on the mode of 

Rimantadine HC1 (a-Methyl-1-adamantanemethylamine HC1) - In the USSR, 
rimantadine HC1 (8) (available as Remantadini) is used as an antiviral 
chemotherapeutic agent due to good therapeutic activity and good tolerance. 
Although many studies have been carried out in the USSR, most of the liter- 
ature on these studies is not available in the U.S. Available reports of 
clinical studies have shown that prolonged administration of the drug is 
safe, well tolerated,lol and also effective and well tolerated against 
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influenza A infections includin the influenza A/Victoria/3/76 

type * io2,103,10f Aerosol administration of the compound 
to mice infected with influenza A virus significantly 

rimantadine and ribavirin provided a synergistic effectlo7 
in both tissue culture and mouse infections with influenza 
A. Rimantadine was highly active against the 1976 influ- 
enza A/New Jersey isolate in a chick embryo test1'* and 
other studies in tissue culture109,110 suggest that 

8 rimantadine has a direct effect on influenza virus RNA- 
dependent RNA polymerase and that this is the mode of 

y 2  
CH-CH3 * HC1 increased survival rates.105y106 A combination of 

- 

dl 
action of the compound. 

Tromantadine HC1 (Viru-Merz) - Continued studies abroad with tromantadine 
HC1 (9) indicate clinical efficacy against 

i F H 3  primary and recurring herpesvirus infections in 
NH-C-CH20CH2CH2N\cH3 man. l 1  3 l 2  Used as an ointment it was reported 

to provide an excellent response in acute and 
chronic eye trachoma infections with little 
evidence of irritation1 Low toxicity and minor 
irritation was reported from topical and systemic 
applications. Tissue culture studies indicate it 
is active at the stage of virus penetration or 

9 b - 
uncoating rather than at an inhibition of nucleic acid synthesis. 114 

Isoprinosine (Paracetamidobenzoic Acid Salt of Inosinc Dimethylaminoisopro- 
panol) - This agent continues to be controversial. In a study to deter- 
mine its effect on the immune system, it was found to have a direct effect 
on the proliferation of lymphocytes, but with an action different from 
other immunopotentiating agents such as levarnis~le.~~~ Results from a 
clinical study in Brazil indicated activity against herpes simplex and 
herpes zoster infections.l16 
on isoprinosine due to a lack of evidence of efficacy.l17 

However, in 1977 the FDA terminated the IND 

Vitamin C (Ascorbic Acid) - Additional trials have failed to provide sub- 
stantive evidence of activity of vitamin C against the common cold. 
co-twin study of 44 school-aged twins showed no significant overall effect 
of ascorbic acid, although treated girls in the youngest groups had shorter 
and less severe illnesses.ll* The study was double-blind, but several of 
the mothers reported tasting the capsules and thus knew who was receiving 
ascorbic acid. In order to check on earlier positive studies, a double- 
blind trial of vitamin C was performed in 868 Navajo school children. No 
effect was observed, and it was concluded that vitamin C was not an effec- 
tive prophylactic or therapeutic agent. Overall, an analysis of the 
clinical studies indicate a lack of significant effect of vitamin C on the 
common cold. l 2  

A 

Arildone {Win 38,020 [4-(6-((2-chloro-4-methoxy))phenoxyhexyl)-3,5- 
heptonedione]) - Arildone (10) was the most active of a series of f3- 
diketones against a number of both RNA and DNA virus strains121 with 
activity shown both in tissue culture and in animal studies. It is 
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reported to be effective topically against herpesvirus types 1 and 2 in the 
rabbit eye and guinea pig skin.122 

Bonapthon (6-Bromonaphthaquinone) - A study 
showed bonapthon to reduce pneumonia and 
improve symptoms in mice infected with influ- ' 0  

- .  

enza virus when given orally and to have a 
beneficial effect on herpetic keratitis in 
rabbits when applied as an ointment.lZ3 
contrast, other laboratory studies showed no 

In - lo ? -  
activity and some toxicity,lZ4 the lack of activity being confirmed in a 
clinical trial with influenza. I o 3  

Other Compounds Tested Clinically - A number of compounds, including an 
interferon inducer, have been tested by intranasal administration to volun- 
teers infected with rhinoviruses. A new antiviral agent, l-phenyl-3- 
(4-phenyl-2-thiazoly1)guanidine was ineffective in moderating clinical 
illness due to rhinovirus type 44 challenge. l z 5  Three unrelated compounds 
with antirhinovirus activity in tissue culture - SKF-40491 {4-(8-amino-7- 
chloro-5-methyl-5H-as-triazino[5,6-b]indol-3-yl)amino-2-methyl-2-butanol~; 
GL R9-338 (3-a-n~hthyl-5-diethylcarbamoyl-l,2 , 4-oxadiazole) ; and RP 19326 
(2,6-diphenyl-3-methyl-2 , 3-dihydroimidazo [ 2 , 1-b] thiazole) were given intra- 
nasally to volunteers infected with rhinovirus types 3 or 9. All caused a 
reduction in mean viral titer from nasal washing and RP 19326 also provided 
a slight reduction in symptoms.lZ6 
thought due to inability to maintain adequate concentrations of compound. 
A similar study was carried out with an interferon inducer, CP 20961 
(N,N-dioctadecyl-N',N'-bis(2-hydroxyethyl)propanediamine), which was found 
to induce interferon, and if timing and number of doses were correct, also 
reduce clinical symptoms of a rhinovirus challenge. lZ7 
studies the timing can be carefully controlled which is not the case in 
natural infections. 

/ 

The lack of a striking response was 

In such challenge 

Compounds with In vivo Antiviral Activity - D-Glucosamine, an inhibitor of  
the glycosylation of the viral coat, decreased tumor 
growth due to Rous sarcoma virus in chicks and 
quails and increased survival of mice infected with 
influenza when administered by i.p. injection, but 

administered intranasally. 12* 
(E), was active on influenza A virus strains in 
tissue culture and in experimental mouse infections, 

but was inactive on influenza B. Timing experiments indicated it acts at 
a very early stage of virus growth (penetration or uncoating). 
results are similar to those observed with amantadine HCl. lZ9 

NH2 I provided essentially no protection to mice when 
A new compound, AMCT I 

11 

CH 

QLL - 

- 

These 

Interferon Inducers - The two most active analogs (12) of a series of bis- 
basic substituted polycyclic aromatic compounds have provided significant 
amounts of interferon in mice and afforded protection against infection 
with both RNA and DNA viruses.130,131 BL 3849A (13) has a similar effect 
and is also active in mice against RNA and DNA viruses by oral 
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administ rat ion. 32 CMA (10-carboxyme thyl-9-acridanone Na salt) protected 

- 2HC1 

mice infected with a variety of viruses and produced an interferon-like 
substance in mouse cell culture and mice. 3 3  

Conclusion - Antiviral chemotherapy has come of age. Broadened and more 
effective applications of available and new agents will require a continu- 
ing effort by researchers on methods for best treating virus diseases and 
on bringing this to the attention of physicians and public health 
authorities. 
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