
XII. Antiviral Actions of Interferons in Animals 
Interferon production is usually a constant companion to virus replication 

during the course of virus infections (Stewart II and Sulkin, 1966; Luby, San
ders, and Sulkin, 1971; Luby et al., 1969; Vilcek, 1969; Vilcek and Stancek, 
1963 a; Link et al., 1965), as opposed to the rapid rise and fall of interferon 
levels seen following large doses of intravenously injected virus, and the influ
ence of interferon during virus infections is thus exerted at each stage of 
pathogenesis. 

In this Section I shall describe the studies on involvement of interferon in 
the resistance to virus infections in non-human animals. This is not to imply 
that the role of interferon is different in man; rather all the studies on inter
feron in humans are for convenience of reference grouped in Section XIV. The 
studies on antitumor activities of interferons in animals are described in Sec
tion XIII, again for reference function, not to imply that these actions are dis
tinct from those reviewed here. 

In summary, this Section will show that interferon is a key determinant of 
resistance to initiation of virus infection, in determining severity of these infec
tions, and in determining recovery from infections with viruses. 

A. Natural Recovery Processes From Viral Infections 

The ability of a normal animal to resist virus infection, or once infected to 
rid itself of the virus, is impressive. Most infections with potentially lethal vir
uses are eliminated even before they can cause symptoms. Only very few avoid 
early eradication and manage to establish infections and cause disease. And 
most of those that do are only briefly tolerated by the host animal which 
rapidly rids itself of the invader and continues as before. Thus the primary de
fense mechanisms are highly efficient, with only a very small failure rate, and 
the back-up defenses add several magnitudes of efficiency to this, such that of 
the total exposures to potentially lethal virus infections, only a statistically in
significant number produce disease, and of those animals developing disease an 
insignificant proportion fail to recover completely. 

While it is beyond the scope of this text to comprehensively cover each of 
the host factors mediating resistance and recovery from virus infections, it is 
important to present an abbreviated analysis of the interplays of these 
mechanisms, so that the effects of augmentations of the interferon system can 
be evaluated. 

It is important to have answers to these questions: What factors are in-
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volved in deciding susceptibIlity to viruses? When is the outcome of VIrus in
fection predestined? and, Can outcome be altered after virus infections are 
symptomatic? If interferon plays a crucial role only in early events (establish
ment of infection in target tissues), its application later would be wasted, and 
its role would be limited to prophylaxis. If outcome of generalized virus dis
ease is determined prior to appearance of symptoms, interferon, or anything 
else, would be worthless as antiviral therapy. Indeed, the whole concept of an
tiviral therapy is based on the premise that the outcome of viral diseases can be 
altered by inhibiting further virus replication after symptoms in generalized 
virus infections have developed. Evidence for this, however, has been slight, 
and it is only with recent studies that it has even been possible to conclusively 
demonstrate the involvement of interferon in determining outcome of such 
virus infections. 

It is possible to separately describe each of the factors involved in deter
mining recovery from viral diseases; it is not possible, however, to assess their 
relative importance, which likely vary in different diseases as well as at differ
ent stages during the course of each disease. 

It is possible that continued replication of virus in target tissues after it has 
reached its peak level and has produced symptoms is responsible for disease 
severity. In such cases late inhibition of this "tailing-effect" of virus would be 
advantageous. In other cases, it is possible that once symptoms occur virus re
plication is virtually finished, in which case antiviral treatment is worthless. 
Often the mechanisms by which the body eliminates the virus are the processes 
causing the disease. 

It will also become apparent in these discussions that many of the factors 
work synergistically so that recovery is a composite effect. 

1. Progression of Virus Infections 

In this segment I shall briefly reconstruct various virus disease processes, to 
indicate steps at which outcome can be altered and shall indicate which defense 
mechanisms are involved at each step. 

a) Localized Infections 

Influenza viruses, parainfluenza viruses, adenoviruses, rhinoviruses and 
coronaviruses can all cause symptoms by local replication at the site of intro
duction into the host; such infections are usually referred to as "common 
colds", if they become symptomatic, which most don't (Bradburne and Tyr-

. rell, 1971; Bradburne and Somerset, 1972). The symptoms are primarily caused 
by local cell damage by the replication of the virus, and the incubation period 
(between virus inoculation and symptoms) is usually only 1 to 3 days, just 
long enough for a few virus cycles to cause sufficient cellular involvement to 
be noticeable. 

The restriction of infections with the coronaviruses and rhinoviruses to the 
upper respiratory tract may be because these viruses grow best at lower than 
body temperatures (Tyrrell, 1968; Bradburne, 1972). Recovery from these in
fections is usually complete within a few days, without residual effects. 
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Influenza virus can involve both the upper and lower respiratory tract. The 
neuraminidase produced at local infection foci facilitates involvement of large 
areas of the ciliated epithelial layer; with respiratory symptoms resulting from 
the ensuing desquamation. The constitutional disturbances reported in man 
likely also occur in animals, and the malaise, fever, and joint pains are not 
readily accountable in terms of virus replication. It has been proposed that 
viral replicative-product double-stranded RNA might account for such symp
toms, but it is difficult to imagine serum survival of these molecules in pri
mates in view of serum double-stranded ribonuclease levels (Levy et al., 1975). 
It is interesting that many of these symptoms also occur in patients injected 
with interferons (Section XI: fever, joint pain, malaise, anorexis). In fact, in 
view of the many non-antiviral actions described in Section X, such as the re
ported "interferon fevers", prostaglandin E induction, histamine release and 
hyaluronic acid production, it is tempting to speculate that serum interferon is 
not only the common denominator of virus infections, but is also the common 
denominator of many of the non-specific premonitory symptoms of virus dis
eases. In fact, these symptoms in man seem to parallel the serum interferon 
levels persisting after its inoculation (Fig. 21), and in virus infections with vir
emia may parallel induced serum interferon levels. 

In some animals it has been demonstrated that influenza virus infection is 
localized for reasons of cell susceptibilities (Gould et al., 1972). It can also in
duce local interferon production both in man and animals (Isaacs and Hitch
cock, 1960; Gresser and Dull, 1964; Link et al., 1965; Link, Blaskovic, and 
Raus, 1965) which could facilitate its arrest, and the cell damage due to viral 
replication may initiate chemotactic phagocytic infiltration (Snyderman, 
Wohlenberg, and Notkins, 1972). Also by the time infection has progressed to 
this stage, the mononuclear infiltration could have acquired immuno-enhanced 
interferon producing capacity (Glasgow, 1966; Green, Cooperband, and Kib
rick, 1969; Epstein, Stevens, and Merigan, 1972). Also, cell-mediated immun
ity has been shown to develop in influenza virus infections (Rossen, Kasel and 
Couch, 1971), and the contribution of interferon would be amplified by serv
ing both to sensitize infected target cells (Svet-Moldavsky, and Chernyakovs
kaya, 1967; Svet-Moldavsky et al., 1974) or effector cells (Lindahl, Leary, and 
Gresser, 1972). Also the sensitized lymphocyte could produce enhanced levels 
of interferons when interacting with the target cells (Svet-Moldavsky et aI., 
1974). And interferon could act by enhancing the ingestive appetite of infiltrat
ing phagocytic elements (Huang et aI., 1971; Donahoe and Huang, 1973, 1976; 
Imanishi et al., 1975). 

Local infection with primary herpes-virus can occur in the eye or mucus 
membranes of the genitalia. It can also locally infect traumatized skin. The 
most common primary herpes virus infection, acute herpetic gingivostomatitis 
is usually self-limiting in 1 or 2 weeks. Primary herpesvirus infection of the 
eye can produce keratitis which is usually severe, often lasting several months 
and producing a dense vision-impairing scar. Mechanisms for this eventual 
limitation are not clear; the evidence for interferon involvement in pathogenesis 
of herpesvirus infection, both localized and systemic, will be described below. 

Local infection of skin at site of inoculation can also occur with vaccinia 
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virus. Several studies using rabbits have demonstrated the importance of cell
mediated immunity in arresting vaccinia progression and in eliminating the in
fectious focus (Flick and Pincus, 1963; Pincus and Flick, 1963) and in man 
similar mechanisms seem important (Freed, Duma, and Escobar, 1972; Doug
las, Lynch, and Spira, 1972). However, the contention that interferon plays no 
significant role (Freed, Duma, and Escobar, 1972) does not consider that in
duced interferon can work interdependently with both humoral and cellular 
immune mechanisms, as described previously. Thus when one is defective the 
efficiency of the others is reduced and recovery, which is often a delicate bal
ance of multiple factors, can be effected. 

b) Generalized Infections 

Disease with most virus infections is not produced at the portal of entry 
but results from virus passage to and replication in specific target tissues. This 
passage can be either through the bloodstream (viremic spread) or along 
nerves. All these virus infections have prolonged incubation periods. Charac
teristic late symptoms of the specific diseases are determined by the target tis
sues involved, the mechanisms involved in the replication of the virus and 
mechanisms of host defenses enlisted to eliminate the infection. 

i) Nervous Spread: Rabies. Nervous spread from the portal of entry to the 
target tissue, the central nervous system is seen in rabies, herpesvirus and 
polio. As the latter two viruses are most commonly generalized by 
hematogenous routes these will be dealt with later. Rabiesvirus is usually in
oculated into a bite wound (though oral and respiratory routes have been re
ported), from which site it migrates by peripheral nervous routes (though vir
emia may occur in some cases) to the central nervous system (CNS). Interrup
tion of nerve paths between the site of inoculation will prevent spread of virus 
to the CNS and thus prevent disease (Stewart II, 1973). Virus does not "grow" 
up nerve paths but rather "flows" up them at a speed of about 2 to 3 mm per 
hour, apparently via conduit in the interspaces within nerve bundles. 

The incubation period of rabies in man is variable between about 13 days 
to over 9 months. Though often believed to be dependent on the distance of 
the bite-wound (inoculation site) from the head, this relationship is likely to be 
because bites nearer the head are often more severe, thus more virus initially 
being inoculated. The locally inoculated virus apparently remains at or near the 
site of the wound for most of the incubation period, and only begins to mig
rate to the CNS at a relatively fixed interval of about 2 weeks before develop
ment of symptoms. Thus the length of the incubation period depends on the 
amount of virus introduced, with migration not initiated until local virus repli
cation has reached levels "triggering" this migration. This temporary local ar
rest of virus at the site of inoculation has very important implications for the 
postexposure "therapy" of rabies, as local treatment of wounds with interferon 
or interferon inducers has been significantly more effective in prevention of 
rabies than treatment with interferon or inducers at other sites (Harmon and 
Janis, 1975). 
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After rabies virus reaches the CNS, it infects only specific neurons, the 
Purkinje's cells, in the gray matter (Johnson and Mims, 1968), but produces 
no evidence of neuronal cytopathology, inflammation or cell necrosis up until 
death (Campbell et al., 1968). However, cellular dysfunctioning becomes first 
evident, presumably as the virus replicates to disruptive levels within the in
fected (though intact) nerve cells. It is apparently important to reemphasize 
here, as before (Stewart II, 1973), that rabiesvirus - even up to death of the 
host - does not cause any detectable neuronal damage. Alarmingly, it has even 
recently been stated that this virus causes neuronal destruction even before 
neurologic symptoms develop (Carter et aI., 1975). This would imply that an
tiviral therapy would be worthless in rabies. In fact, quite the contrary is like
ly, in view of the case of Matthew Winkler, which is discussed below. 

Nerve cell dysfuntioning in rabies is first associated with non-specific 
symptoms of anorexia, headache, malaise, vomiting and fever. Subsequently, 
excessive salivation and biting are common in patients shortly after presenta
tion, often with the classical signs of hydrophobia, extreme fear and anxiety 
and sensational abnormalities at the site of the wound, with paralysis in this 
locality common. Disease usually progresses to coma and death within a few 
days (from 1 to 20 days), resulting from respiratory or cardiac arrests. 

However, some recent cases have been reported in which comatose disease 
lasted significantly longer (28 to more than 100 days), owing to intensive sup
portive therapy. And, in one case, that of Matthew Winkler (a 6-year-old boy 
bitten by a rabid bat), supportive therapy was sufficient to allow complete re
covery from proven clinical rabies with no sequelae (Hattwick et aI., 1972). 
This case shows that, rather than rabies being a futile disease to attempt an
tiviral therapy, it appears to be a prime candidate. Interferon treatment in cases 
of clinical rabies might aid in suppression and elimination of the virus from in
fected (but not destroyed) nervous tissues, and if patients can be maintained 
with intensive supportive therapy (such as tracheal suction and oxygen to re
verse respiratory arrests and cardiac arryhthmias) recovery might be facilitated. 

Rabiesvirus has been reported to be sensitive to dog interferon in dog kid
ney cells (Depoux, 1965), to hamster interferon in BHK 21 hamster cells 
(Stewart II and Sulkin, 1968), and to mouse interferon (Karakuyumchan and 
Bektemirova, 1968). Rabiesvirus is able to induce interferon (Stewart II and 
Sulkin, 1966; Vieuchange, 1967 a, b). However, in both hamsters and mice in
terferon production only paralleled virus replication, suggesting that endogen
ously induced interferon was too little and too late to abort the establishment 
of infection (Stewart II and Sulkin, 1966; Karakuyumchan and Bektemirova, 
1968; Campbell et aI., 1968). 

Rabies prophylaxis with interferon was early reported in guinea-pigs whose 
wounds were infiltrated with guinea-pig interferon (Kaplan et aI., 1962), but 
the effect was slight, at best. Finter (1967b) reported that interferon administr
ation failed to protect mice against rabies, but Vieuchange (1967b) reported 
that interferon protected rabbits; clearly in both cases interferon dosage was 
low. Induction of endogenous interferon by statolon gave also only slight pro
tection in mice, though serum interferon levels were high (Soave, 1968). Ex
ogenous interferon was reported to inhibit development of rabies in mice when 
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given intramuscularly but not when interferon was inoculated intracerebrally 
(Karakuyumchan and Bektemirova, 1968). Nemes et al. (1969 a, b) obtained 
moderate protection of mice against rabies by injections of poly rI·poly rC be
fore virus, and Fenje and Postic (1970) reported that poly rI-poly rC, adminis
tered either before or up to 24 hours after injection of rabbits with rabiesvirus, 
protected most of the animals (Postic and Fenje, 1971 b). These investigators 
also showed that interferon per se, at doses of about 106 units per rabbit, pro
tected against rabies if given simultaneously with the virus, and prolonged the 
incubation period when given 24 hours after infection (postic and Fenje, 
1971 a). In one study poly rI·poly rC alone protected mice against rabies, while 
chlorite-oxidized amylose (COAM) enhanced its mortality (Harmon, Janis, 
and Levy, 1974). Induction of endogenous interferon by orally administered 
tilorone hydrochloride completely protected mice against either subcutaneous 
or intracerebral challenge with low doses «10 LDso) of rabiesvirus and pro
longed incubation periods with large challenge doses of 100 or 1000 LDso 
(Fornosi et al., 1971). 

Stewart II and Sulkin (1966) suggested that the protective value of the Pas
teur post-exposure anti-rabies prophyllaxis might be due to induction of inter
feron by the large doses of vaccine-virus. Wiktor and his colleagues (1972), in 
fact, found that rabies vaccine of tissue culture origin given shortly before or 
after rabies challenge protected hamsters against death, and the rabies vaccine 
stimulated circulating interferon. Rabies vaccines also induced interferons in 
rabbits and in human and rabbit cell cultures. Rabies vaccine in mice induced 
rapid induction of both circulating interferon and brain interferon, and it was 
suggested that the protective effect of this vaccine was mediated through inter
feron rather than antibodies (Wiktor et al., 1972). Similarly, Baer and Cleary 
(1972) and Baer et ai. (1977) speculated that the high levels of interferon in
duced by rabies vaccines that were effective in protecting mice might be re
sponsible for the protection, rather than the antibodies induced later. Nozaki 
and Atanasiu (1975) also found that rabies vaccines with high protective indices 
induced high interferon titers in mice and hamsters, and suggested that the 
protection by these vaccines is double: non-specific (interferon) at early times, 
and specific (antibodies) at 4 to 5 days. 

Ho et ai. (1974) attempted prevention of rabies in rabbits by daily intraven
tricular injections of 106 units of interferon/day for up to 3 weeks. The out
come was less favorable than when 106 units were given in an intramuscular 
and intravenous dose at the time of challenge. 

Baer and his associates (1977) recently reported that addition of interferon 
to ineffective rabiesvirus vaccines or local injection of the inducing complex of 
poly rI·poly re-poly L·lysine and carboxymethylcellulose in rabies-infected 
mice dramatically reduced mortality. Similar results were obtained in rhesus 
monkeys. 

Human interferon inoculated intramuscularly beginning 24 hours after in
fection of Cynomolgus monkeys with rabiesvirus was reported to protect them 
(Hilfenhaus et ai., 1975). Monkeys received from 105 to 106 units/ day for ab
out 10 days and virus was given in the neck. Interferon given in this manner 
starting at a time when clinical rabies had developed was without effect. 



272 Antiviral Actions of Interferons in Animals 

Janis and Habel (1972) demonstrated better protection of mice and rabbits 
if poly rI·poly rC was injected into the same site as rabiesvirus. Harmon and 
Janis (1975) also found that poly rI'poly rC was protective in mice if injected 
shortly after challenge into the same intramuscular site as the rabiesvirus; how
ever, if injected in the opposite leg, it was not effective; the locally-injected 
muscle always contained 4 to 8 times more interferon than the noninjected 
muscle. 

Wiktor and his collaborators (1976) found that Rhesus monkeys could be 
completely protected against rabies by a single dose of highly concentrated 
human diploid cell-derived rabiesvirus vaccine given several hours after rabies
virus infection. Protection was related to ability of this vaccine to induce inter
feron; less concentrated vaccine was unable to induce interferon and was only 
partially protective; the level of virus-neutralizing antibody induced by the 
vaccines did not correlate with protection. 

Recent studies have reported that 114 rabies-virus-infecteQ Cynomologus 
monkeys were treated with human leukocyte interferon, intramuscularly 
and/ or intralumbarly (Hilfenhaus et al., 1977; Majer, Weinmann, and Hil
fenhaus, 1977). With dosages of about 106 units/ day intramuscularly beginning 
24 hours after virus, about 50% protection was achieved. When interferon was 
given into the cerebrospinal fluid, it was possible to achieve similar protection 
even when treatment was delayed until 11 days after infection. However, no 
effect was observed if clinical rabies had developed before treatment; of course 
no physical supportive therapy was given along with the interferon, and ani
mals died within 1 to 3 days after developing symptoms. In human rabies, 
however, death usually does not result for several days after symptoms occur, 
so that interferon and supportive therapy would have greater chance of suc
cess. 

These studies clearly indicate that interferon is a primary determinant in 
prevention of development of rabies; they do not indicate what mechanisms 
might be effective in arresting the virus-induced brain misfunctioning after 
symptoms have developed. If rabies nervous disease can, in fact, be completely 
reversed, as suggested by the Winkler case, the recovery mechanism must be 
non-cytocidal and not involve extensive cell-mediated immunity, suggesting 
that interferon is directly involved. 

ii) Viremic Spread. The vast majority of virus diseases result from virus in
fections which spread from the portal of entry (respiratory tract, GI tract, or 
insect bite) to the target tissue (liver, skin or brain) by the bloodstream 
(Fig. 22). However, this viremic spread is not direct, but first requires an 
asymptomatic replication phase at a secondary site at or near the initial entry 
point. From this focus of infection virus spills into the bloodstream (primary 
viremia: low virus titers) to relocate at secondary foci in internal organs. After 
extensive replication in these tissues, the virus bursts into a sustained and sub
stantial secondary viremia which allows it to seed the "target" tissue. This pat
tern can consume several days, and the similarities of this process in numerous 
virus infections explains many of their common premonitory symptoms. The 
interferon induced by the secondary viremia, also being common to virtually 
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all these infections, may also explain the similarities of the non-specific signs of 
these infections in advance of the viruses localizing in specific target tissues. 

The severity of disease is related to the level of the secondary viremia in 
two ways: 

a) The level of secondary viremia is determined by the extent of systemic 
multiplication: this can sometimes be the major cause of disease, due to 
damage to these tissue (e. g. giving rise to the liver damage and hence 
the jaundice of yellow fever). 

b) Higher and more prolonged viremia makes it more likely that inocula
tion of the target tissue will succeed. 

The interferon induced by the secondary viremia may in fact cause the feb
rile, non-specific premonitory symptoms, but it can also confer some virus re
sistance to the target tissue, provided the barriers between the blood and the 
target are passable, which may depend on the level of the interferonemia. 

Thus an "avirulent" virus might be one that had identical invasive proper
ties to a more virulent strain, was able to replicate to the same extent locally in 
primary and in secondary foci and which produced the same level of secondary 
viremia, yet induced higher levels of interferon during the secondary viremia, 
thus more effectively preventing subsequent target-tissue replication. If this re
lation indeed exists it would be tempting to speculate that there would be an 
inverse correlation between severity of prodromal symptoms (possibly deter
mined by interferon levels) and outcome of disease. Such "data" are available 
only in the old-wives tales relating strong fevers to strong recoveries. 

Recovery can also depend on control of virus growth in the secondary foci, 
thus avoiding both severity-possibilities 1 and 2, above. Usually replication at 
the secondary foci produces no symptoms or only minor illness, the only 
prodrome often being the fever, malaise, etc., accompanying the second vir
emia (and interferonemia). 
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The second viremia often initiates "target tissue" infections in the skin and 
mucous membranes which lead to developments of pathonomonic rashes due 
to types of cells effected and mechanisms of formation. This apparent predilec
tion for the body surface may reflect the fact that the viremia-induced (inter
feron-induced?) febrile response often elevates body temperatures above those 
allowing virus growth. Thus, while poxvirus cannot grow above a temperature 
of 38.5° C, body temperature due to viremia often may exceed 39° C (Bedson 
and Dumbell, 1961), as they do with interferon injections (Strander et aI., 
1974). Consequently, virus replication occurs only at external surfaces. The 
importance of the febrile response has long been recognized as an important 
determinant of virus infections, and the intriguing possibility that interferon is 
the factor triggering this response significantly expands the potential role of in
terferon in altering the pathogenesis of virus disease. If the second viremia fails 
to seed the central nervous system, the pathology is limited and recovery is as
sured by the time these distinguishing symptoms of virus infection have ap
peared. Antiviral therapy at this point would have no effect on the disease. 

However, if the viremia has established central nervous system infection, 
antiviral therapy would be advantagous. Within the nervous tissue, damage can 
result from virus replication causing cell destruction (as in polio or lymphocy
tic choriomeningitis virus in adult mice) or cellular dysfunction (as in rabies). 
However, virus replication in the brain does not necessarily cause acute dis
ease. In chronic lymphocytic choriomeningitis virus infection of mice, virus 
brain levels can be as high as those acutely infected; in the former the infection 
is immunologically tolerated; and in the latter it is immunologically recog
nized, thus precipitating cell-mediated attack and destruction of infected brain 
tissue (Gilden et ai., 1972). 

The role of interferon in chronic lymphocytic choriomeningitis has been 
clearly demonstrated by Riviere et al. (1977) by use of antibodies to interferon, 
in which case virus levels increase significantly. However, this important study 
also showed that increased virus levels in the tolerant mice were associated 
with decreased pathology of the chronic infection, indicating that chronic in
terferon production was precipitating adverse reactions: runting, 
glomerulonephritis (see discussion below). Different viruses have predilections 
for specific cells in the central nervous system (Nathanson, Stolley, and 
Boolukas, 1969; Luby, Sanders, and Sulkin, 1971; Luby et ai., 1969; Nathan
son et ai., 1966; Nathanson and Cole, 1970). Even with those viruses passing 
all the early obstacles and succeeding in establishing infections in the central 
nervous tissue and replicating there sufficient to cause disease, most infections 
are soon aborted with no residual effects (therefore no extensive cell damage), 
indicating that the defense mechanisms have not surrendered the fight even at 
the last step. On this late resistence hangs the hope of antiviral therapy. 

Many viral diseases that seem to have been effectively handled by host re
sistance mechanisms develop sequelae. Thus, children who appear to have re
covered normally from measles months to years earlier develop slow mental 
deterioration characterized as subacute sclerosing panencephalitis (SSPE). 
Measles virus isolates are identifiable in these tissues (Connolly et ai., 1967; 
Chen et ai., 1969; Katz, Oyanagi, and Koprowski, 1969; ter Meulen, et ai., 



Natural Recovery Processes From Viral Infections 275 

1972 a, b). Thus, it appears that viruses are not always efficiently eliminated by 
defense mechanisms, but rather defensive mechanism can alter the pathologic 
processes. It has been suggested that mice also develop "slow virus" diseases 
following infection with and apparent recovery from arbovirus infections 
(Zlotnick et ai., 1972). Gresser et al. (1976 b) have demonstrated that an
tiserum to interferon can alter the pathologic process with encephalitic virus, 
accelerating fatality and involving tissues not normally affected. Perhaps it is 
not premature to consider that artifical augmentation of host resistance 
mechanisms (e. g. exogenous interferon late in encephalitic infections) might 
have the opposite effect: thus converting acute virus disease to subacute (slow) 
virus infections. Katz and Koprowski (1968) have shown that interferon was 
not effective at low dose against the slowvirus Scrapie. However, it would be 
more interesting to see if antiserum to interferon would accelerate the 
pathogenesis of slowvirus diseases. 

2. Factors Modifying Pathogenesis: Interactions With Interferon Mechanism 

As the virus races to establish infection, spread and proliferate, the host re
sponds to restrict the invader. The efficacy of these responses depends on a 
multiple of non-specific "predisposing" factors such as the physiological well
being of the host. These non-specific factors likely operate in regard to their 
interaction with the interferon system and the immune system. The relative 
significance of any of these is difficult to ascertain, as recovery is clearly a 
composite of their effects. It is possible, however, to show that each is impor
tant, as either immunodepressions or interferonodepressions can enhance virus 
susceptibilities (Gresser et ai., 1976 b, c). 

a) Restriction of Establishment of Infections 

i) Primary Infections. The entry of virus into the body initiates the protec
tive reaction mechanisms of interferon, cell-mediated immunity, antibody and 
non-specific reaction. In primary exposures to the particular virus these reac
tions are probably all too little and too late to prevent establishment of infec
tion locally and, thus, most first-time infections are initially successful. 

Interferon is probably not produced in sufficient amounts to prevent prim
ary portal of entry infections, as the first cycle of virus will likely be nearly 
complete before interferon is produced, which usua1ly requires several hours 
(Fig. 6). Also the interferon produced by the single or few, initially infected 
cells would likely not be sufficient to protect all the neighboring cells invaded 
by the primary progeny. And the interferon produced in response to the initial 
invader must then induce antiviral resistance in the cells it contacts, again a 
process requiring several hours (Fig. 16), and this may not have become de
veloped before the second or third generation virions can partially arrest its 
progression by destroying such cells. Thus, the ability of the virus in establish
ing at the portal of entry or primary focus is likely related to its ability to in
duce interferon and to its sensitivity to the interferon. In some cases, this in
hibition could arrest infections by totally blocking virus production as the 
early stages (Fig. 17), or interferon could cause the cells to produce progeny 

18* 
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which are "enriched" for defective virions (the role of defective-interfering par
ticles in pathogenesis will be discussed below). 

The viruses' initial success could also depend on such factors as the type of 
cells infected initially (site of entry). It has been demonstrated, for example, 
that route of infection can determine recovery in smallpox, the dermal route 
related to benignity, the respiratory route being virulent (Wheelock, 1964). Al
so, it is possible that the type of tissue infected can influence the defectiveness 
of the progeny. The speed of the virus replication cycle and its ability to in
hibit cellular synthesis (thus shutting off interferon production and/ or action) 
can also influence early success of infections. That input virus is initially able 
to avoid the interferon system is clearly demonstrable in cell cultures: viruses 
which are able to induce interferon and which are sensitive to the interferon 
induced are able to form plaques in such cells; apparently the interferon re
striction eventually takes hold after a few virus cycles, as the plaques are size
limited. However, the addition of antiserum against interferon to such cultures 
allows the virus to produce significantly larger plaques (Fauconnier, 1970) and 
increases virus yields (Vilcek, Yamazaki, and Havell, 1977). 

Antibody production is clearly too slow to prevent initial primary infection 
at the entry site. The entering virus must usually multiply many times before it 
constitutes sufficient antigenic mass to even trigger antibody production (Fen
ner, 1965). However, the specious argument often proffered that antibody, ap
pearing later than interferon, plays no important role in protection against or 
recovery from primary viral infection, is untenable. Even though antibody ap
pears too late to prevent establishment of primary infections, it can modify la
ter stages of the process, even in primary infections, as will be discussed be
low. 

Lymphocytes migrating into the primary infection focus will interact with 
infected cells to initiate the cell-mediated immunolytic mechanisms and at
tracted phagocytic elements can ingest and digest virus-infected cells (see 
Stewart 11,1973, for Refs.). These processes are initially too low level to be ef
fective at the initial stages but can probably playa role later to help restrict the 
infection to this locale. As was previously indicated (Section X), interferon 
may increase the level of the cell-mediated reaction and the phagocytic activity. 

The local inflammatory reaction consisting of local leukocyte accumulation, 
acidity, fever, and hypoxia has been attributed to tissue damage caused by the 
virus replication, but may result from immune-mediated interactions of cells 
(Synderman, Wohlenberg, and Notkins, 1972), which may in turn be related 
to the release of interferon in the area, indirectly through its enhancing of his
tamine release (Ida et al., 1977) or induction of prostaglandin E (Yaron et al., 
1977). It should again be recalled that injection of interferon preparations have 
been reported to cause this local febrile reaction (Desomer, Edy, and Billiau, 
1977). Thus each of these conditions can serve as an adjunct to the resistance 
process and each in turn may be augmented by the interferon response. Thus 
each of these manifestations of infection resistance can be considered as part of 
the in vivo interferon system. 

It has been repeatedly demonstrated that elevated hormone levels can in
crease the susceptibilities of animals to virus infections, and this has been re-
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lated partly to the interferon inhibitory influences of hormone (Kilbourne, 
Smart, and Pikorny, 1 % 1; DeMaeyer and DeMaeyer, 1963; Smart and Kil
bourne, 1 %6; Rytel and Kilbourne, 1966; Talas and Stoger, 1972). 

It has occasionally been reported that increased temperature is correlated 
with decreased susceptibility to virus and increased interferon responsiveness 
(Ruiz-Gomez and Sosa-Martinez, 1 %5; Stancek, 1965); suggesting that con
tribution of fever to interferon production causes elimination of infection. 
However, this correlation is inconsistent (Section V. D. 2). 

Hyperthermia may also be protective against viruses by decreasing viral re
plicase activity or by activating cellular ribonucleases (Lwoff, 1 %9) 11a • 

In the absence of a specific block for interferon action it was only possible 
for many years to speculate on the role of endogenous interferon in resistance 
to virus infections in animals. Many early studies demonstrated that correla
tions could occasionally be found between the abilities of animals to produce 
interferons in response to certain virus and their abilities to resist these infec
tions (Isaacs and Baron, 1%0; Baron and Isaacs, 1962; Sawicki, 1961; 
Heineberg, Gold, and Robbins, 1%4; Rytel and Kilbourne, 1971); but on the 
other hand most studies failed to support this correlation, increased suscepti
bility often even being associated with greater interferon production, likely as a 
consequence of better replication of virus providing more inducer, thus more 
interferon detectable (Vilcek, 1 %4 b; Craighead, 1966). 

However, recently the involvement of endogenous interferon in the natural 
resistance to virus diseases has been clearly demonstrated. Fauconnier (1971) 
demonstrated that inoculation of antibodies prepared against mouse interferon 
into mice injected with Semliki Forest virus lead to both earlier onset of dis
ease and increased mortality. Gresser and his colleagues (1976 b, c) employed a 
highly potent antiserum to mouse interferon and demonstrated convincingly 
the key role of interferon in the early response to several virus infections. This 
antiserum, which was capable of neutralizing about 10 units of interferon at a 
dilution of about 2 X 10-6 (Table 10), caused rapid evolution of en
cephalomyocarditis virus-disease in mice. It is also noteworthy that the 
pathogenesis was entirely different from the disease developing in normal mice: 
the mice died of visceral damage (enhanced virus replication at secondary foci) 
and showed no signs of central nervous system disease (the normal target tis
sue). Thus production of interferon early in disease restricts visceral replica
tion, but still may not always be sufficient to spare the animal from target-tis
sue infection. 

These workers (Gresser et al., 1976 c) also studied the role of interferon in 
infections with herpes simplex, Moloney sarcoma, vesicular stomatitis, New
castle disease and influenza virus infections by inoculating mice with anti-inter
feron. Herpes simplex virus disease was accelerated, and the infectivity of this 
virus was increased by several hundred-fold in lethal dose/ml of virus stock. 
The antibodies also caused earlier appearance of Moloney Sarcoma virus 
tumors, which became much larger and were present longer than in control 

l1a In this regard, it would be interesting to see if the nuclease activated in interferon-treated 
cell-free systems by LMWIT (Fig. 17) can be thermally activated. 
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mice. Importantly, the tumor-inducing efficiency of the virus was 100-fold 
greater in antiserum-treated mice. The antiserum also shortened the incubation 
period in mice inoculated intranasally with vesicular stomatitis virus. However, 
the antiserum did not alter influenza virus infection in mice, even when the an
tiserum was injected intranas ally , perhaps because the anti-interferon did not 
diffuse to the tracheobronchial epithelium. These data clearly demonstrate the 
early role of endogenous interferon responses in virus resistance to primary 
virus disease. Apparently, the interferon system is able to protect animals 
against virus infections without antibody involvement; it would be interesting 
to determine the role of interferon in immunized animals; by use of anti-inter
feron serum it would be possible to see if antibodies are sufficient for protec
tion in such infections without inteiferon involvement. 

Thus, if present at the time of infections, interferon can prevent the estab
lishment of virus infections. Cell-mediated or humoral immunity can also pre
vent establishment of virus if present at the start of infections. However, at 
early stages of primary infection, these latter factors are likely present in insuf
ficient amounts. Their roles must be re-evaluated later in the infectious process 
and during reinfections in the immune animal, when they appear earlier and 
are quantitatively, and qualitatively, more efficient. 

ii) Reinfections. Since the ability to resist establishment of infections is di
rectly related to the speed with which the host can react to the virus, most 
reinfections are not successful in becoming established. 

The ability of the cells to produce interferon is specifically enhanced in 
lymphocytes from immune animals (Glasgow, 1966; Green, Cooperband, and 
Kibrick, 1969). This enhancement is also extended to substances that would 
not previously have been interferon inducers in the unsensitized animal (Ep
stein, Stevens, and Merigan, 1972). 

Antibody production on the memory-basis is also quicker and quantita
tively enhanced, and the anamnestic antibodies have higher avidity than early 
(primary) response antibodies (Fenner, 1965). Several studies have reported 
correlations between virus resistance and the speed with which animals can 
produce antibodies (Subrahmanyan, 1968; Schell, 1960). However, early 
and/ or already present antibodies do not always prevent repeat virus-invaders 
from reestablishing. Reinfection-associated rise in antibody is often found fol
lowing second exposures to measles virus (Stokes et al., 1961), suggesting that 
the infection proceeded past initial entry but the infection process was limited 
to subclinical levels. Some arboviruses have been shown to replicate for the 
first 24 hours in immune animals to the same level as in primary infections 
(Stewart II, 1973), suggesting that these reinfections are not prevented from 
reestablishing, but that the pathogenesis is altered subsequent to primary foci 
proliferation. 

Localized viral re-infections of the respiratory tract are possibly prevented 
in part by local secretory antibodies (Rossen et al., 1966; Chanock, 1970; Mills 
et aI., 1971), but in many of these infections neither secretory nor serum an
tibodies develop, and resistance may be mediated by specific-recognition type 
enhanced interferon responsiveness, and specific cell-mediated immunity likely 
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plays a role in resistmg reinfections with viruses invading at these sites 
(Stewart II, 1973). 

Those viruses that are able to reestablish in the host previously infected 
with the same virus are often eliminated by immune-mediated cell-destroying 
mechanisms, either antibody- or cell-mediated immune lysis. This type of in
truder-arrest can prevent secondary infections from becoming established, and 
it can also act to eliminate primary infections later after they have become es
tablished. Thus sensitized cells or specific antibodies, in the presence of com
plement, can combine to destroy a wide variety of virus-infected cells 
(Stewart II, 1973), and recall that the cytotoxicity of both antibodies (Skur
kovich, Klinova, and Eremkina, 1976) and lymphocytes (Svet-Moldavsky and 
Chernyakovskaya, 1967; Lindahl, Leary, and Gresser, 1972) have been re
ported to be increased in the presence of interferon (Section X. I), and the 
phagocytic "clean-up crew" called into the area by chemotatic responses to the 
immunolytic events can also be enhanced by interferon (Huang et aI., 1971) 
whose production will be triggered not only by the invading virus, but possi
bly also by many of the immune-reactions of the lymphocytes (Section III. 
B.5). ' 

Thus, it is necessary to consider the role of interferon not only in regard to 
its antiviral action, but also to assess its interactions with immune mechanisms. 
It has often been reported that interferon production did not correlate with in
fection outcome in virus infections of immunodeficient animals (Subrahma
nyan, 1968; Vilcek, 1964 b; Craighead, 1966). It should be considered that in 
these cases infection outcome could be determined by interferon not only act
ing alone but also as an adjunct to immune mechanisms. Such considerations 
could also explain the findings that in vitro interferon-sensitivities of a virus to 
interferon (antiviral) action does not necessarily correlate with apparent in vivo 
sensitivities of the virus to interferon action(s). Thus, vaccinia virus has been 
demonstrated to be quite resistant to interferon action in rabbit cell cultures 
(Stewart II, Scott, and Sulkin, 1969; Youngner, Thacore, and Kelly, 1972), but 
rabbit interferon has been reported to be effective against vaccinia virus in rab
bit skin (Isaacs and Westwood, 1959b) and eyes (Cantell and Tommila, 1960; 
Oh and Y oneda, 1969). Herpesviruses are quite refractory to interferon (an
tiviral) action in many in vitro systems (Table 14), but appears to be very sen
sitiv;e in the eye (Section XIV). Also, Mayer and Krueger (1970) found a re
versed order of sensitivities of viruses to interferon inducers Statolon and poly 
rI·poly rC in vivo as compared to their sensitivities to interferons in vitro. 
These observations support the interpretation that interferon's actions in vivo 
are not restricted to the solitary system measured in cell cultures as "the (in 
vitro) antiviral action" of interferon. These multiple interactions may also par
tially explain the efficacy of interferons in vivo against tumors (Section XIII). 

b) Elimination of Established Infections 

Infection foci of those viruses avoiding elimination by primary defenses at 
the portal of entry can establish at a number of locations in the body. And in 
each of these secondary foci they soon begin to encounter similar resistance 
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mechanisms to those encountered at the primary focus. Again, disease is going 
to be determined by the swiftness with which the virus can replicate sufficient 
to form a high level and sustained secondary viremia, and recovery is going to 
result and disease severity restricted if host forces answer the challenge rapidly 
and with effective intensity. The magnitude of the secondary viremia deter
mines prognosis, both as it reflects extent of secondary foci replication (and 
possible pathology) and allows target tissue seeding. Limitation of the secon
dary viremia can be accomplished either by limitation of secondary foci virus 
replication or by inactivation of virus during viremic spread. 

Cell-mediated immunity can restrict virus and eliminate infectious foci; it 
was previously pointed out (Stewart II, 1973) that it was not possible to con
clude that cell-mediated immunity could act effectively alone unless interferon 
response were somehow selectively blocked. Indeed, interferon produced loc
ally apparently also exerts antiviral action directly and it clearly enhances the 
cell-mediated eradication mechanism: the altered secondary foci multiplication 
of encephalomyocarditis virus and failure of cell-mediated immunity to arrest 
the virus in anti-interferon-treated mice (Gresser et at., 1976b) proves the im
portance of interferon as well as the cell-mediated control. It has been demon
strated that lymphoid cells infiltrating infection foci begin to attack cells in the 
foci when "activated" to do so by "factors" generated by the immune interac
tions; interferon involvements are obvious. 

Thus, in elimination of infection foci, interferon antiviral mechanism may 
not be the determinant of recovery, but interferon can be the determinant of 
recovery through another mechanism (Lodmell and Notkins, 1974). 

Importantly, a delay of cell-mediated responses can allow virus to infect a 
critical number of cells so that destruction of these by the subsequent cell
mediated response can be the cause of disease (see below). Often this type of 
over-involvement of tissues with viruses can be prevented by the development 
of antibody, thus allowing modest cell-mediated immunity, working with in
terferon, to eliminate infection foci. The efficacy of exogenous antibody in 
such infections has been reported (Worthington, Rabson, and Baron, 1972; 
Murphy and Glasgow, 1966). 

Secondary viremia can be cleared by phagocytic elements, and the rate of 
this clearance has been correlated inversely with virulence (Johnson and Mims, 
1968; Campbell, Buera, and Tobias, 1970). Interferon induced by the viremia 
or spilling-over into circulation from the secondary foci, can presumably en
hance this phagocytic clearance. Thus interferonemia can possibly be protective 
by: 1. circulating to target tissues to .confer virus resistance (Baron et ai., 
1966a, b); 2. inducing febrile mechanisms (Yaron et ai., 1977); 3. enhancing 
phagocytic clearance of viremia. Clearance can also be facilitated by antibodies 
which can both enhance ingestion and clearance of viremia and neutralize cir
culating viruses (Nathanson and Cole, 1970). 

Once virus reaches the target tissue by this sequential 10 focus ---') viremia ---') 
20 focus---')viremia---') target route, it finds that the environment has been alerted 
of its coming. Evidence for this is that many viruses are lethal when injected 
intracerebrally but are immunizing if injected parenterally, yet both reach the 
central nervous system and begin to replicate (Webb et at., 1968; Stewart II, 
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1973). Circulating interferon produced during the secondary viremia may have 
conferred some restrictive ability to the target tissue, and the elevated tempera
ture produced by the secondary viremia (interferonemia?) may restrict virus 
replication. 

Also, by the time the circuitous route of entry to the target tissue has been 
completed the hosts immune responses have been marshalled. If these proces
ses are functional soon enough and if target seeding is not too extensive, the 
cell-destructive immune mechanisms can force the virus from these final foci 
before enough cells have become involved to cause disease, or for their de
struction to cause disease. However, if many target cells become infected be
fore the immuno-removal begins to function, immunolysis can, especially in 
the central nervous system, cause damage and disease. This is best illustrated 
by lymphocytic choriomeningitis (LCM) viral infections of mice. When inocu
lated intracerebrally into immunocompetent mice this virus produces fatal dis
ease with lesions in the central nervous system; in neonatal mice or im
munosuppressed mice it produces a persistent infection with chronic syndrome 
of runting and liver necrosis. In both cases virus replicates to similar levels in 
the brain (see Stewart II, 1973 for references). Thus elimination of virus can 
sometimes be detrimental in infections with non-cyticidal virus. On the other 
hand, its persistence can also be detrimental, though not necessarily because of 
virus-induced damage: Riviere et al. (1977) have reported that injection of an
tibodies to mouse interferon in mice inhibited the runting, liver necrosis and 
death resulting from chronic LCM virus infection, and concluded that the 
chronic production of interferon causes this disease. 

The immunolytic elimination of viruses having skin as their target-tissues is 
probably the cause of the rashes produced in these infections (Fenner, 1968), 
and removal of target cells likely causes the characteristic symptoms complicat
ing mumps (Speel, Osborn, and Walker, 1968). Interestingly, in the absence of 
cellular immunity, measles virus has been reported to develop persistent central 
nervous system disease in animals (Schumacher, Albrecht, and Taurasa, 1972). 
This suggests that factors impeding such responses during recovery from 
measles could produce "slow-type" measles infections. 

On the other hand, infections involving cytolytic viruses show increased 
target tissue destruction in the immunosuppressed host (Hirsch and Murphy, 
1967; Zlotnick et al., 1972). 

An additional contribution to disease development, besides immunity or in
terferon, is the role of defective-interfering (DI) viral particles in pathogenesis 
(Huang and Baltimore, 1970). These particles have been demonstrated in many 
virus-cell systems (Huang, 1977), and arise spontaneously during infection cy
cles in different types of cells. DI particles replicate at the expense of infectious 
virions, but are dependent on the standard virus, thus their accumulation is 
progressive but self-limiting. Early production of DI particles in the 
pathogenic process could slow virus progression and reduce levels of infective 
virus, thus allowing host defenses to gain the temporal advantage needed to ar
rest and eliminate the virus. The production of DI particles (and, as we have 
seen, the outcome of infection) can be determined by the particular cell-type 
infected (e. g., portal of entry), as some cells produce little if any DI particles 
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and others produce many (Huang, 1977). Such variables as age, hormone 
levels, fever and other factors shown to influence recovery from viruses may 
do so at least in part because they effect production of DI particles. Also, the 
conversion from acute to chronic, or slow-virus diseases may be attributable to 
this phenomenon. It has been demonstrated that interferon treatment can cause 
cells that are producing infective particles to start producing defective, nonin
fective particles (IX. B. 4). Thus interferon may have yet another antiviral 
function in pathogenesis of virus disease. 

Fig. 23 summarizes the possible central involvement of interferons in host 
recovery mechanisms against virus infections, as indicated by the literature re
viewed in this Section. Many of these mechanisms are obviously interdepen
dent and are potentially effective at each stage in the virus disease process. 

B. Antiviral Studies With Interferons and Interferon Inducers in Animals 

The interposition of interferon at various stages of the pathogenesis of virus 
infections immediately seemed worth attempting when it was demonstrated 
that it was active against a wide variety of viruses in vitro and was not overtly 
toxic in animals, even in the crude preparations employed. The variables in 
these studies have been numerous: interferon doses have ranged from a few to 
a few million units; doses of virus challenge have been very high and very low; 
time of interferon relative to virus infection has ranged from pretreatment with 
interferon before virus-inoculation to treatment in late stages of target-tissue 
symptoms; both route of virus and route of interferon inoculations have var
ied; and each of these variables has been reported in several animal species. 
The general conclusion from all the studies listed in Table 16 is that inter
ferons are effective against a variety of virus infections in all animals tested, 
usually being more effective the earlier administered; and the higher the inter
feron dose, the better the protection, so far. 

Induction of endogenous interferon in animals has usually been found to be 
more effective than exogenous interferon, likely because the total amounts of 
interferon formed are larger than those that can be injected. In the following 
Sections, the literature on the in vivo antiviral effects of exogenously applied 

Animal 

Rabbit 

Table 16. Antiviral activities of exogenous interferons in animals 

Virus 

Vaccinia (skin) 

Vaccinia (eye) 

Vaccinia (generalized) 

Newcastle disease (eye) 

Herpes simplex (eye) 

Rabbies 

References 

Lindenmann, Burke, and Isaacs (1957); Isaacs 
and Westwood (1959 b); Pinto et al. (1970) 

Cantell and Tommila (1969); Oh and Yoneda 
(1969) 

Arakawa, Sawa, and Fujiwara (1965) 

Oh and Gill (1966) 

Ermolieva and Furer (1968); Finter (1970 a) 

Vieuchange (1967); Postic and Fenje (1971 b); 
Ho et al. (1974) 
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Table 16 (continued) 

Animal 

Mouse 

Virus 

Vaccinia 

Vesicular stomatitis 

Bunyamwera 

Influenza 

Semliki forest 

Encephalomyocarditis 

Herpes simplex 

Friend leukemia 

Rauscher leukemia 

Radiation leukemia 

Gross leukemia 

Moloney sarcoma 

Rabies 

Rat Sindbis 

Hamster Polyoma 

Guinea-pig Rabies 

Chicken Newcastle disease 
Rous sarcoma 
Polio RNA 

Monkey Vaccinia (skin) 

Vaccinia (eye) 

Vaccinia (generalized) 

Herpesvirus (eye) 

Herpesvirus (generalized) 

Yellow fever 

Rabies 

Hepatitis-B 

References 

Baron et al. (1966 b) 

Baron et al. (1966 b); Declercq and Desomer 
(1968, 1971 b); Glasgow (1970); Gresser, 
Tovey, and Maury (1975) 

Hitchcock and Isaacs (1960) 

Pollikoff, Donikian and Liu (1961); Takano, Jen
sen, and Warren (1963); Link, Blaskovic, and Raus 
(1963 ) 

Finter (1964 a, c; 1966 a; 1967 b); Worthington, 
Levy, and Rice (1973) 

Finter (1964 a); Baron et al. (1966 b); Gresser 
et al. (1968 b); Olsen et al. (1976) 

Declercq (1975) 

Gresser et al. (1967 a, b, c, d); Wheelock and 
Larke (1968) 

Gresser et al. (1968 a) 

Lieberman, Merigan, and Kaplan (1971) 

Gresser, Coppey, and Bourali (1969) 

Berman (1970); Rhim and Huebner (1971); 
Declercq and Desomer (1971 a) 

Karakuyumchan and Bektimerova (1968); Baer 
et al. (1977) 

Denys (1963) 

Atanasiu and Chany (1960) 

Kaplan et al. (1962) 

Lampson et al. (1963) 
Lampson et al. (1963) 
Y oungner and Kelley (1965) 

Pinto et al. (1970) 

Neumann-Haefelin et al. (1975) 

Neumann-Haefelin, Shrestha, and Manthey (1976) 

Sugar, Kaufman, and Varnell (1973); 
Neumann-Haefelin et at. (1975, 1977) 

Neumann-Haefelin, Shrestha, and Manthey (1976) 

Scientific Committee on Interferon (1970) 

Hilfenhaus et at. (1975, 1977); Majer, Weinmann, 
and Hilfenhaus (1977) 

Desmyter et al. (1976) 
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interferon will be described in relation to the different types of virus diseases. 
In addition, studies with inducers will be appended to each Section for com
parative purposes. 

1. Localized Infections 

a) Effects of Exogenous Interferons 

The first demonstration of effect of interferon as an antiviral in vivo was 
the protection of rabbit skin against vaccinia virus (Lindenmann, Burke, and 
Isaacs, 1957). Interferon preparations were then shown to delay and suppress 
the symptoms of vaccinial infections in rabbit eyes when given for four days 
following corneal inoculation of virus. This treatment did not affect herpes 
simplex infection of rabbit eyes. However, others have observed protection 
against herpes simplex with interferon eyedrops (Ermolieva and Furer, 1968; 
Finter, 1970a). Oh and his associates (Oh and Gill, 1966; Oh and Yoneda, 
1969) also reported that interferon injected into the eyes of rabbits protected 
them against Newcastle disease virus and vaccinia virus injected a few hours la
ter. 

Human leukocyte interferon has also been shown to be topically effective 
against both vaccinia and herpes viruses in eyes of monkeys when given 
prophylactically, and therapeutic administration moderated the course of the 
keratitis and shortened the period of virus shedding (Sugar, Kaufman, and 
Varnell, 1973; Sundmacher, Neumann-Haefelin, and Shrestha, 1975; 
Neumann-Haefelin et al., 1975). 

Recently, Neumann-Haefelin et al. (1977) demonstrated that both human 
leukocyte interferon and human fibroblast interferon were effective in preven
tion of herpes simplex virus keratitis in monkeys when administered at about 
2 X 106 units / ml but were ineffective at 2 X 103 units / ml; 2 X 104 units / ml 
of either interferon was marginally effective. 
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Fig. 23. Involvement of interferon in host defense mechanisms 
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The injection of human leukocyte interferon intravenously into monkeys 
reduced the ability of vaccinia virus to replicate in the skin (Pinto et al., 1970); 
similar results were obtained with the human leukocyte interferon in rabbits. 

Local infections with aerosolized influenza virus were found not to be in
hibited in mice when interferon was inoculated intramuscularly or intraven
ously in amounts sufficient to protect against intraperitoneal infection with 
Semliki forest virus (pinter, 1966 a, 1967 b), though high levels of interferon 
were detectable in the blood. Others have reported that aerosolized interferon 
preparations or interferon preparation nose-drops were effective against in
fluenza in mice (Pollikoff, Donikian, and Liu, 1961; Takano, Jensen and War
ren, 1963; Link, Blaskovic, and Raus, 1963), but Finter (1973 b) has argued 
that these effects were not due to the interferon in the preparations. 

b) Effects of Inducers of Endogenous Interferons 

Interferon inducers of a large variety have also been shown to inhibit de
velopment of localized virus infections in animals. 

Influenza virus has been used to induce interferon in eyes of rabbits, which 
protected them against herpes simplex infection (Tommila and Penttinen, 
1962). 

Endotoxin and typhoid vaccine were used to induce interferon in the aque
ous humor which induced resistance to Newcastle disease virus and vaccinia 
virus (Oh and Gill, 1966; Oh and Y oneda, 1969) and herpesvirus (Pollikoff et 
aI., 1968) in the eyes of nbbits. 

Poly rI'poly rC has been shown to induce interferon in the aqueous and 
vitreous humor when injected into the eyeball of rabbits (Pollikoff et al., 1970; 
Weissenbacher et al., 1970), and eyedrops of poly rI'poly rC induced inter
feron in rabbit tears (Centifanto, Goohra, and Kaufman, 1970). By either 
route of administration the inducer was protective against herpes simplex 
keratitis infections of the eyes (Park and Baron, 1968; Park et al., 1969; Pol
likoff et al., 1970; Kaufman, Ellison, and Waltman, 1969). 

A number of interferon inducers have been demonstrated to be protective 
against respiratory viral infections when the inducers were given intranasally, 
and it is presumed that the mechanism of protection is via interferon produc
tion (Finter, 1973b). 

Inactivated influenza will protect against the live virus intranasally (Denys, 
Desomer, and Prinzie, 1961; Schulman and Kilbourne, 1963). Endotoxin was 
shown to protect mice against pneumonia virus (Nemes and Hilleman, 1962). 
Pyran copolymer intranasally protected mice against intranasal inoculation with 
vesicular stomatitis virus; Statolon, intranasally protected mice against in
fluenza virus (Kleinschmidt, 1970). And poly rI'poly rC when administered in
tranasally protected against a challenge by this route with influenza virus (Hill, 
Baron, and Chanock, 1969; Lindh et aI., 1969; Nemes et al., 1969a), vaccinia 
(Lindh et ai., 1969) or vesicular stomatitis virus (Declercq and Merigan, 
1969b). 
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2. Generalized Infections 

Many early studies were unable to demonstrate an effect of exogenous in
terferons against systemic viral infections, likely because the doses of inter
ferons were too low and often because the doses of challenge virus were over
whelming. However, once it became possible to inject larger doses of exogen
ous interferon, against doses of challenge virus in the range of what could be 
considered natural exposure levels (Finter, 1967b), positive results were ob
tained. 

a) Effects of Exogenous Interferons 

The first demonstration of interferon effectiveness against generalized virus 
infections was reported by Glasgow and Habel (1962 a) who injected virus-in
duced leukocytes into mice to protect against intracerebral challenge with ves
icular stomatitis virus. 

Most studies report that interferon given prior to virus is effective, whereas 
when given after infection interferon becomes increasingly less effective with 
time (Denys, 1963; Declercq and Desomer, 1968). However this ineffectiveness 
of later administration of interferon can sometimes be overcome by increasing 
the interferon dose. Thus, Finter (1967b) protected mice against Semliki forest 
virus by injecting interferon 24 hours after virus, but this effect required about 
20 times more interferon than needed when interferon was given before the 
virus. Also, repeated administration of interferon has been found to be more 
effective than a single injection (Gresser et aI., 1967 a, 1968 b). 

In one study interferon treatment (about 5000 units/mouse) was effective 
against arbovirus encephalitis in mice when given after infection, at a time de
termined by the authors to constitute "late therapy" rather than prophylaxis 
(W orthington, Levy, and Rice, 1973). This distinction between viral 
prophylaxis and therapy is often confused. Glasgow (1970) claimed therapeutic 
value of interferon in mice showing central nervous symptoms at the time of 
treatment. Declercq and Desomer (1971 b) reported that mice could be pro
tected if treatment was begun at any time before onset of symptoms. Catalano 
et al. (1972) claimed that endogenous interferon was protective in mice if in
duced even when an occasional mouse in the experimental group was showing 
central nervous symptoms of illness; it was not stated whether any of these oc
casional animals were in the surviving fraction. If not, only prophylaxis can be 
claimed, rather than therapy (Lefkowitz and Baron, 1974). 

In an important analysis, Gresser, Tovey, and Maury (1975) showed that 
initiation of treatment of mice with interferon as late as 4 days after intranasal 
inoculation of vesicular stomatitits virus, resulted in marked survival. By the 
time interferon (about 6 X 106 units) was given, the virus had already multip
lied to high titers in the target tissue, the brain. These results demonstrate that 
even late in the cycle illustrated in Fig. 22, exogenous interferon can alter the 
disease outcome. Thus interferon therapy as well as prophylaxis in such sys
temic diseases may be realizable. Declercq (1975) claimed that a single dose of 
105 units of mouse interferon given intramuscularly, intraperitoneally or sub
cutaneously was significantly protective against intranasal inoculation of her-
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pesvirus; however, when given after virus it was ineffective. This author inter
prets from these data that parenteral interferon therapy may be possible in 
herpetic encephalitis if interferon is administered early in the disease; the data 
in fact argue to the contrary. 

Recently, human leukocyte interferon has been found to protect monkeys 
against vaccinia virus or herpes virus (Neumann-Haefelin, Shrestha, and Man
they, 1976). At 5 X 105 units/ day, starting one day before or 3 days after in
fection, interferon was able to avert disease completely. Therapy initiated at 
the first lesions prevented enlargement and generalization of herpetic lesions in 
all of the monkeys, suggesting therapy can be effected. 

As previously indicated, rabiesvirus could also apparently be arrested at the 
target tissue stage (Section XII. A. 1): intralumbar injection of interferon into 
monkeys did not prevent peripheral replication of virus but prevented the dis
ease (Hilfenhaus et ai., 1977). 

b) Combined Effects of Interferons and Other Agents 

A few recent reports have suggested that interferon can work synergistically 
in combination with other antiviral agents in animals. 

Werner, Jasmin, and Chermann (1976) reported that ammonium 5-tung
sto-2-antimoniate (HPA 23) partially protected mice against encephalomyocar
ditis virus or vesicular stomatitis virus. When mice were injected with 75,000 
units of interferon prior to HP A 23, and both were given prior to virus, pro
tection was complete. 

Since it had been reported that adenine arabinoside (ARA-A) and interferon 
worked synergistically in cell cultures against herpesvirus (Lerner and Bailey, 
1974), Lefkowitz et ai. (1976) investigated this possibility in mice but found no 
such effect. 

Chany and Cerutti (1977 a, b) recently found that the antiviral effect of in
terferon in mice against encephalomyocarditis virus was enhanced by isop
rinosine, provided that both interferon and virus were inoculated in
traperitoneally and that isoprinosine injection preceded interferon and virus by 
several hours. 

c) Effect of Inducers of Endogenous Interferons 

A much greater number of studies have been reported using inducers of in
terferon in generalized virus infections than using interferons per se, primarily 
because the interferons are difficult to obtain in sufficient quantities for many 
such studies. Some of these studies have used interferon-inducing viruses. Av
irulent influenza virus was used by Hitchcock and Isaacs (1960) to induce cir
culating interferon in mice which protected them from subsequent challenge 
with Bunyamwera virus. Baron et al. (1964 a, 1966 b) used intravenously in
jected Newcastle disease virus to induce interferon in mice, which protected 
them from encephalomycarditis virus when challenged 24 hours later, but not 
when challenged at only 2 or 5 hours. The attenuated American BT-8 strain of 
bluetongue virus which was recently found to be a very good inducer of inter
feron in mice, is also very effective in protecting mice against otherwise lethal 
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infection with encephalomyocarditis virus (Jameson, Schoenherr, and Gross
berg, 1977). 

Like interfering viruses, endotoxins were known to induce virus resistance 
in animals long before they were known to induce interferons in them 
(Gledhill, 1964; Wagner et al., 1959). It has been repeatedly demonstrated that 
endotoxins induce interferon, and it has been assumed that this interferon ac
counts for the virus resistances observed (Borecky, Lackovic, and Russ, 1969; 
Declercq and Desomer, 1969; Furer et aI., 1968). 

Brucella abortus, which induced interferon in mice and made them resistant 
to vaccinia virus (Desomer et al., 1970), may act partially by induction of in
terferon. However, heat-killed brucellae were found to be good inducers of in
terferon, but not of protection in this system. And rabbits injected with the 
live organisms did not produce interferon yet became resistant to vaccinia. On 
the other hand BRU-PEL shows a good correlation between ability to induce 
virus resistance and interferon in mice (Feingold, Keleti, and Youngner, 1976). 
Mice were also reported to be protected against vaccinia virus by prior injec
tion with Proteus rettgeri or E. coli (Declercq and Desomer, 1969), and Lis
teria monocytogenes induced interferon and protection against Mengo virus in 
mice (Remington and Merigan, 1969). These latter workers also found that To
xoplasma gondii, which induced interferon in mice, protected them against 
Mengo virus. 

Pyran copolymer and a number of related anionic polymers induce inter
ferons in animals and protect against a variety of viruses (Regelson, 1967; 
Merigan and Finkelstein, 1968; Declercq and Merigan, 1969 b; Miner and 
Koehler, 1969; Richmond, 1971). However, the fact that this protective activ
ity against virus lasts months rather than a few days, as seen with interferons, 
suggests that interferon does not account for its activity. 

Polyacrylic acid also induced interferon and virus resistance in mice (De
somer et al., 1968a, b; Leunen, Desmyter, and' Desomer, 1971; Niblack, 
McCreary, and Stone, 1970; Declercq and Desomer, 1968; Billiau, Desmyter, 
and Desomer, 1970). Again, this compound's ability to induce interferons did 
not correlate with its antiviral activity in various animals (Desomer, 1970)., 
suggesting its action was not attributable to interferon. 

Chlorite-oxidized amylose (COAM) induced both virus resistance and in
terferon in mice and rabbits (Claus et al., 1970; Billiau, Desmyter, and De
somer, 1970; Billiau, Muyembe, and Desomer, 1971 a, b; 1972). Again, this 
compound apparently does not act solely via interferon. It worked much more 
effectively against Mengo virus when given at the same intraperitoneal location, 
and its activity seems to last too long to be rationalized as an interferon action. 

Statolon and helenine also induce virus resistance and interferons in animals 
(Kleinschmidt and Murphy, 1967; Schmidt and Pindak, 1968; Pindak and 
Schmidt, 1967; Wheelock and Larke, 1968; Pindak et al., 1971). The protective 
effect is likely a composite of interferon induction (short-term protection) and 
immunological (long-term protection) mechanisms (Wheelock, Caroline, and 
Moore, 1969; Wheelock, 1970). 

Tilorone, which induced interferon in mice, rats and rabbits after oral ad
ministration also protected the animals against challenge with several viruses 
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given either intracranially, intraperitoneally or subcutaneously (Krueger and 
Mayer, 1970; Krueger et al., 1971; Declercq and Merigan, 1971 a; Hoffmann 
and Kunz, 1972; Giron, Schmidt, and Pindak, 1972). Some evidence has also 
been offered that interferon is only part of the antiviral mechanism of tilorone 
(Giron, Schmidt, and Pindak, 1972; Declercq, 1974). Stringfellow, Overall, 
and Glasgow (1974a, b) found that tilorone was protective against en
cephalomyocarditis virus when given prophylactically by completely prevent
ing the viremic phase but was ineffective if target organs became infected. 
Tilorone and its analogues were also prophylactic against Venezuelan equine 
encephalitis virus in mice, when given orally, but not peritoneally (Kuehne, 
Pannier, and Stephen, 1977). 

Polyribonucleotides, especially poly rJ'poly rC, have been shown to induce 
interferon and virus resistance in a large number of animal-virus combinations 
(Hilleman, 1970). In addition to the local effects against herpetic keratitis and 
influenza referred to previously, these inducers have shown activity when ap
plied prophylactically against herpesvirus encephalitis (Lindh et al., 1969; 
Catalano and Baron, 1970; Catalano et al., 1972), numerous arbovirus en
cephalidites (Finter, 1970a; Worthington and Baron, 1971 a, b; Postic and 
Sather, 1970; Haahr, 1971; Kunz and Hoffman, 1969), enteroviral encephali
dites (Lindh et al., 1969; Nemes et al., 1969; Catalano and Baron, 1970; Gres
ser et al., 1969), rhabdoviral infections of the central nervous system (Declercq 
and Merigan, 1969b, 1970; Declercq, Nuwer, and Merigan, 1970a, b; Declercq 
and Desomer, 1971 b; Declercq 1972; Richmond and Hamilton, 1969), includ
ing rabies (Fenje and Postic, 1970; Janis and Habel, 1972; Harmon and Janis, 
1975) and generalized vaccinia (Lindh et al., 1969; Nemes et al., 1969). This 
inducer is also active in protecting mice against leukemia-sarcoma viruses 
(Sarma et al., 1969, 1971; Pearson et al., 1969; Weinstein et al., 1971; Rhim, 
Greenawalt, and Huebner, 1969; Declercq and Merigan, 1971b; Larson et al., 
1969 a; Slamon, 1973, 1975; Section XIII). 

The extent of work on these inducers has paralleled the hopes for their 
utilization in man. Early studies demonstrating that they were active in mic
rogram quantities spurred exhaustive testings, but reports of toxicities (discus
sed below) and hyporesponsiveness to repeated inductions and inactivity in 
primates, including man, have diminished intensity of these efforts. 

Repeated doses of poly rJ'poly rC, as with the other inducers in vivo, in
duces less interferon after second or subsequent doses (Section VI. B. 2; Buck
ler, et al., 1971; DuBuy et al., 1970; Stringfellow and Glasgow, 1972a; Finter, 
1973 b). However, a prolonged resistance to virus during interferon hypores
ponsiveness to poly rJ·poly rC has been reported by Sharpe, Birch, and Plan
terose (1971) and by Worthington and Baron (1971 b). Tazulakhova, 
Novokhatsky, and Yershov (1973) found that, whereas a single injection of 
100 flg of poly rJ·poly rC in mice was not sufficient to protect them against 
Venezuelan equine encephalomyelitis virus, repeated injections were effective. 
Multiple doses of poly rJ'poly rC were also reported to be more effective than 
single injections in protecting mice against encephalomyocarditis virus (String
fellow, Overall, and Glasgow, 1974b). Repeated injection of poly rJ'poly rC 
every 24 hours was also more effective in prolonging the decrease of viremia in 

19 Stewart, The Interferon System 



290 Antiviral Actions of Interferons in Animals 

mice infected with lactic dehydrogenase virus Gohnson and DuBuy, 1975), but 
repeated injections every 12 hours did not further increase this protective ef
fect. At present there is no satisfying explanation for the discrepancy between 
refractoriness and prolonged protection, but they suggest again that high spil
lover-levels of circulating interferon are not accurate measures of local inter
feron and tissue resistance to virus infections. 

Levy, Duenwald, and Buckler (1973) found that COAM potentiated the in
terferon response to poly rI'poly rC; however this combination of drugs was 
not found to increase the protection of mice against rabies infection above that 
obtained with poly rI'poly rC alone. 

The complex of poly rI'poly rC-poly-L-lysine in carboxymethylcellulose 
was more effective than poly rI'poly rC against encephalomyocarditis virus in 
mice; the former complex also inducing more interferon (Olsen et aI., 1976): 
Protection was associated with prevention of viremia and, consequently, of 
seeding of target organs. 

The nuclease-resistant poly rI'poly rC-poly L-Iysine complex was also 
found to protect monkeys against hemorrhagic fever (Levy et aI., 1976). 
Whereas poly rI'poly rC induced no or only modest levels of interferon in 
primates or man, poly rI·poly rC-poly-L-lysine induced high levels (Levy et 
al., 1975). This inducer was also reported to modify several markers of infec
tion with hepatitis-B virus in chimpanzees (Purcell et aI., 1976). 

3. Unifying Speculation on Inducer Toxicities 

All interferon inducers have basically the same common drawbacks. These 
are best documented with poly rI'poly rC, apparently because this inducer has 
been most studied for toxicity. Most, if not all, interferon inducers have de
monstrated a characteristic spectrum of toxic effects in animals. Principle 
among these are pyrogenicity. It has been suggested that poly rI'poly rC, en
dotoxin and pyran, and other inducers damage cell membranes and thus release 
pyrogens along with interferons and other lymphokines (Braun, 1969). Absher 
and Stinebring (1969) pointed out the "endotoxin-like" effects of poly rI-poly 
rC. Declercq and Stewart II (1972) reviewed the activities of poly rI'poly rC 
which are reminiscent of the in vivo biologic effects of endotoxin. Among th
ese were: 1. Interferon induction and virus resistance; 2. Pyrogenicity; 
3. Stimulation of phagocytic activity; 4. Toxic effects on certain cell popula
tions. 

Pyrogenicity of poly rI'poly rC has been observed in rabbits (Lindsay et 
al., 1969; Hilleman, 1970), calves (Rosenquist, 1971) and man (Hill et al., 
1971). It has been reported to inhibit liver regeneration after partial hepatec
tomy G ahiel et al., 1971). It has also been shown to be embryo toxic and to 
damage nervous tissue (Adamson and Fabro, 1969; Young et aI., 1970). It en
hanced cell-mediated immune mechanisms and induced runting in mice 
(Leonard, Eccleston, and Jones, 1969). Interferon per se apparently does these 
things (Section X). 

It is tempting to speculate that many of the toxic manifestations and side 
effects attributed to inducers and which are common for all the inducers in 
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proportion to the interferon-inducing potentials, may be mediated by the in
terferon they induce. It will not be possible to verify this assumption until suf
ficient quantities of purified interferon preparations are available. However, 
many adverse effects seen with administration of interferons to date closely re
semble those seen with the inducers. To date it has not usually been possible 
to administer exogenous interferon in amounts sufficient to match those main
tained for several hours by inducers, and exogenous interferon is rapidly 
cleared from circulation. However, when high levels of interferon have been 
administered for prolonged periods, it has been toxic, or lethal (Gresser et al., 
1975, 1976a), and caused wasting (Bekesi et al., 1976). Interferon preparations 
have been reported to be cytotoxic for certain cells (Nissen et al., 1977; 
Greenberg and Mosny, 1977). 

While these data must for now be considered preliminary, and interferon 
involvement only presumptive, it would seem appropriate to keep these 
analogies of inducer-interferon toxicities in mind when clinical trials attempt to 
continually increase interferon dosage to maintain higher circulating interferon 
levels for longer periods. Again, it seems likely that there are reasons for inter
ferons being inducible rather than constitutive. 
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