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1. INTRODUCTION 

More than two decades ago Mims (1964) stated in his classical review of aspects 
of the pathogenesis of virus diseases: "Macrophages are literally in a position to 
control the susceptibility of animals to virus infections, since they monitor the 
main body compartments and may control the entry of viruses to target organs 
like the liver." Since then, the position of macrophages as important elements in 
the host defense armamentarium against a variety of virus infections has been 
further substantiated and the interplay between macrophages and other defense 
mechanisms elucidated (Gresser and Lang, 1966; Allison, 1974; Mogensen, 1979; 
Morahan and Morse, 1979; Virelizier, 1981; Morahan, 1984; Mogensen and Vi
relizier, 1987). 

The body has at its disposal several sequentiallines of defense against virus 
infections, and macrophages figure prominently in many of these. In the unin
fected host there is aseries of natural, nonspecific barriers to virus penetration, 
e.g., cutaneous epithelium, ci1iated respiratory epithelium, nonspecific virucidal 
substances in secretions, and the fixed macrophages in all organs and tissues. 
Among these, the barrier function of macrophages has been most widely stud
ied (Mims, 1964; Mogensen, 1979). Soon after initiation of infection additional 
lines of nonspecific antiviral defenses are induced. Most studied have been 
interferon (Baron, 1973; Haller, 1981; Virelizier, 1981), natural killer cells (Welsh, 
1981), and, again, macrophages, which may become nonspecifically activated 
(Morahan, 1984). Taken together, these preexisting or induced nonspecific re
sistance mechanisms may have important implications for the course and final 
outcome of a virus infection, because they may interfere with the establishment 
and early dissemination of the virus in the host. Although they probably work in 
concert in the early phases of the infection, their relative roles may vary depend
ing on the virus, the target organ, and the phase of a particular infection. 
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Final recovery from a fully established virus infection is mediated through 
the specifie immunologie response. Both the humoral and cell-mediated im
mune responses are dependent on a functioning macrophage system. Thus, 
macrophages are necessary as accessory antigen-presenting cells in the induc
tive phase of immunity; they playa role as modulators of the response through 
monokine production; and finally, they can act as ultimate antiviral effectors 
after having been recruited into infectious foci as part of the immune inflam
matory process (Blanden, 1974; Oehler et al., 1978; Unanue, 1981). 

Thus macrophages may be pivotal cells in both resistance to, and recovery 
from, virus infection. The present chapter focuses on the role they play in the 
natural, nonspecifie defense against virus infections, with special emphasis on 
their key role as a first line of defense at the portal of entry of the virus or in 
target organs of crucial importance for the outcome of the infection. 

2. VIRUS-MACROPHAGE INTERACTIONS 

Cells of the mononuelear phagocyte system (monocytes and macrophages) 
are well suited to function as an important element in the defense against the 
invasion of viruses (Mims, 1964). They are long-lived and strategieally placed at 
the portal of entry (e.g., the alveolar macrophages of the lung) and are widely 
distributed in most organs and tissues in elose contact with the circulating blood 
(e.g., Kupffer cells of the liver). Thus, they are in a position for viral encounter 
early in the infectious process. 

From a functional point of view, the ability of macrophages to destroy virus 
partieles and to interfere with their replication may prevent the access of virus to 
susceptible cells and reduce the amount of virus produced in these cells. Fur
thermore, the ability of the mononuelear phagocyte system to provide an influx 
of new cells from the bone marrow and blood monocyte compartments into foci 
of infection and the potential of these newly arrived and activated cells to exert 
various antiviral functions mayaiso be important in determining the outcome of 
a virus infection. 

There are two kinds of in vitra interaction between viruses and macro
phages: intrinsic and extrinsic (Morahan and Morse, 1979). 

2.1. INTRINSIC VIRUS-MACROPHAGE INTERACTION 

Intrinsie interaction refers to the outcome of virus replication in the mac
rophage per se. Macrophages may possess various degrees of intrinsie suscepti
bility (permissiveness) or resistance (nonpermissiveness) to virus replication. In 
the nonpermissive situation the virus is internalized in the macrophage by endo
cytosis and destroyed by lysosomal enzymes, or the macrophage is infected by 
the virus, but virus replication is aborted within the cello In both instances the 
macrophage represents a "blind alley" for propagation of the infection. In the 
permissive situation, on the other hand, the virus replicates productively in 
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the macrophage, and progeny particles are released to surrounding permissive 
cells. The infection may thus proceed with destruction of organs and tissues. 
Furthermore, infected monocytes in the circulation may, because of their migra
tion through the body, serve as a vehic1e for dissemination (Mims, 1964; McKen
dall et al., 1981). 

A number of experimental variables may influence the outcome of virus
macrophage interactions. First, the source of macrophages must be taken into 
account. Because of their accessibility, peritoneal macrophages have been most 
widely used, and results obtained with these cells have been extrapolated to 
predict the potentials of tissue macrophages. However, macrophages from dif
ferent anatomic compartments may differ in permissiveness for a virus. Thus, 
Rodgers and Mims (1981) found a considerable difference between permissive
ness of mouse alveolar and peritoneal macrophages for influenza virus antigen 
production. Alveolar macrophages, which may be important in the patho
genesis of the infection, were completely permissive, in contrast to peritoneal 
macrophages, which were much more restrictive. Conversely, Plaeger-Marshall 
et al. (1982) found rabbit peritoneal macrophages more permissive than alveolar 
macrophages for herpes simplex virus type 1. Generally, blood monocytes are 
more restrictive than tissue macrophages, but may gain variable degrees of 
permissiveness by being allowed to differentiate to macrophages in culture 
(Daniels et al., 1978; Linnavuori and Hovi, 1981). 

A second variable is the widespread use of nonspecific irritants such as 
proteose-peptone and thioglycollate to increase macrophage yields from the 
peritoneal cavity. Thus, Lopez and Dudas (1979) found peritoneal macrophages 
elicited with thioglycollate much more susceptible to replication of herpes sim
plex virus type 1 than normal or proteose-peptone-stimulated macrophages. 
Similar results have been reported by others (Morahan, 1984). Third, culture 
conditions are also important, as illustrated in the study by Lopez and Dudas 
(1979), in which precultivation of mouse macrophages for 3-7 days increased 
their permissiveness. Also, blood monocytes from adult humans become par
tially permissive upon culture for several days (Daniels et al., 1978; Linnavuori 
and Hovi, 1981). This effect has been related to differentiation of the monocytes 
to macrophages in cu1ture. Thus, infection of monocytes with a high multiplicity 
of infection was found to inhibit this differentiation, leaving the cells restrictive 
to virus replication (Linnavuori and Hovi, 1981, 1983). Other culture conditions 
known to influence macrophage permissiveness are the type and concentration 
of serum used (Lavelle and Bang, 1971). Finally, antiviral antibody has in some 
instances enhanced virus replication in macrophage cultures (Halstead and 
O'Rourke, 1977), presumably because of Fc receptor-mediated virus uptake into 
the cells (Schlesinger and Brandriss, 1981). 

Macrophages are generally more restrictive for virus replication than most 
other cell types (Mogensen, 1979). Therefore, it is often necessary to use indirect 
measures such as the infectious center assay to detect virus replication. This 
kind of assay only indicates the number of macrophages in a culture that sup
port virus replication, but gives no information on the amount of virus produced 
in each cello With this assay, it has been shown that even though the majority of 
macrophages may be infected (as detected by immunofluorescence), only a 
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minor fraction of the cells are releasing infectious virus. It is currently of major 
interest to relate permissiveness to any known particular heterogeneity of mac
rophages such as morphology, stage of ceH cyde, stage of differentiation, or 
surface antigen expression (Morahan 1984). 

Some virus-macrophage systems yield enough virus to allow a direct titra
tion of the extracellular or intraceHular virus produced. For instance, mouse 
hepatitis virus type 2 (Shif and Bang, 1970a) and avian influenza A virus (Lin
denmann et al., 1978) replicate to high titers in mouse macrophage cultures. 
However, in many of these instances the virus has been adapted to grow in 
macrophages, or special culture procedures favoring productive replication have 
been used, thereby making their relevance to the natural infection more ques
tionable. 

The mechanisms that render macrophages more restrictive than most other 
ceH types to a number of viruses are still an enigma. The data of Stevens and 
Cook (1971) indicate that herpes simplex virus undergoes an abortive infection 
in macrophages from adult mice. Both viral DNA and the major virus-specified 
proteins were synthesized, but only few virus partides with central dense cores 
and very few enveloped capsids were seen by electron microscopy. This sug
gests that virus-specified macromolecules are either structuraHy defective, or 
produced in insufficient amounts, or that errors exist in the assembly of the virus 
partides. 

Since the discovery of interferon in 1957 (Isaacs and Lindenmann, 1957), 
several attempts have been made to relate interferon to macrophage permissive
ness for viruses (Mogensen and Virelizier, 1987). In models of age-related and 
geneticaHy determined resistance to herpes simplex virus in the mouse it has 
been found that interferon production by macrophages correlates with re
striction of virus replication in these ceHs (Hirsch et al., 1970; Brücher et al. , 1984; 
EHermann-Eriksen et al., 1986). The nonpermissiveness of human monocytes 
for herpes simplex virus type 1 replication at a high multiplicity of infection has 
also been linked to interferon production in the cultures (Linnavuori and Hovi, 
1981, 1983). With other viruses interferon production by macrophages has not 
reflected virus replication. Thus, Hanson et al. (1969) found that mouse mac
rophages with a differential ability to replicate flaviviruses produced equal 
amounts of interferon in response to these viruses. However, in the flavivirus
macrophage system, restrictive macrophages from resistant animals were more 
sensitive to the protective action of interferon than were more permissive mac
rophages from susceptible mice. Such a differential sensitivity to interferon be
tween permissive and nonpermissive macrophages has also been described for 
myxoviruses (Haller et al., 1979a) and mouse hepatitis virus type 3 (Virelizier, 
1981). In arecent study from Gresser's group (Belardelli et al., 1984) on mac
rophage intrinsic restriction of vesicular stomatitis and encephalomyocarditis 
viruses, it was suggested that low, undetectable levels of endogenous interferon 
maintain an antiviral state in macrophages, since antiinterferon treatment of 
normal mice before macrophage harvest rendered these cells permissive to a 
subsequent viral challenge. A similar observation has been made with influenza 
virus (Haller et al., 1979a). 
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2.2. EXTRINSIC VIRUS-MACROPHAGE INTERACfION 

Extrinsic interaction refers to macrophage influence on extracellular virus 
and virus replication in surrounding cells (Morahan and Morse, 1979). Thus, in 
experimental in vitro systems macrophages have exhibited a potent extrinsic 
inhibitory effect on the replication of several viruses in permissive cells. Gener
ally, this is measured by adding macrophages to monolayers of infected per
missive cells and observing reduced cytopathic effect, plaque reduction, or re
duced amounts of intracellular or extracellular virus produced. 

Morahan and Morse (1979) have outHned the various ways in which mac
rophages might theoretically interfere with all the steps in the replication of a 
virus in a permissive cello The vulnerable stage of the infection will depend on 
the specific virus-cell interaction and, therefore, requires individual assessment 
with each virus-cell system. Special interest has focused on whether interferon 
production by macrophages or direct macrophage cytotoxicity to infected cells is 
involved. In the herpes simplex system, which has been studied in detail, these 
mechanisms do not seem to be important (Morse and Morahan, 1981). Although 
macrophage-cell contact was required for optimal activity, no substantial cell 
lysis was detected. An interferon-media ted mechanism was also discarded, 
since culture supematants did not contain detectable levels of interferon, and 
the antiviral activity was not affected by antiinterferon. Moreover, mouse mac
rophages were active in xenogeneic Vero cells. It was suggested that the effect 
was related to cytostasis through disturbance of host cell macromolecular syn
thesis. A similar conclusion was reached by Hayashi et al. (1980). Altematively, 
it has been suggested that arginase produced by activated macrophages might 
be responsible for the extrinsic inhibition of herpes simplex and vaccinia virus 
multiplication by depleting the medium of arginine, which is essential for rep
lication of the viruses (Wildy et al., 1982). This effect does not require mac
rophage-cell contact. 

Extrinsic antiviral activity is generally not a prominent feature of normal, 
unstimulated macrophages (Morahan and Morse, 1979; Hayashi et al., 1980; Koff 
et al., 1983), although it has been reported to occur in some instances (Schlabach 
et al., 1979; Stohlman et al., 1982). Therefore, extrinsic restriction of virus replica
tion can probably not be considered a "ready-to-function" barrier to the estab
lishment of virus infections in the sense that has been described for intrinsic 
restriction. However, since macrophage activation is an early event in many 
virus infections (Morahan and Morse, 1979), extrinsic activity of activated mac
rophages accumulating in established foci of infection might be important in 
diminishing further spread of the infection. 

It is currently not known whether intrinsic and extrinsic restriction of vi
ruses by macrophages are related phenomena. The fact that a given macrophage 
population may show a high activity in one and not the other character may 
indicate that this is not the case. For instance, resident macrophages are gener
ally more intrinsically resistant to herpes simplex virus replication than thio
glycollate-induced macrophages, whereas only the latter show high extrinsic 
restriction (Morahan, 1984). Likewise, Stohlman et al. (1982) were unable to 
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correlate extrinsic and intrinsic macrophage antiviral activity toward mouse hep
atitis virus. Preliminary information from the study of Wildy et al. (1982) on the 
role of macrophage arginase in extrinsic restriction of viruses indicates that self
starvation of arginine may not be the effector mechanism in intrinsic restriction. 
However, arecent study has shown that 'Y-interferon-activated macrophages 
express intrinsic restriction and that this is possibly media ted by arginase pro
duction, since addition of increasing doses of arginine to the macrophage 
cultures abrogated the induced restriction (Sethi, 1983). Probably, the effector 
mechanisms in both systems, and thus their relationship, may depend on the 
particular virus-macrophage pair studied and on the experimental protocol 
used. 

3. INDICATIONS FOR A ROLE OF MACROPHAGES IN NATURAL 
RESISTANCE TO VIRUS INFECTIONS 

No model exists of complete macrophage deficiency comparable to the com
plete lack of elements of the lymphoid system in certain human immunodefi
ciency diseases or experimental animals (e.g., the T-cell-deficient nude mouse). 
Therefore, evidence for a primary role of macrophages in natural resistance to 
virus infections has accumulated from a multitude of observations from experi
mental studies, in which manipulations of the macrophage system in an upward 
or downward direction have influenced the outcome of virus infections. In other 
instances, naturally occurring models with differences in virus-macrophage in
teractions have been exploited to correlate the outcome of this interaction with 
the overall resistance or susceptibility of the host (Mogensen, 1979). Examples 
are provided below of studies that have led to the concept that the early virus
macrophage interaction has vital importance for the final outcome of a virus 
infection. 

3.1. STUDIES ON MACROPHAGE TRANSFER 

This approach has been successfully used in experimental infections with a 
number of viruses, including Semliki Forest and encephalomyocarditis (Glas
gow, 1970), herpes simplex type 1 (Hirsch et al., 1970) and type 2 (Mogensen, 
1978), murine cytomegalovirus (Seigrade and Osborn, 1974), Coxsackie B-3 
(Rager-Zisman and Allison, 1973), rabies (Turner and Ballard, 1976), and mouse 
hepatitis viruses (Stohlman et al., 1980). 

Most studies on the effect of macrophage transfer have been performed in 
inbred strains of mice, in which macrophages from virus-resistant adults have 
been transferred to usually more susceptible young or suckling mice. Protection 
of the recipient against a subsequent virus infection has then been ascribed to 
the transferred cells. The effect of macrophage transfer is generally monitored by 
studying overall mortality, mean survival time, or the kinetics of virus growth 
and lesion development in selected target organs. Of these, the latter are more 
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sensitive markers for macrophage protection and also disclose at which stage of 
the infection the transferred cells are exerting their effect. As an example, death 
from encephalitis of herpes simplex virus-infected suckling mice was signifi
cantly reduced only when 6 x 106 stimulated macrophages were transferred 
(Hirsch et al., 1970), whereas we have observed markedly reduced early virus 
growth in the liver of young mice after intravenous transfer of 2 x 106 resident 
peritoneal macrophages from resistant adult mice (Mogensen, 1978). Probably, 
macrophages are less important in the central nervous system than in the organs 
of the reticuloendothelial system. Furthermore, the intravenous route of trans
ferring cells may be especially suited to protect the liver from subsequent infec
tion, since approximately 60% of peritoneal macrophages injected by this route 
are localized in the liver within a few hours after inoculation (Roser, 1965). 

3.2. STUDIES ON MACROPHAGE BLOCKADE 

As mentioned, no good model of naturally occurring macrophage deficien
cy exists. However, a number of studies have tried to evaluate the role of 
macrophages in host resistance to virus infections by treatment of animals with 
antimacrophage serum or chemical agents more or less selectively toxic to mac
rophages (Mogensen, 1979). 

The first attempts to modify the course of virus infections by antimacro
phage serum were made in mice by Panijel and Cayeux (1968), with equivocal 
results: increasing susceptibility to yellow fever virus and apparent protection 
against encephalomyocarditis virus infection. Later studies have shown increase 
in susceptibility to vesicular stomatitis (Hirsch et al., 1969), herpes simplex 
(Zisman et al., 1970), and rabies (Turner and Ballard, 1976) viruses. These studies 
were done with emde xenogeneic antisera with inherent specificity problems. 
The use of monoclonal antibodies reacting specifically with macrophages should 
allow more precise interpretations in future studies. 

Among the macrophage toxic agents, silica has been the most widely used 
(Mogensen, 1979) and treatment with this compound can increase the severity of 
many experimental virus infections (reviewed by Mogensen, 1979). It was origi
nally described by Allison and co-workers (1966) to be selectively toxic to mac
rophages. However, in recent years some silica preparations have been found 
also to affect adversely the function of other cell types, including lymphocytes 
(Wirth et al., 1980). On the other hand, silica treatment may be followed by an 
enhanced antibody response to viruses, either because of an increased antigenic 
stimulus due to the unchecked viral growth, or because macrophages are in
volved in suppression of antibody-producing cells (Knoblich et al. , 1983). There
fore, when using silica, it is important to look for an effect during the early 
phases of the infection and to use standardized silica preparations, for instance 
the original Dörentrup silica described by Allison (Allison et al., 1966). 

The complex interaction of silica with virus infections of macrophages was 
also illustrated in the study of duBuy (1975) on lactic dehydrogenase virus infec
tion of mice. This virus replicates mainly, or exclusively, in monocytes/ 
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macrophages. Administration of silica i.p. actually increased virus replication in 
the peritoneal cavity, presumably because of a silica-induced rapid influx of 
monocytes (and thus new targets for the virus) into the peritoneal cavity. Con
versely, Schindler et al. (1984) found that i.p., but not Lv., silica treatment 
conferred early protection to mice against i. p. infection with mouse hepatitis 
virus type 3. The protection was correlated with a temporary elimination by 
silica of peritoneal macrophages, and the effect was ascribed to a depletion of 
this early target cell for virus replication. 

3.3. STUDIES ON MACROPHAGE ACTIVA TION 

Induced or naturally occurring nonspecific activation of macrophages is often 
accompanied by an enhanced resistance to virus infection, an indication for a role 
of macrophages in the natural defense against the infections (Mogensen, 1979). 

Mice treated with immunomodulators such as pyran copolymer and bacte
rial adjuvants such as BCG or Propionibacterium acnes (formerly known as Cor
ynebacterium parvum) exhibit increased resistance to a number of viruses together 
with augmented extrinsic and intrinsic antiviral activity of their macrophages 
(Morahan and Morse, 1979). However, the sole role of macrophages in this 
phenomenon may be questioned. Immunomodulators are known to activate 
other potential early defense systems, for instance interferon, which might exert 
an antiviral activity in its own right or through activation of natural killer cells 
(Morahan and Morse, 1979; Kirchner, 1982). Pyran and P. acnes still induce 
resistance in 89Sr-marrow-ectomized mice (Morahan et al. , 1982). These mice are 
severely monocytopenic and show low natural killer cell activity without impair
ment of tissue macrophage functions (Volkman et al., 1983). This indicates that 
the immunomodulators do not act through activation of a marrow-dependent 
ceIl, but may exert a direct action on tissue macrophages. However, this as
sumption is challenged by the finding that resistance induced by pyran and P. 
acnes is not reversed by treatment with silica (Morahan et aZ., 1982). 

Further evidence for the antiviral potential of nonspecifically activated mac
rophages has emerged from studies in congenitally athymic nude mice and mice 
with a graft-versus-host reaction. Common features of these animals are severe 
immunodeficiency together with hyperactivity of the mononuclear phagocyte 
system (Mogensen, 1979). They are generally considered highly susceptible to a 
number of naturally occurring infectious diseases because of their inefficiency in 
mounting a specific immune reaction. However, in several studies it has been 
documented that they actually have an unexpected enhanced primary resistance 
to experimental infections with a number of pathogens, including bacteria, 
yeasts, and viruses (Mogensen, 1979). Thus, nude mice are considerably more 
resistant than their normallittermates to the induction of focal necrotizing hepa
titis by herpes simplex virus type 2, with a pronounced ability to restrain virus 
multiplication in the liver during the first days of the infection (Mogensen and 
Andersen, 1978). Macrophage involvement in this early resistance was indicated 
by the findings that silica treatment abolished the augmented resistance and that 
macrophages from nude mice exhibited enhanced intrinsic restriction of the 
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virus. Likewise, Raa et al. (1977) have demanstrated restriction of vaccinia virus 
replication in macrophages from nude mice. Probably, an increased intestinal 
bacterial flora of nude mice is responsible for a sustained nonspecific macro
phage activation, since macrophages from nude mice, raised under germ-free 
conditions (Rao et al., 1977) or treated with antibiotics (Nickol and Bonventre, 
1977), do not have activated macrophages. 

3.4. STUDIES ON VIRUS STRAIN- OR TYPE-RELATED RESISTANCE 

Closely related virus strains or virus types differing in pathogenicity or 
virulence for a particular host have been used as valuable means of defining host 
defense mechanisms. In several cases, a difference in the ability of a pair of such 
viruses to replicate productively in macrophages from an animal has been corre
lated to a differential ability of the viruses to initiate infection in the intact 
animal. This was first shown by Bang and Warwick (1957) with avirulent and an 
avirulent strain of Newcastle disease virus. Later, a similar correlation was 
shown with virulent and avirulent strains of ectromelia (Roberts, 1964), vaccinia 
(Mims, 1964), mouse hepatitis type 2 (Shif and Bang, 1970b), and lymphocytic 
choriomeningitis (Tosolini and Mims, 1971) viruses. In other instances such a 
correlation has not been found. Thus, virulent and avirulent strains of mouse 
cytomegalovirus (SeIgrade and Osborn, 1974; Brautigam et al.. 1979) and influ
enza virus (Rod gers and Mims, 1981) did not differ in their ability to replicate in 
macrophages, which indicates that this property is only one among several 
virulence determinants of viruses. 

Also, inherent differences in pathogenicity for different types of related 
viruses have been correlated with differences in virus replication in macro
phages. Mouse hepatitis virus exists in several closely related serotypes with 
various degrees of pathogenicity in mice. The nonpathogenic type 1 does not 
multiply in mouse macrophages (Allison, 1974), whereas the pathogenic types 2 
and 3, which after i. p. inoculation produce fatal hepatitis, readily infect mouse 
peritoneal macrophages and grow to high titers with distinct cytopathic effect 
(Bang and Warwick, 1960; Virelizier, 1981). The marked difference in mouse 
hepatotropism between the two types of herpes simplex virus (type 2 readily 
induces focal necrotic hepatitis in mice, in contrast to type 1) was correlated with 
a far better restriction of herpes simplex virus type 1 than of type 2 in mac
rophages from mice (Mogensen, 1977a). Furthermore, blockade of the mac
rophage function of the animals by silica almost completely eliminated the 
pathogenic distinction between liver infections with the two types, allowing also 
type 1 to induce liver necrosis (Mogensen and Andersen, 1977). 

3.5. STUDIES ON AGE-RELATED RESISTANCE 

The ability of many viruses to replicate productively in macrophages dra
matically decreases with increasing age of the macrophage donor (Mogensen, 
1979). Likewise, extrinsic antiviral activity is age-related (Schlabach et al. , 1979; 



216 S0REN C. MOGENSEN 

Hayashi et al., 1980). This maturation of macrophage antiviral potendes occurs 
concomitantly with the well-known age-related increase in resistance to many 
experimental virus infections, whieh is particularly obvious from the neonatal to 
the weaning period. In most instances this phenomenon is observed only after 
peripheral inoculation of the virus; adult animals remain highly susceptible to 
intracerebral challenge. This led very earlY to the concept of the development of 
"barriers" to the spread of virus from the periphery to highly susceptible target 
organs (Sabin and Olitsky, 1937). Early macrophage restriction of virus replica
tion has been considered such a barrier in a number of infections (reviewed by 
Mogensen, 1979). 

The cellular basis for age-dependent resistance of mice to herpes simplex 
virus encephalitis was first demonstrated by Johnson (1964). He showed by 
immunofluorescence that the macrophage represents the cellular level at which 
the infection is arrested in adult mice. Later studies with macrophage blockade 
(Zisman et al., 1970) and macrophage transfer (Hirsch et al., 1970) corroborated 
this notion. The age-dependent development of resistance to visceral infection 
with herpes simplex virus has also been related to maturation of the antiviral 
potency of macrophages (Mogensen, 1978). The human counterpart to these 
animal model infections is neonatal infection with herpes simplex virus (Nahmias 
et al., 1975). This life-threatening infection is characterized by a widespread 
dissemination of the virus with lesions in many organs, including the central 
nervous system and the liver. A disproportionate number of cases are seen in 
premature infants (1:1.4 against expected 1:8 to 1:10), suggesting that immature 
host defenses (for example, macrophage function) are responsible for the ease in 
contracting the infection. 

3.6. STUDIES ON GENETICALLY DETERMINEO RESISTANCE 

The earliest reports on a genetic basis for resistance to animal virus infec
tions were published half a century ago (Gowen and Schott, 1933; Lynch and 
Hughes, 1936; Webster, 1937). Since then, the inheritability of resistance to virus 
infections has been demonstrated in several animal models and the genetics 
explored (Bang, 1978). In some instances a single dominant gene has a major 
impact on resistance. Classieal examples of this in miee are resistance to fla
viviruses and susceptibility to mouse hepatitis virus type 2, both of whieh are 
inherited as monogenie autosomal dominant characters. Some examples are 
discussed below of virus infections in whieh macrophages express at the cellular 
level the genetieally determined resistance seen in vivo. 

3.6.1. Flaviviruses 

Ouring the thirties, Webster (1937) developed, by selective breeding, strains 
of mice that differed greatly in resistance to flaviviruses. Genetic analysis indi
cated that resistance was dominant and unifactorial. In the fifties, Sabin (1952) 
extended this work on nonselected PR! and C3H strains of miee and found PR! 
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mice resistant and C3H mice susceptible to a number of flaviviruses. The work of 
Sabin also indicated that resistance opera ted at the level of individual cens. 

In extensive studies with West Nile virus, Goodmann and Koprowski (1962) 
concluded that cens of the reticuloendothelial system expressed the gene for 
flavivirus resistance. Thus, cultures of peritoneal and splenic macrophages from 
resistant and susceptible mice differed greatly in permissiveness for the virus, 
and this trait segregated as expected in macrophage cultures from backcross 
mice. Also macrophages from congenic resistant C3HRV mice, differing from 
susceptible C3H mice only at the gene for flavivirus resistance, expressed the 
resistance phenotype in vitro. 

The depressed flavivirus replication in cens from resistant mice was found 
in the original reports to involve macrophages selectively. Later studies revealed 
that other cen types, for instance, brain cens and fibroblasts, also express fla
vivirus resistance (Damen and Koprowski, 1974; Brinton, 1981). However, this 
finding does not rule out a role for the macrophage barrier in resistance, but only 
implies that the resistance gene also operates, if the barrier has been broken. 

The mechanism of action of the flavivirus resistance gene is not funy under
stood. Neither differential interferon production nor interferon sensitivity seems 
to play any particular role (Brinton, 1981). Studies by Damen and Koprowski 
(1974) have indicated that the production of defective interfering particles by 
resistant cells may be important. However, this may not constitute the only, or 
even major, mechanism by which virus replication is blocked in resistant cells. 

3.6.2. Coronaviruses 

Infection of mice with mouse hepatitis virus type 2 provides the best exam
pIe of susceptibility inherited as a dominant, monogenic trait. Studies over two 
decades by Bang and co-workers (reviewed by Bang, 1978) on mouse resistance 
to infection with this virus have yielded evidence that macrophages represent a 
cellular barrier to virus access to the liver. Genetic analyses of several strains of 
mice have shown a complete agreement between mouse and macrophage sus
ceptibility to the virus. It is interesting to notice that the same two strains of 
mice (PR! and C3H) have been used in studies of the genetics of macrophage 
resistance to mouse hepatitis virus and flaviviruses and that the strain suscepti
ble to mouse hepatitis virus is resistant to flaviviruses and vice versa. This 
indicates that virus-macrophage interactions require individual assessment 
with each virus-host system. 

Infection with mouse hepatitis virus type 3, another member of the coro
navirus family, also differs in various mouse strains (Virelizier, 1981). Most 
strains undergo alethal, systemic infection with this virus, whereas the A mouse 
is fully resistant. C3H mice show an intermediate susceptibility in that they resist 
the acute phase of the infection, but develop a chronic progressive disease. In all 
cases there is a precise correlation between the ability of the virus to replicate 
productively in macrophages with formation of multinucleated giant cells and 
the in vivo course of the infection (Virelizier, 1981). With the neurotropic mouse 
hepatitis virus strain JHM, resistance was also found to be correlated to intrinsic 
restriction of virus replication in macrophages, whereas macrophages from re~ 
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sistant and susceptible mice showed the same degree of extrinsic antiviral 
activity (Stohlman et al., 1982). 

Several attempts have been made to elucidate the mechanism of macro
phage restriction of mouse hepatitis viruses (Bang, 1978; Virelizier, 1981). Re
sistance is dearly expressed at the level of individual ceIls, and interferon 
production by macrophages does not seem important. Although various manip
ulations of macrophage cultures (transfer of extracts from susceptible to resistant 
cultures, cortisone treatment, and addition of supernatants from allogeneic 
mixed lymphocyte cultures or Con A-stimulated lymphocytes) have been found 
to modify the virus-macrophage interaction, these studies have not darified the 
situation. On the basis of studies with antiinterferon treatment, Virelizier (1981) 
has suggested that endogenous interferon, produced in response to the virus 
infection in question and also to past exposure to other infections may be essen
tial for the acquisition of the ability of macrophages to restrict virus replication, 
and that the efficiency of interferon to do this varies in different mouse strains. 

3.6.3. Herpesviruses 

Studies of inbred mice have revealed a marked difference in resistance 
among various strains to both herpes simplex virus type 1 and type 2. Thus, 
Lopez (1975) found resistance to herpes simplex virus type 1-induced encepha
litis to be dominant and governed by at least two independent, non-H-2-linked 
genes, whereas we found resistance to hepatitis induction by herpes simplex 
virus type 2 to be influenced by one major X-linked dominant gene (Mogensen, 
1977b; Pedersen et al., 1983). 

With both types of the virus, macrophages from resistant strains of mice 
exert higher intrinsic restriction of virus replication than macrophages from 
susceptible strains, a difference that is not seen in fibroblast cultures. In the case 
of herpes simplex virus type 2, macrophage restriction of virus replication corre
lated with resistance in the FI generation. This has been confirmed by Armerd
ing et al. (1981). Furthermore, high and low restriction segregated dose to a 1: 1 
ratio in macrophage cultures prepared from individual mice in the BCI genera
tion, indicating that a single gene is at work. With the type 1 virus, Lopez and 
Dudas (1979) were not able to relate the genetics of macrophage restriction of 
virus replication to resistance. Although FI mice were resistant to the infection, 
macrophages from these mice replicated the virus as weIl as did macrophages 
from the susceptible parent. One reason for the different results obtained with 
the two virus types might weIl be found in the experimental approaches used. 
The results with type 2 were obtained with normal peritoneal macrophages 
infected in vivo or the day after plating in culture, whereas the results with type 1 
were derived from thioglycollate-induced or 4-day-cultured macrophages, 
which have lost much of the native restriction capability against the virus. 

Interferon is probably involved in the genetically determined antiviral ac
tion of macrophages against herpes simplex virus. Thus, we have found that 
resistance to herpes simplex virus type 2 in mice, macrophage restriction of virus 
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replication, and the very early interferon response in vivo and by macrophages in 
vitro all show the same genetics, with the influence of an X-linked locus 
(Mogensen, 1977b; Pedersen et al., 1983; Ellermann-Eriksen et al., 1986). The 
finding of an identical, and, in the context of natural resistance to virus infec
tions, unusual mode of inheritance of two defense mechanisms dearly indicates 
that they may be interdependent. Recently we have also provided evidence that 
macrophages from virus-resistant mice exhibit a genetically determined higher 
interferon sensitivity than do macrophages from virus susceptible mice (Eller
mann-Eriksen and Mogensen, submitted for publication). 

3.6.4. Myxoviruses 

Mice of the A2G strain express a pronounced and selective resistance to 
various orthomyxoviruses (reviewed by Haller, 1981). Resistance has been at
tributed to a single dominant gene designated Mx. For many years the phe
notypic expression of the Mx gene was an enigma. In 1978 it was shown that 
peritoneal macrophages and Kuppfer cells from A2G and F1 mice, as opposed to 
macrophages from a number of susceptible mouse strains, resisted replication of 
influenza virus (Lindenmann et al., 1978). Furthermore, resistance and suscepti
bility of individual mice and their macrophages cosegregated in a ratio dose to 
1: 1 in backerosses between resistant F1 mice and susceptible mice, indicating 
that resistance in vivo and macrophage restriction of virus replication were relat
ed. However, in elegant studies with radiation chimeras it was later found that 
lethally irradiated Mx + mice substituted with macrophage precursors from sus
ceptible Mx- mice, and vice versa, expressed the resistance phenotype of the 
recipient, in spite of the fact that their macrophages expressed the phenotype of 
the donor (Haller et al., 1979b). Thus, macrophage resistance and resistance of 
the intact animal seemed to not be causally related. Instead, it is now dear that 
the Mx gene determines the sensitivity of individual cells, induding macro
phages but also parenchymal cells, to an influenza virus-specific antiviral action 
of interferon (Haller et al., 1980). However, only macrophages show a con
stitutive expression of the Mx gene (the Mx protein), indicating that these cells 
res pond more efficiently to low levels of endogenous interferon (Dreiding et al., 
1985; Staeheli and Haller, 1987). 

4. CONCLUDING REMARKS 

Macrophages represent an important early barrier to the establishment of 
virus infections through their ability to exert intrinsic and extrinsic restriction of 
virus replication. Of these two antiviral mechanisms, intrinsic restriction is prob
ably the most important during initiation of the infection, since it represents a 
constitutional part of the body's defense, which is immediately available. Extrin
sic restrietion, on the other hand, may become more important during the 
course of the infection, since it is exdusively or most effectively carried out by 
activated macrophages. Other natural defense systems like interferon and natu-
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ral killer cells are only briefly discussed. This does not reflect an underestimation 
of their obvious (interferon) or potential (natural killer cells) importance in re
sistance; probably they work in concert during virus infection (Mo gen sen and 
Virelizier, 1987). Future work should assess their relative importance and coop
eration in the early defense network against virus infections. The basic nature of 
the antiviral action of macrophages and the possibilities for positive modulation 
of the antiviral properties of these cells should also receive more attention. 
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