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INTRODUCTION lar endothelium, lack of membrane surface re-

In analyzing host defense mechanisms against
virus infections, two aspects have to be consid-
ered. The first aspect concerns the mechanisms
by which the host displays resistance to and
recovers from viral infections encountered for
the first time in life; the second concerns the
defense mechanisms mounted by an immune
host to reinfection. In both instances, the prin-
cipal tasks of host defenses are to prevent estab-
lishment of infection and, if infection has hap-
pened, to interfere with virus multiplication,
limit the spread of infection, and finally elimi-
nate the virus. To achieve this, a complex inter-
action of both specific and nonspecific host de-
fense mechanisms has to be at work.

In primary infections, nonspecific host resist-
ance factors represent the main line of defense
during the first few days of infection. These
consist of preexisting defense mechanisms, such
as barriers to virus penetration (cutaneous epi-
thelium, ciliated respiratory epithelium, vascu-

ceptors, etc. [94]), nonspecific viricidins in body
fluids (138), and phagocytosis leading to virus
destruction (98). A further series of nonspecific
antiviral principles are induced fairly rapidly.
These are factors like interferon (15, 67), ele-
vated body temperature (86), and acid pH and
hypoxia in inflammatory exudates (14). By in-
terfering with the early stages of virus invasion,
multiplication, and spread to susceptible organs,
the nonspecific host defenses may be important
in determining the outcome of a virus infection.
Final recovery from a fully established infection,
however, is probably determined by the specific
immune response, appearing some days after the
initiation of infection.

In addition to being of importance in recovery
from fully established primary infections, spe-
cific host responses are the main defense mech-
anisms against reinfection with the same or an-
tigenically closely related organisms. They are
mounted by cells of the lymphoid system and
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involve the production by the B-lymphocyte
system of antibodies with the capacity to neu-
tralize extracellular virus and cellular immunity
mediated by sensitized T lymphocytes. Being
immunological in nature, they are specifically
induced and act specifically against the virus
concerned. An intense interaction between B-
and T-cell-mediated immune responses to virus
infections occurs, and other factors, such as com-
plement and cells from the mononuclear phago-
cyte system (macrophages) are involved as
helpers or mediators in the immune response
3).

The objective of this review was to analyze
the role played by macrophages in natural re-
sistance to primary virus infections. Special em-
phasis is placed on the key role of macrophages
as a first line of defense at the portal of entry or
in target organs of crucial importance for the
outcome of an infection. The review does not
emphasize immunological aspects of virus-mac-
rophage interactions; information on this topic
can be found in other reviews (3, 23).

THE MONONUCLEAR PHAGOCYTE
SYSTEM

The term macrophage (“large eater”) was
introduced by Metchnikoff in 1892 (95). He clas-
sified phagocytic cells as “macrophages” and
“microphages” (polymorphonuclear leukocytes)
on morphological and functional grounds. He
demonstrated that these cells play an important
role in resistance to bacterial infections by en-
gulfment and digestion of the invading micro-
organisms. Mononuclear phagocytes resident in
various organs and tissues were, according to
Metchnikoff, closely related and belonged to a
“macrophage system.”

This system was further elaborated by Aschoff
(8), who grouped reticular cells of the spleen and
lymph nodes and reticuloendothelial cells of the
lymph and blood sinuses as well as histiocytes,
splenocytes, and blood monocytes in a unifying
cell system called the “reticuloendothelial sys-
tem.” Despite much criticism (92) and sugges-
tions of other terms, such as the “reticulohistio-
cyte system” (144, 156), the concept of Aschoff’s
reticuloendothelial system has been widely ac-
cepted and used until today. However, our cur-
rent knowledge of phagocytic mononuclear cells
recently demanded a reevaluation of the classi-
fication of these cells. On the basis of morphol-
ogy, function, and kinetics of development, all
highly phagocytic mononuclear cells and their
precursors can fit into one cell lineage called the
“mononuclear phagocyte system” (154).

The morphology of cells of the mononuclear
phagocyte system depends to certain degrees on
the species of animal, the anatomical site, and
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the degree of development or stimulation (60).
Certain common characteristics can, however,
be outlined. They are fairly large cells with
varying amounts of cytoplasm and a reniform or
oval nucleus. Cytoplasmic organelles for secre-
tory activities are abundant in the more mature
forms present in the tissues (154). Ruffling of
the surface membrane, easily recognized in
phase-contrast or electron microscopy, is a spe-
cific morphological characteristic of the mono-
nuclear phagocytes as compared with lympho-
cytes (60).

The functional properties shared by cells of
the mononuclear phagocyte system are avid
phagocytosis, pinocytosis, and the ability to ad-
here firmly to a glass or plastic surface (154).
Glass adherence is a major means of isolating
the cells. Other cell types (for example, fibro-
blasts, reticular cells, and endothelial cells) can
also phagocytize foreign particles, but to a much
lower degree (116). Furthermore, the ingestion
of particles by mononuclear phagocytes is en-
hanced by the presence of specific immunoglob-
ulins with or without complement (“immune
phagocytosis”), because these cells have Fc (18)
and complement (78) receptor sites at the cell
membrane. This is probably not the case with
the other cell types.

Cytokinetic studies have shown that the cells
of the mononuclear phagocyte system and their
precursors represent a single cell lineage (153).
Mononuclear phagocytes originate from precur-
sor cells of the bone marrow; here, these cells
mature into promonocytes and monocytes.
Monocytes are transported via the blood to or-
gans and tissues, where they finally mature into
macrophages.These are histiocytes of connective
tissue; Kupffer cells of the liver; alveolar mac-
rophages of the lungs; free and fixed macro-
phages of the spleen, lymph nodes, and bone
marrow; and macrophages monitoring serous
spaces, such as the pleural and peritoneal cavi-
ties. Osteoclasts of bone tissue and microglial
cells of the nervous system have more tenta-
tively been included in the system (154). Blood
monocytes continuously “feed” these compart-
ments with new cells. In sites of inflammation,
the recruitment of monocytes from the blood is
greatly accelerated, although local multiplica-
tion of mature macrophages apparently may also
occur (111).

ASSESSMENT OF VIRUS-
MACROPHAGE INTERACTIONS IN
VITRO

Sources of Macrophages

Macrophage cultures are easily started and
can be maintained in vitro for weeks (68); in fact,
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macrophages were one of the first cell types to
be established in culture (27). In mammals and
birds, cells can be obtained from serous cavities
or various organs. The choice of a macrophage
donor depends on the particular virus-host in-
teraction under study and the cell number re-
quired for the investigations. For many pur-
poses, the mouse is a convenient experimental
animal, because different inbred and congenic
strains are available. From the peritoneal cavi-
ties of mice as well as rats, rabbits, and guinea
pigs, resident macrophages can be harvested by
simple lavage of the cavities with buffered saline
or culture medium (31, 36). To increase the yield
of cells, various inflammatory agents, such as
mineral oil, glycogen, proteose-peptone, etc., are
often used to induce an exudate in the peritoneal
cavity. However, in addition to increasing the
yield, individual cells harvested will be in a state
of activation and may not reflect the properties
of native, uninduced cells (36). Other sources of
macrophages have been used. Large numbers of
alveolar macrophages can be obtained by lavage
of the lower respiratory tracts of experimental
animals (108). Bovine macrophages in enormous
quantities can be harvested from the mammary
gland after infusion of lipopolysaccharide in the
gland (157). By explanting fragments of livers
from newborn mice onto a reconstituted collagen
substrate (37) in a medium supplemented with
horse serum and chicken embryo extract, Bang
and Warwick (13) obtained migration of liver
macrophages away from the explants. Recently,
a technique has been described by which liver
macrophages can be isolated by perfusion and
digestion with Pronase (38).

In humans, the only readily accessible source
of cells of the mononuclear phagocyte system is
monocytes from peripheral blood. Several meth-
ods for the isolation of these cells have been
devised, including gradient centrifugation on
dense albumin (17) or Ficoll-Hypaque (24) so-
lutions combined with a glass adherence step.
After 2 or 3 days in culture, the cells show
macrophage characteristics.

In Vitro Studies on Virus-Macrophage
Interactions

The ability of virus particles to grow in mac-
rophages can be a major pathogenicity or viru-
lence factor in virus diseases, because macro-
phages monitor the main body compartments
and thereby may determine the access of virus
particles to susceptible tissues or organs (98).
Several in vitro methods have been used in the
study of virus particle uptake into and replica-
tion in macrophages. Although the outcomes of
virus-macrophage interactions as regards these
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parameters have been elucidated for many vi-
ruses, little is still known about the intracellular
events which enable a virus to replicate in the
macrophage instead of being digested or what
factors determine the failure of macrophages to
digest the virus particle, making a replication
possible (99). Because the yields of infectious
virus released from infected macrophages are
very low for many viruses as compared with the
yields from other cell types, indirect assays are
often used to estimate the ability of a virus to
replicate in these cells.

Adsorption. The first step in virus-macro-
phage interaction is adsorption of the virus par-
ticle to the cell. Adsorption experiments can be
conducted with both monolayer and suspension
cultures of macrophages. Two different ap-
proaches to the assessment of adsorption have
been applied. The first uses measurement of the
fractions of residual, unadsorbed virus in the
culture medium after different times of adsorp-
tion (101, 135, 141). Appropriate controls with-
out macrophages have to be included to take
account of heat inactivation and adherence of
virus to the glass or plastic surface. By the
second method, the amount of intracellular virus
is determined after various times of adsorption
and thorough washing of the cultures (62, 146).
This method misses the eclipsed virus and thus
does not accurately reflect the total amount of
adsorbed virus. The information gained of dif-
ferences in virus particles replication in various
virus-macrophage systems is only valid if the
adsorption rates are equal.

Direct assay of virus growth. In some vi-
ruses, it has been possible to measure directly
virus growth in cultured macrophages by simple
titration of extracellular virus released into the
culture medium or of intracellular virus released
from the cells by freezing and thawing or ultra-
sonic vibration. In one of the most productive
systems studied, Shif and Bang (135) were able
to grow mouse hepatitis virus type 2 (MHV-2)
in cultures of peritoneal macrophages from sus-
cggtible Princeton (PRI) mice to titers close to
10" macrophage tissue culture mean infective
doses per ml. The replication of MHV-3 in mac-
rophages has also been demonstrated by a sim-
ple titration approach (155). Lactic dehydrogen-
ase virus replicates mainly, or perhaps exclu-
sively, in mouse macrophages (35) and grows to
high titers in cultures of these cells (34). Linden-
mann et al. (82) adapted a strain of avian influ-
enza A virus to grow to high titers in mouse
macrophage cultures as assessed by virus titra-
tion and hemagglutinin measurement. Less effi-
cient is the replication of flaviviruses in mouse
macrophages, but direct titrations of West Nile
virus and yellow fever virus yields from mouse
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macrophage cultures prepared from resistant
and susceptible strains of mice have been sensi-
tive enough to reveal the importance of macro-
phages in determining resistance to these viruses
(48, 49). Growth of vaccinia virus in macrophage
cultures from mice (118) and rabbits (131) has
been used to evaluate the role of activated and
immune macrophages in host defenses. For
herpes simplex virus type 1 (HSV-1) (69, 141)
and murine cytomegalovirus (132), the yields
have generally been less than 10% of the initial
inocula.

Indirect assays of virus growth. Indirect
assay methods have been used to measure virus
growth in virus-macrophage systems in which
the yields are too small for direct titration. Fur-
thermore, these techniques (i.e., immunofluores-
cence, electron microscopy, and autoradiogra-
phy) have been used in attempts to disclose the
intracellular events occurring in virus-infected
macrophages.

(i) Infectious center assays. In infectious
center assays, the infected macrophages are co-
cultivated with a permissive cell monolayer.
Two major modifications of the technique have
been applied. Either macrophages are grown on
a glass or plastic surface, infected with the virus,
and finally overlaid with a monolayer of suscep-
tible target cells (62, 69, 101, 146), or a suspen-
sion of infected macrophages is added to a pre-
formed permissive monolayer (117, 132, 150).
The release of infectious virus from the macro-
phages can then be estimated by counting the
number of infectious centers appearing in the
indicator cell monolayer either as plaques (62)
or as fluorescent foci (69). It is important that
all nonadsorbed virus be eliminated before co-
cultivation; this is usually achieved by washing
the macrophages with antiserum. Another im-
perative demand in these assays is to work with
pure macrophage populations without contami-
nation with permissive cells, such as fibroblasts.
The infectious center assays indicate the number
of macrophages in the culture that support virus
replication, but they do not give any information
of how well the individual cells do so.

(ii) Cytopathology. Direct observation of
cytopathic changes of virus-infected macro-
phages has not been widely used to evaluate
virus-macrophage interactions because cellular
changes are not very prominent with many vi-
ruses studied. However, MHV-2 causes such
marked degenerative changes in macrophages
from susceptible mice that this effect has been
used as the main marker for susceptibility or
resistance of whole animals to the virus (13, 71),
and it has been possible to develop a plaque
assay for this virus in macrophage monolayers
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(134). Similarly, MHV-3 induces another easily
detectable cytopathic effect in macrophages
from susceptible mice with the formation of
multinucleated giant cells (90, 155). A macro-
phage-adapted strain of avian influenza virus
induces rounding and clumping of macrophages
from susceptible mice with a characteristic blur-
ring of the outlines of the cells (82). Occasional
production of polykaryocytes by HSV-1 in
mouse macrophage cultures was described by
Stevens and Cook (141).

(iii) Immunofluorescence. Immunofluo-
rescent visualization of virus antigen in infected
macrophage cultures has proven useful in study-
ing both quantitative and qualitative aspects of
virus-macrophage interactions. Both direct and
indirect techniques have been used. By these
methods, information has been gained of the
actual numbers of macrophages being infected
with West Nile virus (49, 150), ectromelia virus
(122), HSV (69, 141), lymphocytic choriomen-
ingitis virus (145), and MHV (155). Furthermore,
the time courses of intracellular development of
virus antigen have been followed in macrophage
cultures infected with HSV (69) and ectromelia
virus (122), and the transmissions of newly syn-
thesized HSV (69) and MHV (152) to surround-
ing macrophages have been monitored. Specific
results obtained by using the immunofluores-
cence technique in various virus-macrophage
systems are given in more detail in later sections
of the review.

(iv) Electron microscopy. Although elec-
tron microscopy should offer a good means of
studying the morphogenesis of virus particles in
macrophages, it has only been applied in a few
studies. Johnson (69) found that suckling mouse
macrophages infected by HSV-1 contained large
numbers of apparently normal virus particles in
the cytoplasm. Stevens and Cook (141), on the
other hand, found in their study of adult mouse
macrophages that only a few morphologically
complete HSV particles were seen in the cyto-
plasm of infected macrophages, whereas most
cells contained empty capsids lacking a dense
central core. Other models with similar age-de-
pendent restrictions of virus growth or models
with genetically determined or virus strain-re-
lated restrictions could probably take advantage
of the technique in a search for the mechanisms
by which virus replication is restricted in mac-
rophages.

(v) Tracer techniques. Macrophages do not
divide in vitro (16), and deoxyribonucleic acid
(DNA) synthesis in macrophages infected with
DNA viruses can generally be regarded as virus
specific. Macrophages labeled with [*H]thymi-
dine during infection incorporate the radioactive
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material into nascent virus-specified nucleic
acid, which can then be assayed by counting
disintegrations in extracted DNA (40, 141). The
viral origin of the DNA can be verified by buoy-
ant density determination after equilibrium sed-
imentation in CsCl gradients (141) or by com-
parisons of reassociation kinetics (40). The pro-
portion of infected macrophages producing viral
DNA may be determined by autoradiography
(69, 141). Virus-induced protein synthesis in in-
fected macrophages can be detected by labeling
the infected cells with [*H]thymidine and '“C-
labeled reconstituted protein hydrolysates and
identified by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (141).

ASSESSMENT OF VIRUS-
MACROPHAGE INTERACTIONS IN
VIVO

In vivo studies are as essential for the under-
standing of the participation of macrophages in
the pathogenic events during virus infections as
are in vitro investigations. First, a complexity of
virus-host interactions is involved in in vivo
infection as compared with the much simpler
and more readily controllable virus-cell interac-
tion in tissue culture. Second, during collection
and cultivation, macrophages might lose their
native properties, or new ones might be gained
in vitro. The latter point is of special importance
when the cells are induced by inoculation of an
inflammatory agent before collection to increase
the yield. These stimulated macrophages are
qualitatively different from the cells normally
resident in the animal. Furthermore, cells col-
lected after injection of different compounds
may differ in a number of characteristics (36),
for example, in their ability to support virus
replication (152).

General Markers of Pathogenicity

In most studies on the role of macrophages in
host defenses against virus infections, general
markers of pathogenicity are used to evaluate
the outcomes of virus-macrophage interactions
and the effects of various modulations of the
mononuclear phagocyte system.

Morbidity and mortality. Data on disease
and death are perhaps the parameters most
commonly used in the study of virus-host inter-
actions. As integrated parts of other in vivo and
in vitro studies, they represent valuable markers
for pathogenicity or virulence of the virus or for
susceptibility or resistance of the host. Specific
signs of virus-induced disease, for example,
pneumonia, hepatitis, and encephalitis, may, fur-
thermore, reveal the target organ for the infec-
tion. However, they provide little information
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on the site of initiation of infection, the spread
of infection through the body, the cells support-
ing virus growth, and the antiviral host defense
mechanisms that are counteracting the infec-
tion.

Virus clearance and virus growth. Assays
of organs and tissue suspensions for virus at
different times after infection reveal, like mor-
bidity and mortality, only gross features of the
pathogenesis of a virus infection. Clearance
curves for the disappearance of inoculated virus
and growth curves for virus in the main target
organs and tissues may be constructed, but,
taken alone, no information is gained on the
types of cells that are infected and the factors
that are acting against the infectious process.
But, again, infectivity titrations analyzed in the
light of information obtained by other means are
often valuable or even necessary for interpreta-
tion of the accumulated data on the pathogenic
events.

Histological lesions. Examination of sec-
tioned organs and tissues taken from animals
during infection has been extensively used in the
study of the pathogenesis of virus diseases. By
routine histological examinations, the develop-
ment of pathological lesions in the main target
organs can be followed, and the cells undergoing
degeneration or developing inclusion bodies can
be studied. Most often, the affected areas are
infiltrated with inflammatory cells, such as
polymorphonuclear leukocytes, lymphocytes,
and mononuclear phagocytes, and an estimation
of the time course of their appearance and their
relative number in relation to, for example,
changes in the amount of virus recovered from
the organ may give information on their partic-
ipation in host defenses against the infectious
process.

By the fluorescent antibody technique, in-
fected cells can be readily identified. The pri-
mary uptake of the virus by macrophages in
tissues and organs can be studied, and the intra-
cellular fate of the virus particles can be followed
(fading or increasing brightness of fluorescence).
Eventual spreading of the infection to surround-
ing parenchymal cells can be monitored. Exten-
sive application of this technique has been of the
utmost importance for the elucidation of the role
of macrophages in the pathogenesis of ectrome-
lia virus infection in mice, which thereby has
become one of the best studied models of gen-
eralized viral infection (22, 98, 121).

Modulations of the Function of the
Mononuclear Phagocyte System

Macrophage blockade. One way of deline-
ating the role of mononuclear phagocytes in host
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resistance to virus infections in vivo is to selec-
tively inhibit the macrophage population of the
animal. This can be done by treating the animal
by either specific antimacrophage serum or cer-
tain chemical agents. Although crude antimacro-
phage serum was prepared as early as 1899 by
Metchnikoff (96), antiserum reacting specifically
with macrophages was first produced by Cayeux
et al. (28) and Unanue (147), by immunizing
rabbits with cultured mouse peritoneal macro-
phages. The first attempts to modify the course
of virus infection by antimacrophage serum were
made in mice by Panijel and Cayeux (115), with
equivocal results: increasing susceptibility to yel-
low fever virus infection contrasting with an
apparent protection against encephalomyocar-
ditis virus infection. Hirsch et al. (61) achieved
some increase in the susceptibility of baby mice
to vesicular stomatitis virus infection by inocula-
tion of antimacrophage serum intraperitoneally
at daily intervals for 3 days. The resistance of
adult mice to infection with HSV (167) and
rabies virus (146) was also significantly reduced
by intraperitoneal inoculation of antimacro-
phage serum for 3 days.

Chemically induced macrophage blockade has
been more widely applied. Several compounds
have been used, but among these silica (silicon
dioxide) seems second to none as regards po-
tency and specificity (4). It has been shown that
silica is selectively toxic to macrophages (5, 73,
114). In mice, intraperitoneal doses of 50 mg and
intravenous doses of 3 mg are well tolerated, and
such doses have been used to examine the role
of macrophages in infections with HSVs (34, 104,
167), yellow fever virus (168), Coxsackie B-3
virus (117), murine cytomegalovirus (132),
Friend leukemia virus (75, 163), rabies virus
(146), lactic dehydrogenase virus (34), influenza
virus (55), and Semliki Forest virus and enceph-
alomyocarditis virus (4). In most studies, a Ger-
man sample of silica, Dorentrup no. 12, <56 um
in diameter, distributed by A. C. Allison, Clinical
Research Centre, Harrow, England, has been
used, which makes possible a comparison of the
results obtained with different viruses.

Macrophage stimulation. Another way of
assessing the potentials of macrophages to limit
virus spread in vivo uses the administration be-
fore or during infection of various immuno-
modulators which are known to elicit augmented
recruitment to tissues and organs of hyperactive
mononuclear phagocytes from the bone marrow
and blood. If such treatments result in increased
resistance to the virus under study, the mono-
nuclear phagocyte system may also be assigned
a role in the natural defenses against the virus.
Both live microorganisms, such as attenuated
Mycobacterium bovis (Bacille Calmette-Guérin
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[BCG]) (9, 76, 140) and Staphylococcus aureus
(133), and nonviable microbial preparations,
such as staphylococcal phage lysate (133, 140)
and typhoid and Brucella vaccines (140), have
been used, as well as synthetic compounds, such
as levamlsole, an anthelmintic drug (140).
Macrophage transfer. Since a successful
transfer of cells can be achieved only in synge-
neic animals, most macrophage transfer studies
have been conducted in mice, where macro-
phages have been transferred from inbred adult
mice to usually more susceptible young or suck-
ling mice of the same inbred strain. Protection
of the recipient mice against subsequent infec-
tion can then be ascribed to the transferred cells.
This approach has been used to analyze age-
related resistances of mice to infections with
HSVs (62, 69, 103), murine cytomegalovirus
(132), Coxsackie B-3 virus (117), and rabies virus
(146). Usually, a total of 10° to 107 cells are given
by the intraperitoneal route immediately before
infection, but transfer of macrophages from
adult mice to 3-week-old mice by intravenous
inoculation has also been applied (103).

ASPECTS OF MACROPHAGE-
DEPENDENT RESISTANCE TO VIRUS
INFECTIONS

By their position at sites of initial infection
(e.g., the respiratory tract) and their wide distri-
bution in major organs of the body (e g., the
hver), macrophages may be decisive in deter-
mining the susceptibility or resistance of an an-
imal to virus infections (98). The uptake or
clearance of a virus particle from the circulation
or extracellular fluids has been shown first of all
to depend on the particle size (98), as is the case
with inert particles (165), larger particles being
cleared more rapidly than smaller ones. How-
ever, other factors, such as the presence of virus-
specific receptor sites on macrophages and the
presence of opsonizing antibody (25), are also
important. By uptake and digestion of virus
particles, macrophages may delay or even pre-
vent the spread of the infection to susceptible
cells. However, if the virus can replicate in mac-
rophages, the infection may go further, and
widespread destruction of organs and tissues
may occur. Furthermore, infected monocytes in
the circulation can, provided they support virus
replication, be a source of dissemination of the
infection by their migration through the body
(45, 51, 98). It thus seems clear that virus-mac-
rophage interactions may be of crucial impor-
tance for the outcome of the infection.

Much information on the importance of mac-
rophages in resistance to virus infections has
been gained by studying experimental infections
in which differences exist between the interac-
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tions of macrophages with different strains or
types of the same virus. Likewise, models in
which differences in handling a certain virus are
found among macrophages from animals of dif-
ferent ages or different strains of the same spe-
cies have been extensively studied. Aspects of
these studies and the antiviral capacities of ac-
tivated and stimulated macrophages are consid-
ered in the next sections.

Virus Strain- and Virus Type-Related
Resistance

In studies of the pathogenesis of virus diseases,
much valuable information can be obtained by
comparing the pathogenic events in vivo and
virus-cell interactions in vitro of closely related
virus strains or virus types (10). In this way, it
has been possible to recognize a number of vir-
ulence or pathogenicity markers of a particular
virus and resistance determinants of the host
(138). In some cases, the ability of a virus strain
or virus type to replicate in macrophages from
an animal has been shown to be correlated with
virulence of that particular virus strain or type
for the intact animal, whereas the ability of
macrophages to restrict virus replication has
been correlated with resistance of the animal.
Both naturally occurring strain or type variants
and virus strains obtained by adaptation to a
particular host have been used. Of these, the
naturally occurring strains or types seem to be
most reliable in disclosing real resistance factors
of the animal, since it cannot be ruled out that
the various adaptation or attenuation proce-
dures to which the laboratory strains have been
subjected have resulted in mere artifacts with
little bearing on the natural situation.

The earliest comparative study of the inter-
action of virulent and avirulent strains of a virus
with macrophages in vitro was performed by
Bang and Warwick (11). They examined the
growth of a virulent strain and an avirulent
vaccine strain of Newcastle disease virus in
chicken cells. The virulent strain of the virus,
which kills embryos and chickens rapidly, de-
stroyed chicken fibroblasts and macrophages in
culture, whereas the avirulent strain, which only
causes mild respiratory infection in hatched
chicks, grew poorly in chicken macrophages. Al-
though the avirulent strain also grew less abun-
dantly than the virulent strain in fibroblasts, the
macrophage cultures showed a more consistent
difference in susceptibility to the two strains of
virus.

Roberts (121) used the differences in virulence
for mice of two strains of ectromelia virus to
analyze host defenses against liver infection by
this virus. The Hampstead mouse strain, which
had only been passed in mice, was found much
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more virulent than the Hampstead egg strain,
which had gone through more than 60 egg pas-
sages. After intravenous inoculation, virus
growth in livers was followed by infectivity titra-
tions, and the number of infected Kupffer cells
and the spread of the infection to parenchymal
hepatic cells were estimated by fluorescence mi-
croscopy. It was found that the avirulent strain
was much less efficient in infecting Kupffer cells

~and that Kupffer cells which were actually in-

fected yielded less virus than did cells infected
with the virulent strain. No difference was found
in the ability of the two strains to grow and
spread in liver parenchymal cells. These studies
were followed up by quantitative in vitro studies
of the susceptibility of mouse peritoneal macro-
phages to infection with the two virus strains.
By the fluorescent antibody technique, it was
found that peritoneal macrophages were about
10 times as susceptible to infection by the viru-
lent strain of virus as they were to infection by
the avirulent strain (122). No in vitro studies of
the infectivity and growth of virulent and avir-
ulent strains of ectromelia virus in other cell
types were conducted to support the in vivo
observation that the difference in infectivity was
only expressed in macrophages.

A similar differential action of mouse Kupffer
cells against two vaccinia virus strains was men-
tioned by Mims (97). The CL-R strain grew in
Kupffer cells and thereby gained access to he-
patic parenchymal cells. The CL strain, on the
other hand, did not grow in Kupffer cells, which
thereby protected hepatic cells from the virus.
The intrinsic ability of the CL strain to grow in
hepatic cells was, however, disclosed by inocu-
lating the virus up the bile duct to infect paren-
chymal cells directly.

Tosolini and Mims (145) analyzed the behav-
ior of two strains of lymphocytic choriomenin-
gitis virus in mice. No antigenic differences have
been demonstrated in different strains of this
virus, and after intracerebral and footpad inoc-
ulation both the WE-3 and the Armstrong
strains infected local tissues. However, after in-
travenous inoculation, only the WE-3 strain
caused marked infection as detected by viral
titrations and immunofluorescent and histologi-
cal examinations of liver and spleen. Clearance
studies revealed that the Armstrong strain was
not detectably cleared from the blood after in-
travenous inoculation, whereas about 90% of the
WE-3 strain was cleared within 5 min. Immu-
nofluorescent examination of peritoneal macro-
phages harvested 2 days after intraperitoneal
infection with the two strains of virus showed
infection of 70% of macrophages obtained from
mice injected with the WE-3 strain, whereas
only 4% of the cells from mice inoculated with
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the Armstrong strain were infected. After infec-
tion of macrophage cultures, the figures were 40
and 3%, respectively. It was concluded that the
relatively inefficient uptake of the Armstrong
strain by cells of the reticuloendothelial system
was responsible for the inability of this strain to
establish significant infection of the viscera, es-
pecially the liver.

MHYV exists in several closely related sero-
types with various degrees of pathogenicity in
mice (88). In various studies, it has been found
that a correlation exists between the pathoge-
nicity of a certain type of the virus and its ability
to grow in macrophages. Thus, the nonpatho-
genic type MHV-1 does not multiply in mouse
macrophages (3), whereas the pathogenic types
MHV-2 and MHV-3, which after intraperitoneal
inoculation in mice produce fatal hepatitis, read-
ily infect mouse peritoneal macrophages, in
which they multiply to high titers with distinct
cytopathic effects (13, 90). Likewise, a close cor-
relation between the ability of two variants of
MHV-2 to replicate in C3H macrophages and
their virulence for C3H mice was described by
Shif and Bang (136).

A specific pathogenic difference has been
shown to exist between infections with HSV-1
and HSV-2 in mice. On intraperitoneal inocula-
tion with HSV-2, progressive focal necrotizing
hepatitis develops in most strains of mice,
whereas HSV-1 only occasionally produces a few
tiny, self-limiting foci of necrosis in the liver
(Fig. 1) (106). This marker of pathogenicity,
which has later been confirmed by others (120,

A
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149), was shown to be very stable, as it was
closely correlated with the antigenic type of the
virus, irrespective of the anatomical site of pri-
mary virus isolation (genital or nongenital) or
passage history of the strain. An in vitro corre-
late of the difference in pathogenicity between
the two virus types was found in their abilities
to replicate in peritoneal macrophages from
mice (101). By an infectious center assay, it was
found that although macrophages were rather
restrictive in the replication of both virus types,
the restriction of HSV-1 was far more pro-
nounced than that of HSV-2 as judged by the
number of plaques and progression of the infec-
tion in the target cell monolayer (Fig. 2). The
difference in the yields of infectious virus from
peritoneal macrophages infected with HSV-1
and HSV-2 was not caused by a relative inability
of HSV-1 to adsorb to mouse macrophages, as
the adsorption rates of the two virus types in
macrophage cultures were equal. Moreover, it
was shown that the more pronounced restriction
of HSV-1 replication was specific for macro-
phages, as HSV-1 grew to higher titers than did
HSV-2 in embryonic fibroblast cultures pre-
pared from the same mouse strain. Further evi-
dence in support of the participation of macro-
phages in the pathogenic distinction between
liver infections with these two closely related
virus types was obtained by selectively blocking
the macrophage function of the animals by silica
(104). Administration of 3 mg of silica intrave-
nously 2 h before virus infection seemed to in-
duce an effective blockade of liver macrophages

B

Fic. 1. Livers from 3-week-old AH mice 4 days after intraperitoneal inoculation of 2 x 10* plaque-forming
units of HSV-1 (A) or HSV-2 (B). A few tiny lesions are seen on the margin of the liver from the HSV-1-
infected mouse (arrow). Magnification, xX2.5. From Mogensen (100).
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Fic. 2. Infectious centers in macrophage cultures
seeded with 5 X 10° peritoneal macrophages from 4-
week-old BALB/c mice. The cultures were infected
with 5 X 10° plaque-forming units of either HSV-1 (A)
or HSV-2 (B), thoroughly washed, overlaid with sus-
ceptible mouse embryonic fibroblasts, and stained
after 2 days of incubation. The arrow indicates a
small HSV-1 plaque. Magnification, X1.9. From Mo-
gensen (101).

for at least 2 days and a partial blockade for
another 2 days, as HSV-1- and HSV-2-induced
lesions progressed equally well for the first 2
days of infection followed by a relative retarda-
tion of the growth of HSV-1-induced lesions.
Intraperitoneal inoculation of 50 mg of silica
seemed even more effective in inducing macro-
phage blockade, as the difference in size and
number of HSV-1 and HSV-2 lesions on day 4
of infection was almost abolished by this treat-
ment schedule (Fig. 3).

Genetically Determined Resistance

It is a well-known fact that most viruses or
groups of viruses differ in host range, some spe-
cies of animals being susceptible to infection
with a certain virus, whereas others are resistant.
More interesting, however, is the variation in
natural or innate resistance to infectious diseases
displayed by members of the same animal spe-
cies, indicating that factors in the genetic con-
stitutions of the animals play an important part
in the phenomenon (F. B. Bang, Adv. Virus Res,,
in press). Genetically determined resistance
against infections is well documented as regards
bacteriophages and plant viruses (1). The earli-
est reports on a genetic basis for resistance to
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F1G. 3. Livers from 4-week-old BALB/c mice in-
Jected intraperitoneally with 50 mg of silica 2 h before
receiving 10° plaque-forming units of HSV-1 (A) or
HSV-2 (B) intraperitoneally. The mice were sacrificed
after 4 days. Magnification, X2.5. From Mogensen
and Andersen (104).

animal virus infections were published more
than 40 years ago (50, 87, 158). Since then, the
inheritability of resistance to virus infections has
been demonstrated in several animal model sys-
tems, and the genetics behind the variation has
been explored. Instances in which resistance (48,
49, 82, 102, 127, 130) or susceptibility (13, 29,
112) is determined by a single dominant gene
have generally offered the best prospects of elu-
cidating the virus-host interactions involved,
whereas polygenic traits (80, 85, 164) have been
more difficult to evaluate.

Webster (158) was the first to work out the
Mendelian ratios for the inheritance of resist-
ance to a virus infection by crossing resistant
and susceptible strains of mice followed by ap-
propriate intercross and backcross matings. In
Fig. 4 and 5, the expected ratios of susceptible
and resistant animals are outlined in examples
of virus infections where resistance or suscepti-
bility is inherited as a monogenic autosomal
dominant trait with genetic segregation of re-
sistance and susceptibility occurring in the sec-
ond filial (F;) generation and in backcrosses
(BC,) to the recessive parental strain. When two
or more loci are involved, genetic evaluation is
more difficult because of the possibilities of in-
teraction or linkage between the loci or varying
contributions to the phenotype of the loci in-
volved.

In some virus-animal systems, macrophages
have been found to express at the cellular level
the genetic resistance seen in vivo (Table 1).
The best clarified examples of this are the re-
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sistance of mice to flaviviruses (arbovirus group
B) and the susceptibility of mice to MHV-2,
both of which are inherited as monogenic auto-
somal dominant characters, thus representing
the two cases illustrated in Fig. 4 and 5.

During the thirties, Webster developed by
selective breeding strains of mice which differed
greatly in resistance to two flaviviruses, St. Louis
and louping ill viruses. By crossing susceptible
with resistant lines of mice and testing hybrid
and backcross progeny, he achieved segregation
of the two characters in ratios close to those
expected on the basis that resistance be inher-
ited as a single, dominant factor (Fig. 4) (158).
Sabin (127) extended the work of Webster by

I
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F1Gc. 4. Autosomal dominant inheritance in mice
of resistance to virus infection. The symbols indicate
both female and male mice with the resistant () or
susceptible (O) phenotype. RR, Rr, and rr indicate
the genotypes. BC, is the first backcross generation
in a test cross between mice of the F generation and
the recessive parental strain. In F, all mice are re-
sistant, in F, 75% are resistant, and in BC, 50% are
resistant.
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showing that nonselected PRI and C3H strains
of mice differed in resistance to yellow fever
virus and a number of other flaviviruses tested
(PRI, resistant; C3H, susceptible). He intro-
duced the terms “multiplication-depressing fac-
tor” and “cellular vulnerability,” both of which
were of importance for relative resistance. Fur-
thermore, evidence was presented that inherited
resistance operated at the cellular level, since
virus multiplied freely in foreign tumor cells
implanted in resistant PRI mice (128).

In extensive studies of the genetics of resist-
ance to West Nile virus, another flavivirus,
Goodman and Koprowski (48, 49) confirmed Sa-
bin’s findings and further investigated the mech-
anism of inherited resistance. After intraperito-

4
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F1G6. 5. Autosomal dominant inheritance in mice
of susceptibility to virus infection. The symbols indi-
cate both female and male mice with the susceptible
() or resistant (®) phenotype. SS, Ss, and ss indicate
the genotypes. BC, is explained in the legend to Fig.
4. In F, all mice are susceptible, in F> 75% are suscep-
tible, and in BC, 50% are susceptible.

TaBLE 1. Inheritance of macrophage-dependent resistance to virus infection in mice

Mouse strains

Property tested® (mode of inherit-

Virus Reference
Resistant Susceptible ance)
Flaviviruses PRI, BRVR C3H/He, BSVS R (autosomal dominant) 48, 49
MHV-2 C3H/He PRI S (autosomal dominant) 13
MHV-3 A/d C57BL/10, DBA/2, 155
(C3H/He, A2G)®
HSV-2 GR/A BALB/c R (X-linked dominant) 102
Murine cyto- CBA/J C57BL/6 R (autosomal dominant) 132
megalovirus
Influenza A A2G A/d R (autosomal dominant) 82

“ R, Resistance; S, susceptibility.
® Intermediate susceptibility.
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neal inoculation, the virus was cleared at com-
parable rates within 10 to 12 h from the blood of
both susceptible C3H and resistant PRI and
BRVR mice. In susceptible mice, however, a
second period of viremia soon occurred, whereas
virus did not reappear in the blood of resistant
mice. Specific antibody production or putative
nonspecific serum inhibitors could not account
for this difference nor was any febrile reaction
observed in the resistant mice. Attempts to mod-
ify resistance by various treatments (X rays,
cortisone, Thorotrast, thioguanine, endotoxin)
did not reveal the nature of the resistance mech-
anism. However, a cellular expression of inher-
ited resistance was found in the capacity of
cultures of splenic and peritoneal macrophages
from resistant and susceptible mice to support
virus multiplication. Whereas virtually no virus
production was seen in cultures of these cells
from resistant PRI and BRVR mice, titers of 10
to 10* plaque-forming units per ml were re-
covered from supernatants of cultures prepared
from the susceptible C3H strain. Furthermore,
resistance and susceptibility in vitro were found,
as expected, to segregate close to 1:1 in macro-
phage cultures prepared from individual BCs
mice (48). Groschel and Koprowski (52) devel-
oped a homozygous inbred mouse line (C3HRV)
which was congenic with the virus-susceptible
C3H/He strain, only differing from the latter at
the gene for flavivirus resistance. The new
mouse line was found to be just as resistant as
the PRI mouse from which the resistance gene
had been transferred, and macrophage cultures
reflected this resistance completely.

The basic nature of the depressed flavivirus
multiplication in macrophages from resistant
mice is not fully understood. Conflicting results
exist as regards the specificity of macrophages
as the only cell type expressing the genetics of
resistance. In the original reports (48, 49), no
difference was found in the capacities of kidney
and lung cells from susceptible and resistant
mouse strains to support virus multiplication,
whereas later investigators (56, 150) claim that
such a difference exists, although to a lesser and
more variable degree than that displayed by
macrophages. Differences in interferon produc-
tion have been shown not to play any role in
virus resistance: interferon levels were demon-
strated to be lower in resistant than in suscep-
tible mice (151), and interferon production levels
in macrophage and fibroblast cultures from re-
sistant and susceptible strains of mice were equal
(56). However, cells from the virus-resistant
mouse strain were more readily protected by
interferon from virus infection than were cells
originating from the susceptible strain (56). It
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thus appears that Sabin’s inheritable multipli-
cation-depressing factor may be the interferon
sensitivity of the host cells, principally macro-
phages (constituting the primary barrier to suc-
cessful virus invasion) but also the target cells
for the infection.

MHYV-2 infection in mice provides an example
of susceptibility inherited as a dominant unifac-
torial trait (Fig. 5). In 1959, Bang and Warwick
showed that this virus caused selective destruc-
tion of the macrophage population in outgrowths
of liver explants from susceptible PRI mice,
leaving both the parenchymal liver cells and the
epithelial cells and fibroblasts intact (12). Inter-
est in this phenomenon was greatly intensified
when it turned out that C3H mice, which were
resistant to the infection, yielded macrophages
which were themselves resistant when infected
in vitro (13). Tests of other strains of mice re-
sistant or susceptible to MHV-2 in vivo showed
complete agreement between mouse and mac-
rophage susceptibilities. Genetic crosses be-
tween susceptible PRI and resistant C3H mice
yielded F; offspring all of which were suscepti-
ble, indicating that susceptibility is the domi-
nant feature. Segregation of the characters was
achieved in the F; (3:1) and in the BC; (1:1)
generations in ratios in accordance with a single
gene for susceptibility. A similar segregation of
susceptibility and resistance occurred in macro-
phage cultures prepared from individual mice of
the F, and BC; generations (13). Further back-
crosses showed that the PRI gene for macro-
phage susceptibility was constant and com-
pletely manifest even when present in a C3H
(resistant) background: the plaquing efficiency
of the virus in macrophage cultures from suscep-
tible mice of the BC; generation was as high as
that in PRI cultures (134); macrophage cultures
continued to segregate in ratios close to 1:1
during 20 backcross matings; and macrophages
obtained from the virus-susceptible inbred line
of C3HSS mice, which are congenic with resist-
ant C3H mice and only differ from these at the
locus for MHV susceptibility, were just as sus-
ceptible as macrophages from the PRI mice,
from which the gene for susceptibility was trans-
ferred (160). The expression of the genotype for
susceptibility or resistance was not confined to
liver macrophages, since the same picture
emerged when macrophages were cultured from
other tissues (13) or from peritoneal exudates
(70, 71).

A further investigation of the differential abil-
ities of macrophages from C3H and PRI strains
of mice to support replication of MHV-2 was
undertaken by Shif and Bang (135). They
showed that the virus was adsorbed equally well
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to resistant and susceptible cells. After adsorp-
tion, the virus disappeared into the eclipse phase
in the susceptible macrophages and subse-
quently replicated to high titers within 20 h,
whereas in the resistant cells the input virus
persisted in an infective state for several days
without multiplication and without causing any
apparent damage to the cells. It thus appears
that the resistance of C3H macrophages is re-
lated to the ability of these cells to maintain this
particular virus in a nonreplicative state. In this
connection it is of interest to note that the same
two strains of mice have been used in studies of
the genetics of macrophage resistance to both
MHYV-2 and flaviviruses but that the strain sus-
ceptible to MHV-2 is resistant to flaviviruses
and vice versa. Furthermore, when C3H macro-
phage cultures are inoculated with high multi-
plicities of MHV-2, a variant virus emerges
which is capable of killing C3H mice and of
replicating in and destroying C3H macrophages
(136). It is thus clear that the capacity of C3H
macrophages to restrict the growth of the strain
of MHV-2 used in these studies does not stem
from a generalized capacity of C3H macrophages
to restrict virus replication and that the impor-
tance of macrophage-virus interactions requires
individual assessment with each virus-host sys-
tem involved.

Several attempts have been made to elucidate
the factor or factors which determine resistance
and susceptibility of macrophage cultures to
MHYV-2. Evidence has been presented that it is
a property of the individual cells: macrophage
cultures from resistant C3H mice remained re-
sistant after several changes of media, and infec-
tion of mixed cultures prepared from equal num-
bers of PRI and C3H macrophages resulted in
the destruction of about 50% of the macrophages
(13). Likewise, no sign of interferon activity was
found in resistant C3H cultures after infection
(136). However, a factor related to susceptibility
was recognized in extracts from uninfected sus-
ceptible PRI macrophages. Resistant C3H mac-
rophages exposed to this extract before infection
with the virus became susceptible, whereas ex-
tracts from C3H macrophages did not change
the susceptibility of PRI macrophages (70). Al-
though the factor has been partly characterized
(a relatively large, heat-stable molecule only
slightly sensitive to deoxyribonuclease and in-
sensitive to ribonuclease treatment), the nature
of the conversion from resistance to susceptibil-
ity has not been revealed (71). Further attempts
to modify the resistance of C3H mice have not
thrown much light on the mechanisms by which
macrophages display this character. Cortisone
treatment rendered C3H mice partly susceptible
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to the infection, and macrophages treated in
vitro with cortisone also became partly suscep-
tible to the destructive effect of the virus (46),
but a causal relationship between these findings
was not established. Cyclophosphamide treat-
ment likewise increased in vivo susceptibility,
although the drug had no effect on in vitro
replication of the virus in macrophages (162). It
was shown that the conversion of resistance to
susceptibility in vivo by the drug was not due to
inhibition of specific antibody production, and
the effect of cyclophosphamide remains obscure.

Recently, brief reports have pointed to a pos-
sible effect of T lymphocytes and lymphokines
on the expression of the genetic resistance or
susceptibility of macrophages to MHV-2: thus,
supernatant fluid from allogeneic mixed lympho-
cyte cultures converted macrophages from re-
sistant C3H mice to susceptibility to the virus
(159), whereas supernatants of concanavalin A-
stimulated lymphocyte cultures had the oppo-
site effect, rendering macrophages from suscep-
tible PRI mice resistant (161). Furthermore,
concanavalin A-treated PRI mice showed in-
creased resistance to the infection, and macro-
phages from concanavalin A-pretreated mice
were resistant in vitro. The significance of these
findings is at present unknown, but they clearly
show that lymphocytes and products of stimu-
lated lymphocytes can modify the inborn de-
fense mechanisms.

Susceptibility of mouse macrophages to
MHV-3 was also found to parallel the suscepti-
bility of mice of different strains to infection
with this virus (155). Most strains of mice were
fully susceptible and developed fulminant hep-
atitis upon infection. When infected in vitro,
macrophages from these mice showed extensive
giant cell formation, and the virus replicated to
high titers. Mice of the A strain, on the other
hand, were completely resistant, and no growth
of virus was detected in their macrophages, even
by the sensitive immunofluorescence technique.
C3H and A2G mice showed intermediate suscep-
tibility both in vitro and in vivo with develop-
ment of a persistent infection and late neurolog-
ical involvement. No data on the mode of inher-
itance were reported, but it is interesting to note
that the C3H mice, which are resistant to MHV -
2, were found to be intermediately susceptible to
MHYV-3, again stressing the risk of drawing too
hasty conclusions as to resistance mechanisms
against even closely related viruses.

Resistance of mice to the development of focal
necrotizing hepatitis by HSV-2 was found by
Mogensen (100) to be under genetic control. A
further analysis of the patterns of inheritance
has revealed that resistance is determined by
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one dominant gene (or a complex of closely
linked genes) located on the X chromosome
(102). This unique feature of sex linkage of re-
sistance to a virus infection emerged from mat-
ings of resistant male GR mice to susceptible
female BALB/c mice and backcross matings of
resistant F; females to susceptible BALB/c
males (Fig. 6). The characters for susceptibility
and resistance segregated between male and fe-
male offspring of the F; generation (all males
susceptible, all females resistant) and in segre-
gated ratios of about 1:1 in mice of both sexes in
the BC, generation (Fig. 7). A cellular expression
of virus resistance was found in the ability of
peritoneal macrophages from resistant mice to
restrict the replication of the virus in vitro. The
restriction was most pronounced in macro-
phages from GR mice, and this character was
retrieved in macrophage cultures from female F,
progeny. Moreover, a segregation of high and
low restriction close to the expected 1:1 ratio
was found in the BC,; generation (Fig. 8). No
difference was detected in the replication of the
virus in embryonic fibroblasts from resistant and
susceptible strains of mice.

As regards the genetics of resistance to other
herpesviruses, Lopez (85) presented results
which indicated that resistance to HSV-1 infec-
tion in mice is dominant but that it is governed
by at least two, and probably more, pairs of
genes. The marker for susceptibility/resistance
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F16. 6. X-linked dominant inheritance in mice of
resistance to virus infection in females (circles) and
males (squares) with resistant (closed symbols) and
susceptible (open symbols) phenotypes. For explana-
tion of BC,, see legend to Fig. 4. In F,, all females are
resistant and all males are susceptible. In BC,, 50%
are resistant irrespective of sex.
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F1G. 7. Titers of virus in livers of 8-week-old fe-
male BALB/c, GR, (GRS x BALB/c)F,, and
(BALB/c3 X [GR x BALB/c]®)BC, mice 4 days after
intraperitoneal inoculation of 10° plague-forming
units (PFU) of HSV-2. Also shown are virus titers of
F, male mice. Symbols: @, mice with lesions; O, mice
without lesions; ©, mice with tiny lesions on liver
margins. From Mogensen (102).

was, however, the death of the animal, which is
usually caused by central nervous system infec-
tion. This is a much more complex pathogenic
event than infection of the liver and might imply
hematogenic and neurogenic spread of virus to
the brain. Indeed, several reports are available
of polygenic inheritance of resistance to disease
having a single-locus component at a certain
point in the structure of resistance (63). Genetic
control of resistance of mice to another herpes-
virus, murine cytomegalovirus, was described by
Selgrade and Osborn (132). They also found that
resistance was the dominant feature, but it was
independent of resistance to HSV-1 infection.
Although transfer and blockade experiments
suggested some importance of macrophages in
host defenses against the virus, infection in vitro
of macrophages from resistant CBA mice was no
less productive than was infection of cells from
susceptible C57BL mice. These findings do not
support the concept of a simple barrier function
of macrophages in genetic resistance to this in-
fection, and it was proposed that the importance
of macrophages in resistance was related to their
role in the inductive phase of cellular immunity.

Resistance of A2G mice to various myxovi-
ruses has been attributed to a single dominant
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F1G. 8. Number of infectious centers in macro-
Dphage cultures prepared from individual 8-week-old
female BALB/c, GR, (GRS X BALB/c9)F,, and
(BALB/c3 X [GR x BALB/c])BC, mice and infected
with 5 X 10° plaque-forming units of HSV-2. From
Mogensen (102).

gene designated Mx for myxovirus resistance
(81, 83). The resistance is operative against neu-
rotropic influenza viruses inoculated intracere-
brally, pneumotropic strains injected intrana-
sally, and a hepatotropic strain injected intra-
peritoneally (55). Attempts to define the phe-
notypic expression of the Mx gene have until
recently been unsuccessful. No virus inhibitors
were detected in body fluids or tissue extracts of
resistant mice (83), and no difference has been
found in the abilities of fibroblasts, kidney cells,
and nerve cells from resistant and susceptible
mice to support virus multiplication in vitro (82).
Various immunosuppressive treatments failed to
abolish resistance (55). However, recently, Lin-
denmann et al. (82) presented evidence that
macrophages represent the key cell in the resist-
ance of A2G mice to myxoviruses. An avian
strain of influenza virus grew to high titers and
caused a rapid and distinct cytopathic effect in
peritoneal macrophage cultures from a number
of mouse strains susceptible to influenza virus,
whereas no signs of virus growth were detected
in macrophage cultures prepared from resistant
A2G mice or from F; hybrids between these and
susceptible strains of mice. Furthermore, resist-
ance and susceptibility of individual mice and
their macrophages cosegregated in a ratio close
to 1:1 in the BC, generation of resistant F, mice
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to a susceptible mouse strain. The fact that
resistance is also manifest upon intracerebral
challenge of A2G mice is not a common feature
of infections in which macrophages have been
found to be of importance in resistance; whether
this phenomenon in the case of myxovirus re-
sistance is due to such macrophage analogs as
microglial cells in nervous tissue or to other
mechanisms is at present unknown.

Even in cases where macrophages are of doc-
umented importance for resistance against virus
infections, they do not represent the only de-
fense mechanism. This was illustrated in the
genetics of resistance of mice to ectromelia virus.
Although virus growth in macrophages was
found to be correlated with the difference in
virulence for mice of two strains of this virus,
the virulent virus strain grew equally well in
macrophages from strains of mice with high,
intermediate, and low resistance to infection
(122). As pointed out by Schell (130), the differ-
ences in susceptibility of these strains of mice
are probably attributable to differences in im-
mune response, as differences in virus growth in
the two strains of mice first appeared at a time
when neutralizing antibodies and cell-mediated
immunity were demonstrable. Furthermore, no
difference was demonstrated in clearance of in-
travenously inoculated virus or in subsequent
growth of virus in the liver.

Age-Related Resistance

A general characteristic of most virus infec-
tions in both humans (26) and animals (137) is
the increased resistance to disease which devel-
ops in the course of growth and maturation of
the host. The changes are particularly dramatic
in the neonatal period. If the effects of antibody
acquired passively from the mother are ex-
cluded, viral infections are often very severe in
the neonatal period, becoming steadily milder
during infancy and early childhood. In old age,
infections again tend to become severe, presum-

‘ably owing to progressing inadequacies of host

defense mechanisms (89). Several explanations
of the age-dependent increase in resistance have
been advanced, including maturation of immu-
nological reactivity, augmented interferon pro-
duction, changes in viral receptors, and higher
and more stable body temperature (44).

In many experimental viral infections, age-
related resistance mechanisms are only opera-
tive after peripheral inoculation, both adult and
neonatal animals being susceptible to intracere-
bral inoculation (113). This difference in suscep-
tibility depending on the route of inoculation
has led to the concept of development of “bar-
riers” to the spread of virus from the periphery
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to highly susceptible target organs (129). In an
increasing number of experimental systems, ev-
idence has accumulated which suggests that a
maturation of macrophages occurs during the
first few weeks of life. The mature macrophages
of older animals seem to constitute a more effec-
tive barrier to the spread of virus than do im-
mature macrophages from newborn and wean-
ling animals. Examples of such age-related mac-
rophage-dependent resistance to virus infections
are given below.

In HSV-1 infections in mice, the development
of age-related resistance to encephalitis after
peripheral inoculation of the virus was first dem-
onstrated by Andervont, in 1929 (7), and later
confirmed by others (74, 79, 125). The existence
of a cellular basis for the age-dependent resist-
ance to this infection was claimed by Johnson in
his comprehensive study of 1964 (69). By the use
of the immunofluorescence technique, he
showed that macrophages represent the cellular
level at which the spread of extraneural infection
is arrested in adult mice. Infection of peritoneal
macrophages both in vivo and in vitro revealed
that macrophages from adult and suckling mice
were infected with equal ease. However, adult
mouse macrophages infected in vitro did not
spread the infection to other cells, whereas
spreading of infection always occurred when
suckling mouse macrophages were infected so
that giant clumps of fluorescent cells had formed
72 h after inoculation. The in vitro capacity of
macrophages to disseminate virus was shown to
gradually decrease with the age of the macro-
phage donor in parallel with the development of
resistance in vivo.

The importance of macrophage maturation in
age-related resistance to HSV-1 infection was
later confirmed by Allison’s group. Selective
blockade of macrophage function by silica and
antimacrophage serum rendered weanling mice,
which are relatively resistant to 10* plaque-form-
ing units of HSV-1 much more susceptible to
this virus dose, with a resulting wide dissemi-
nation of the virus and early death (167). Using
an infectious center assay, Hirsch et al. (62)
found that infected macrophages from suckling
mice consistently released more virus than did
adult mouse macrophages. Furthermore, intra-
peritoneal transfer of peritoneal macrophages
from adult mice protected suckling mice from
subsequent infection with a low dose of virus (10
plaque-forming units), but only when more than
6 X 10° stimulated macrophages were trans-
ferred. Smaller numbers of stimulated macro-
phages or large numbers of unstimulated mac-
rophages did not alter the total mortality signif-
icantly, although a delay in the occurrence of
death was seen. These findings might explain
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why Johnson (69) in his original investigations
was unable to transfer augmented resistance by
intraperitoneal transfer of macrophages. He
used smaller numbers of unstimulated macro-
phages from younger donors and measured total
mortality, which seems a rather insensitive pa-
rameter for macrophage protection (103).

Focal necrotizing hepatitis in mice caused by
HSV-2 represents another model system in
which the role of macrophages in age-related
resistance has been mvestlgated On intraperi-
toneal inoculation with this virus, numerous fo-
cal areas of necrosis develop in the livers of
young mice up to the age of 4 weeks (106). When
older mice are infected, fewer animals show le-
sions, and the number and size of the foci dimin-
ish (100). Whereas the studies of age-related
resistance to HSV-1 encephalitis have focused
on the increase in resistance from the neonatal
period to the age of 3 to 4 weeks, when the mice
are weaned, the hepatitis model has revealed
that mice do not reach maximum resistance to
this infection until they reach the fertile age, i.e.,
about 8 weeks of age. In vitro infection of peri-
toneal macrophages from 3-week-old and 8-
week-old mice showed that age-related resist-
ance was concomitant with an increased restric-
tion of replication of the virus in peritoneal
macrophages, as judged by the number of
plaques appearing in an infectious center assay.
Furthermore, age-dependent resistance to HSV-
2-induced hepatitis could be overcome by pre-
treatment with silica. Transfer of 2 X 10° unstim-
ulated macrophages from 8-week-old mice to 3-
week-old mice by the intravenous route con-
ferred to the latter a defense capacity against
HSV-2 hepatitis almost as effective as that seen
in adult mice (103). One reason for this good
rate of protection as compared with the results
of Johnson (69) and Hirsch et al. (62) probably
is that death from encephalitis, as used in their
studies, is less sensitive than the degree of hep-
atitis as a marker for macrophage protection.
When the virus enters the central nervous sys-
tem, it seems to be beyond the reach of the host
defense mechanisms which terminate the infec-
tion in peripheral sites, probably because mac-
rophages are less effective in the central nervous
system than in the organs of the mononuclear
phagocyte system (2). Furthermore, Roser (123,
124) has shown that approximately 60% of peri-
toneal macrophages injected intravenously in
mice are localized in the livers of the recipients
within a few hours of injection, so that the
intravenous route of transferring cells might be
particularly suited to protect the liver from sub-
sequent infection.

The human correlate to these animal model
infections is neonatal infection with HSV (109).
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The infection is usually acquired during the
passage through the birth canal and hence is
most often caused by HSV-2, which is the genital
type of the virus. The infection is characterized
by widespread dissemination of the virus with
lesions in many organs, including the central
nervous system and the liver, and is most com-
monly fatal. An unproportionate number of
cases are seen in premature infants (1:1.4 against
the expected 1:8 to 1:10), suggesting that imma-
ture host defenses (for example, macrophage
function) are responsible for the ease of contract-
ing a disseminated infection and developing
overt disease. However, once established, the
herpetic infection in full-term infants seems to
be as severe as that observed in prematures
(109).

Murine cytomegalovirus, another member of
the Herpesvirus family, is similar to HSV in that
suckling mice are much more susceptible to in-
fection than are adults (91). The acute stages of
infection are characterized by focal necrosis both
in the liver and in other viscera. Henson et al.
(58) showed that accumulation of Kupffer cells
around lesions in the liver coincided with a de-
crease in virus titer and preceded the appearance
of neutralizing antibodies by several days, sug-
gesting that macrophages limit the spread of the
virus in the livers of adult mice. This idea was
supported by the finding of Selgrade and Osborn
(132) that macrophage blockade with silica in-
creased the susceptibility of adult mice to the
infection. Furthermore, pretreatment of suckling
mice with 10° stimulated adult macrophages sig-
nificantly increased their resistance to subse-
quent murine cytomegalovirus infection. Pre-
treatment with 107 to 10° nonadherent spleno-
cytes (lymphocytes) also conferred some protec-
tion to suckling mice. However, from their re-
sults it cannot be ruled out that this effect might
be due to an even sllght (1%) contamination of
the lymphocyte suspension with macrophages.
As regards the ability of the virus to replicate in
murine macrophages, conflicting results have
been reported: the data of Selgrade and Osborn
showed only low levels of virus replication in
murine macrophages, irrespective of the age of
the macrophage donor; in contrast, Tegtmeyer
and Craighead (142) achieved extracellular virus
titers in macrophage cultures from adult mice
just as high as those seen in cultures of mouse
embryonic fibroblasts. However, the delayed ap-
pearance of virus in the macrophage cultures (6
to 12 days) as compared with fibroblast cultures
(< 3 days) renders it possible that outgrowth of
fibroblasts in the macrophage cultures might be
responsible for the high virus titers obtained in
these experiments.
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Resistance of mice to MHV-2 is genetically
determined and closely correlated with resist-
ance of macrophages in vitro (13). However, in
the first few days of life, even genetically resist-
ant C3H mice are susceptible. The ontogeny of
macrophage resistance to this infection was
studied by Gallily et al. (47). Although newborn
C3H mice were susceptible to the infection, their
survival time (6.5 to 8.0 days) exceeded that of
“genuinely” susceptible PRI mice (2 to 4 days),
and hence they were described as delayed sus-
ceptible. Resistance rapidly increased with age
so that 14-day-old mice were fully resistant. The
delayed susceptibility of infant C3H mice was
reflected in the in vitro susceptibilities of liver
and peritoneal macrophages explanted from
mice of different ages. The maturation process
occurred only in intact animals, as continued
growth in vitro of liver macrophages from 1-day-
old C3H mice did not increase the resistance of
macrophages to the destructive effect of the
virus, although the in vitro conditions of culti-
vation were able to modify the degree of resist-
ance (47, 77). In susceptible C3HSS mice, which
are congenic to resistant C3H mice, a temporary
increase in resistance as the mice passed 7 weeks
of age was noticed by Weiser et al. (160). The
increased resistance in vivo was, however, not
reflected in increased resistance of peritoneal
macrophage cultures from mice of this age and
was ascribed to incomplete penetrance of the
dominant gene for susceptibility.

Most strains of mice are highly susceptible to
infection with yellow fever virus by the intrace-
rebral route, but not by the intraperitoneal
route. Suckling mice, on the other hand, are
highly susceptible by either route (143). Impair-
ment of macrophage function by silica was found
to increase the susceptibility of adult mice to
peripherally inoculated virus (168). Similar re-
sults have been obtained by administration of
antimacrophage serum (115). Passive transfer of
specific antibodies to silica-pretreated mice 1 to
2 days after virus inoculation was fully able to
substitute this function of macrophages, whereas
administration of antilymphocytic serum to nor-
mal mice had no potentiating effect on the in-
fection (168). These data suggest that macro-
phages are important in preventing the access of
virus to the central nervous systems of adult
mice, with antiviral antibody (normally first ap-
pearing on day 3 of infection) as a second line of
defense. Cell-mediated immune reponses, on the
other hand, seem not to be important.

The nature of the maturation process that
renders macrophages from adult mice able to
confine virus infections is not understood at
present. The question has been most fully inves-
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tigated in the case of HSV. A general cellular
maturation cannot explain the limitation of virus
spread, since cells of ectodermal, mesenchymal,
and endodermal origin remain highly susceptible
to productive infection (69, 141). No evidence of
interferon production by virus-infected adult
mouse macrophages was found by Johnson, and
HSV-1-infected macrophage cultures were sus-
ceptible to rechallenge with the same virus or
ectromelia virus (69). These findings were con-
firmed by Hirsch et al. (62); however, their data
indicate that adult mouse macrophages, in con-
trast to suckling mouse macrophages, do pro-
duce low levels of interferon when infected with
HSV-1, but that the interferon produced is in-
effective in protecting other adult macrophages
from being infected. The significance of these
findings seems unclear, but probably interferon
production is not the factor responsible for age-
dependent maturation. Similarly, attempts to
modify the capacity of macrophages to spread
or contain infection by extracts of adult or suck-
ling mouse macrophages analogous to the trans-
fer of susceptibility to MHV among macrophage
cultures from inbred strains of mice as described
by Kantoch and Bang (70) were not successful
(69).

The molecular and morphogenetic events in
the restricted replication of HSV-1 in adult mac-
rophages were systematically analyzed by Ste-
vens and Cook (141). They concluded that the
virus undergoes an abortive infection in these
cells. Both viral DNA and the major virus-spec-
ified proteins were synthesized, yet electron mi-
crographs of infected macrophages showed a
paucity of virus particles with central dense
cores and very few enveloped capsids. This sug-
gests that virus-specified macromolecules are
either structurally defective or produced in in-
sufficient amounts or that errors exist in the
assembly of the virus particle. Furthermore, it
was shown that infected macrophages release
virus-destructive products, probably lysosomal
enzymes, which are abundant in these cells.

Recent studies have revealed differences in
the ultrastructures of peritoneal macrophages of
newborn and adult mice (57). The most conspic-
uous difference in the intracellular organizations
of adult and newborn mouse macrophages is
concerned with the rough endoplasmic reticu-
lum, which is abundantly represented in adult
mouse macrophages but is practically nonexist-
ent in macrophages from newborn mice. Fur-
thermore, differences were revealed in the or-
ganizations and charge densities of the cell mem-
branes. Whether the differences reported rep-
resent significant elements of the different anti-
microbial potencies of macrophages from new-
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born and adult mice remains, however, to be
elucidated.

Role of Nonspecifically Stimulated and
Activated Macrophages in Resistance

Besides constituting an immediate, “ready to
function” barrier to virus penetration and dis-
semination in the body, macrophages participate
in the defenses mounted by an infected host and
directed against the invading pathogen. During
the courses of many infections, macrophages
become hyperactive and activated with in-
creased microbicidal capacity. This process is
immunologically mediated by specifically sensi-
tized T lymphocytes, presumably via the secre-
tion of soluble lymphokines, and macrophages
are now recognized as important ultimate effec-
tors of both antiviral and antibacterial cell-me-
diated immunity (23). The increased antimicro-
bial activity is at least partly nonspecific in that
activated macrophages arising during an infec-
tion with one microorganism show increased
activity against other, unrelated agents as well
(20). In addition to increased microbicidal ca-
pacity, activated macrophages have been shown
to exhibit a number of other distinctive features:
increased phagocytic ability, accelerated
“spreading” on glass surfaces (20), increased ly-
sosomal enzyme content (31, 119), augmented
metabolic functions (72), and antitumor activity
(59). Many of these properties are shared by
nonspecifically stimulated macrophages elicited
in vivo or in vitro by various irritants, such as
mineral oil, glycogen, proteose-peptone, thiogly-
colate, etc. (36), and it has been speculated that
activated and stimulated macrophages are fun-
damentally alike (20).

It is well documented that specific macro-
phage recruitment and activation occurring in
the course of a virus infection are of crucial
importance for recovery (23). Much more open
questions are the significance of nonspecific
macrophage activation and stimulation in the
natural resistance of the host to virus infections
and the prospects of nonspecific macrophage-
activating immunomodulation in the prophy-
laxis and treatment of virus infections.

In vitro, both stimulated and immunologically
activated macrophages have shown great anti-
viral potentials. Thus, Hirsch et al. (62) demon-
strated by an infectious center assay that pro-
teose-peptone-stimulated peritoneal macro-
phages from adult mice were considerably more
restrictive in the replication of HSV-1 than were
unstimulated cells. Suckling mice, on the other
hand, did not respond to proteose-peptone stim-
ulation with the production of a macrophage
population with these characteristics, a fact that
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might partly explain the inefficiency of suckling
mouse macrophages to restrict replication of
viruses in vivo and in vitro. In another assay
system, Lodmell et al. (84) demonstrated signif-
icant inhibition of plaque formation and virus
yield in HSV-infected rabbit kidney cells incu-
bated with rabbit peritoneal leukocytes (mainly
macrophages) elicited with sodium caseinate.
The kinetics of the inhibition suggested that the
antiviral effect of the stimulated macrophages
was exerted through nonspecific damage of both
infected and noninfected cells, thus preventing
cell-to-cell spreading of the virus. A similar an-
tiviral effect toward HSV-2, vaccinia virus, and
encephalomyocarditis virus was demonstrated
by Morahan et al. (107) with both activated and
stimulated mouse macrophages, whereas normal
unstimulated macrophages were relatively inef-
ficient in preventing virus growth. As a last
example, mouse peritoneal macrophages immu-
nologically activated by previous inoculations of
S. aureus showed a considerably increased ca-
pacity to restrict replication of an influenza A
virus, as revealed by the development of hem-
adsorption and the formation of S and V anti-
gens (133).

In spite of the marked antiviral potency ex-
hibited by stimulated and activated macro-
phages in vitro, most attempts to increase the
resistance of experimental animals to virus in-
fections by administration of macrophage-acti-
vating immunostimulants have yielded results
of only marginal significance. Thus, the highly
reduced capacity of influenza virus to replicate
in vitro in macrophages from S. aureus-treated
mice was only reflected in a moderate, although
significant, increased survival time after influ-
enza virus infection of similarly treated mice,
whereas no significant reduction of total mortal-
ity was achieved (133). Adult rabbits inoculated
with live M. bovis (BCG) were only partially
protected from the development of encephalitis
after subsequent corneal infection with HSV-2
(76). Likewise, BCG conveyed no substantial
protection after vaginal HSV-2 infection of rab-
bits (76) or adult mice (9), although a combina-
tion of macrophage activation and passive ad-
ministration of HSV-2 antiserum showed a
marked effect in the latter study, probably be-
cause of the opsonizing effect of the antibodies.
Among several putative macrophage stimulators
examined by Starr et al. (140), only live BCG
administered 6 days before viral challenge was
able to reduce the mortality among suckling
mice inoculated intraperitoneally with HSV-2,
whereas levamisole, staphylococcal phage ly-
sate, and inactivated typhoid and Brucella vac-
cines were without effect. It is noteworthy that
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BCG was the only agent containing live orga-
nisms and that at least 6 days were required to
achieve the state of increased resistance, sug-
gesting that immunological mechanisms are in-
volved in the activation process. As a conse-

quence of the 6-day period elapsing before pro-
tection was noted, it is questionable whether an
already disseminated human neonatal HSV in-
fection, which usually runs a rapid fatal course
(109), might be influenced by BCG administra-
tion. Since, however, the incubation period of
the infection is about 6 days, BCG might still
prove effective if administered prophylactically
to newborns delivered vaginally from mothers
with active genital infection at the time of deliv-
ery or to babies with localized infections. It has
been claimed that BCG administration is capa-
ble of controlling recurrent genital herpes infec-
tion in a clinical trial (6).

Further evidence of the potential importance
of activated macrophages in host defenses
against viral infections has emerged from two
artificial experimental animal models, namely,
mice with the graft-versus-host (GVH) reaction
and congenitally athymic nude mice. A common
feature shared by these experimental animals is
a combination of severe immunosuppression
with concurrent nonspecific hyperactivity of the
mononuclear phagocyte system, making them
suitable to expose the potentials of the macro-
phage-mediated resistance against invading vi-
ruses.

The development of a GVH reaction in adult
F; hybrid mice by inoculation of immunologi-
cally competent lymphoid cells from one of the
parent strains has been shown to induce a state
of immunological incompetence against both
bacterial and viral antigens affecting both the
humoral (19, 22, 66) and the cell-mediated (21,
22) immune responses. On the other hand, the
phagocytic activity of the mononuclear phago-
cyte system is profoundly increased as measured
by the clearance of intravenously injected col-
loidal particles (64). The antibacterial potency
of these active macrophages has also been found
to be enhanced in that mice with the GVH
reaction were more resistant to infection with
Listeria monocytogenes than were normal mice
(21). As regards resistance to viral infections,
Blanden (22) found that clearance of intrave-
nously inoculated virus was significantly en-
hanced in mice with the GVH reaction and that
virus growth in the livers and spleens of these
mice was consistently lower during the first 4
days of infection as compared with controls. The
overall mortality was, however, higher in the
group of mice with the GVH reaction. These
findings strongly suggest that the hyperactivity
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of macrophages caused by the GVH reaction
improved the primary protection of these organs
by being more efficient in the uptake and de-
struction of invading virus. The ultimate supe-
riority of normal mice in controlling infection
was not manifested until 6 to 8 days after infec-
tion, when the necrotic foci in the livers of
normal mice became smaller and more densely
populated with mononuclear cells. This feature
was not seen in the liver lesions of mice with the
GVH reaction, probably because of inefficiency
of cell-mediated recruitment of mononuclear
phagocytes.

Recently, several authors have revealed evi-
dence suggesting that the nude mouse with con-
genital thymic aplasia represents another animal
model in which nonspecific macrophage activa-
tion can be studied. It is widely agreed that nude
mice, because of their immunodeficiency, are
highly susceptible to several naturally occurring
bacterial and viral infections (53). However, in
recent reports, the mice have been shown to
possess unexpected enhanced primary resistance
to experimental infections with a number of
pathogens, including L. monocytogenes (30, 39,
166), Brucella abortus (30), Salmonella typhi-
murium (43), and Candida albicans (33). Anal-
yses of the courses of infection have pointed to
an increased microbicidal capacity of mononu-
clear phagocytes as the cause of the augmented
resistance of nude mice to these pathogens, a
view that has been corroborated by in vitro
studies of the interaction of the microorganisms
and peritoneal macrophages in vitro (30, 166).
Moreover, peritoneal macrophages from nude
mice have been shown to exhibit nonspecific
cytotoxicity to tumor cells in vitro (93), a finding
that is consistent with the observed low inci-
dence of spontaneous tumors in nude mice (32,
126).

In 1976, Mogensen briefly reported an unex-
pected high resistance of nude mice to induction
of focal necrotic hepatitis by HSV-2 (100). A
later study (105) confirmed that nude mice be-
yond the age of 4 to 5 weeks were considerably
more resistant than congenic mice of the back-
ground strain and phenotypically normal heter-
ozygous littermates, differing in genetic consti-
tution from the nudes by the nu gene only,
which codes for thymic aplasia and nakedness.
Studies of the courses of infection showed that
nude mice were able to restrain virus multipli-
cation in the liver far better than were normal
mice during the first 5 days of infection (Fig. 9).
In vitro investigation of peritoneal macrophages
revealed that macrophages from 6-week-old
nude mice exhibited accelerated spreading after
1 h in culture, a well-accepted characteristic of
activation. Assessment of the replication of
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F1G. 9. Courses of infection in the livers of 6-week-
old homozygous nude (nu/nu) mice (®, —),
heterozygous (nu/+) littermates (%, —.—.— ), and
BALB/c mice (O, — — —) inoculated intraperitone-
ally with 10° plaque-forming units of HSV-2. Each
point represents one mouse. Lines are drawn between
the means of each group. From Mogensen and An-
dersen (105).

HSV-2 in macrophage cultures by an infectious
center assay revealed that macrophages from
nude mice were much more restrictive in this
respect than were macrophages from normal
mice, since the number of macrophages from
nude mice that supported virus replication was
only one-third the number from normal mice.
As further evidence of the role of activated mac-
rophages in the resistance phenomenon, it was
found that blockade of the mononuclear phago-
cyte system by silica treatment abolished the
increased resistance of nude mice. The causal
relationship between the athymic state and re-
sistance was established by showing that resto-
ration of the T-cell function of the nude mice by
thymus cell grafting resulted in a normal, non-
elevated defense capacity of the mice. However,
in spite of the increased native resistance of nude
mice, they seemed inferior to normal mice in the
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final elimination of the infectious process (Fig.
9), probably because of the absence of a cell-
mediated immune response. Likewise, Starr and
Allison (139) found that nude mice were more
susceptible than normal mice to infection with
murine cytomegalovirus as measured by overall
mortality; however, during the acute stages of
infection a relative sparing of the liver of nude
mice was noted as compared with the severe
hepatitis seen in immunologically intact animals.
The causal relationship between thé athymic
state of nude mice and the restriction of virus
replication in their macrophages was also dem-
onstrated by Rao et al. (118). In their assay
system, vaccinia virus showed a 30-fold increase
in titer in macrophage cultures from normal
mice, whereas macrophages from nude mice
failed to support virus replication. However,
macrophages harvested from nude mice having
received a thymus transplant from heterozygous
littermates 5 to 6 weeks earlier replicated the
virus to control levels. Macrophages from nude
mice raised under germfree conditions did the
same. Similarly, Meltzer (93) demonstrated that
macrophages from germfree nude mice were not
tumoricidal, as were macrophages from conven-
tional nudes. This shows that environmental
stimuli are involved in the phenomenon. It has
been shown that nude mice have poorly devel-
oped Peyer’s patches and a low level of gut
immunoglobulin A plasma cells (54). Probably,
the intestinal bacterial flora of nudes is respon-
sible for a sustained nonspecific macrophage
activation through the absorption of bacterial
lipopolysaccharide and phospholipid, which are
known to elicit macrophage activation in mice
(42, 43, 65). In favor of this hypothesis is also
the finding of Nickol and Bonventre (110) that
antibiotic elimination of the intestinal bacterial
flora reduced the augmented resistance of nude
mice to a challenge with L. monocytogenes.

CONCLUDING REMARKS

In this survey, aspects of the importance of
the mononuclear phagocyte system as a barrier
to the establishment and dissemination of virus
infection in the body have been presented. From
an anatomical point of view, cells of the mono-
nuclear phagocyte system are well suited for this
function. They are strategically placed at the
portals of entry of many viruses and are widely
distributed in close contact with the circulating
blood in most organs of the body, thus encoun-
tering the virus early in the infection. From a
functional point of view, the ability of macro-
phages to take up and destroy invading virus
particles may be of the utmost importance in
the race between the destructive growth of the
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virus and the induction of a specific immune
response. If, on the other hand, the virus is able
to multiply more or less freely in macrophages,
the “viral burden” and the destruction may have
proceeded beyond the limit of the capacities of
the specific inmune responses, when they even-
tually turn up.

No attempt has been made in this review to
assess the role of other phagocytic cells, such as
polymorphonuclear leukocytes, in natural resist-
ance to virus infections. Polymorphonuclear leu-
kocytes do not constitute a fixed barrier system
in the body, and they are generally not a very
conspicuous feature in the pathological lesions
produced by viruses. Although they are capable
of taking up virus particles, there is no evidence
that they play a very prominent role, if any, in
the antiviral defense mechanisms of the body
(98, 104).

The collaboration of macrophages with other
host defense mechanisms against virus infections
is a subject of current interest. For example,
macrophages have been shown to be of impor-
tance in the production by specifically sensitized
lymphocytes of immune (type II) interferon (41).
However, the role of macrophages seems more
important in the immune response. Thus, mac-
rophages are recognized as important ultimate
effectors of antiviral cell-mediated immunity
(23). Probably, macrophages also play a role in
the inductive phase of the immune response by
capturing the virus and by processing the viral
antigens and presenting them to lymphocytes
for immune recognition (148).

As previously stated, the basic nature of the
capacity of macrophages to restrict the replica-
tion of viruses is at present unknown. A better
understanding of this question, together with
more insight into the collaboration of macro-
phages with other host defense mechanisms,
might open new fields of specific immunomod-
ulation. This could be of importance in the pro-
phylaxis and treatment of virus infections in
persons with increased susceptibility, for exam-
ple, premature infants and persons with geneti-
cally determined or induced immune deficien-
cies.

SUMMARY

The scope of this survey was to analyze the
role played by macrophages in natural, innate
resistance to virus infections.

The term “macrophage” was introduced in
1892 by Metchnikoff to designate mononuclear
phagocytes resident in various organs and tis-
sues. On the basis of morphology, function, and
kinetics of development, all highly phagocytic
cells and their precursors are today grouped in
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one cell lineage called the mononuclear phago-
cyte system. By their wide distribution in most
organs of the body and by their ability to take
up and destroy virus particles, macrophages are
well suited to function as a barrier to the estab-
lishment and dissemination of virus infection.

Most of the information on the importance of
macrophages in natural resistance to virus infec-
tions has been gained by studying experimental
infections in laboratory animals, especially mice.
Aspects of these studies have been dealt with in
four sections: (i) studies in which macrophage
restriction of virus growth has been shown to be
of importance for the difference in the resistance
of animals to closely related virus strains or virus
types; (ii) studies in which variation in innate
resistance to a virus infection displayed by mem-
bers of the same animal species (genetically de-
termined resistance) has been correlated with
the ability of the virus to replicate in macro-
phages from the animals; (iii) studies in which
an age-related increase in resistance to a virus
infection has been found to be caused by a
maturation of macrophages occurring during the
first few weeks of life (the mature macrophages
constitute a more effective barrier to the spread
of virus than do immature macrophages from
newborn and weanling animals); and (iv) studies
in which restricted virus replication in nonspe-
cifically activated macrophages accounts for
augmented resistance to virus infections.

Although the basic nature of the capacity of
macrophages to restrict the replication of viruses
is at present unknown, an increasing amount of
data from studies of the categories above listed
points to a key role of macrophages as a first line
of defense at the portals of entry of many viruses
or in target organs of crucial importance for the
outcome of infections.

ACKNOWLEDGMENTS

I thank H. K. Andersen, S. Haahr, and E. A.
Freundt for their valuable criticism and suggestions at
various stages of the preparation of this review.
Thanks are due to Aase Hvergel for excellent technical
assistance and proofreading and to Grethe H. Jgrgen-
sen for expert secretarial assistance in the typing of
the manuscript.

Part of my work described in papers cited in this
review was supported by the Danish Medical Research
Council grant no. 512-5648.

LITERATURE CITED

1. Allison, A. C. 1965. Genetic factors in resistance
against virus infections. Arch. Gesamte Virus-
forsch. 17:280-294.

2. Allison, A. C. 1970. On the role of macrophages
in some pathological processes, p. 422-444. In
R. van Furth (ed.), Mononuclear phagocytes.
Blackwell Scientific Publications, Oxford.

MACROPHAGE RESISTANCE TO VIRUS INFECTIONS
3.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

21

Allison, A. C. 1974. Interactions of antibodies,
complement components and various cell types
in immunity against viruses and pyogenic bac-
teria. Transplant. Rev. 19:3-55.

. Allison, A. C. 1976. Fluorescence microscopy of

lymphocytes and mononuclear phagocytes and
the use of silica to eliminate the latter, p. 395-

404. In B. R. Bloom and J. R. David (ed.), In
vitro methods in cell-mediated and tumor im-
munity. Academic Press Inc., New York.

. Allison, A. C., J. S. Harington, and M. Bir-

beck. 1966. An examination of the cytotoxic
effects of silica on macrophages. J. Exp. Med.
124:141-153.

. Anderson, F. D., R. N. Ushijima, and C. L.

Larson. 1974. Recurrent herpes genitalis.
Treatment with Mycobacterium bovis (BCG).
Obstet. Gynecol. 43:797-805.

. Andervont, H. B. 1929. Activity of herpetic

virus in mice. J. Infect. Dis. 44:383-393.

. Aschoff, L. 1924. Das reticulo-endotheliale Sys-

tem. Ergeb. Inn. Med. Kinderheilkd. 26:1-118.

. Baker, M. B., C. L. Larson, R. N. Ushijima,

and F. D. Anderson. 1974. Resistance of fe-
male mice to vaginal infection induced by Her-
pesvirus hominis type 2: effects of immuniza-
tion with Mycobacterium bouis, intravenous
injection of specific Herpesvirus hominis type
2 antiserum, and a combination of these pro-
cedures. Infect. Immun. 10:1230-1234.

Bang, F. B., and C. N. Luttrell. 1961. Factors
in the pathogenesis of virus diseases. Adv. Vi-
rus Res. 8:199-244.

Bang, F. B., and A. Warwick. 1957. The effect
of an avirulent and a virulent strain of New-
castle virus (Myxovirus multiforme) on cells in
tissue culture. J. Pathol. Bacteriol. 73:321-330.

Bang, F. B.,, and A. Warwick. 1959. Macro-
phages and mouse hepatitis. Virology 9:715-
717.

Bang, F. B.,, and A. Warwick. 1960. Mouse
macrophages as host cells for the mouse hep-
atitis virus and the genetic basis of their sus-
ceptibility. Proc. Natl. Acad. Sci. U.S.A. 46:
1065-1075.

Baron, S. 1963. Mechanisms of recovery from
viral infection. Adv. Virus Res. 10:39-64.

Baron, S. 1973. The defensive and biological
roles of the interferon system, p. 267-293. In
N. B. Finter (ed.), Interferons and interferon
inducers. American Elsevier Publishing Co.,
Inc., New York.

Bennett, B. 1966. Isolation and cultivation in
vitro of macrophages from various sources in
the mouse. Am. J. Pathol. 48:165-181.

Bennett, W. E., and Z. A. Cohn. 1966. The
isolation and selected properties of blood
monocytes. J. Exp. Med. 123:145-159.

Berken, A., and B. Benacerraf. 1966. Proper-
ties of antibodies cytophilic for macrophages.
J. Exp. Med. 123:119-144.

Blaese, R. M., C. Martinez, and R. A. Good.
1964. Immunologic incompetence of immuno-
logically runted animals. J. Exp. Med. 119:
211-224.



22
20.

21

22.

23.

25.

26.

27.

30.

3L

32.

33.

36.

MOGENSEN

Blanden, R. V. 1968. Modification of macro-
phage function. RES J. Reticuloendothel. Soc.
5:179-202.

Blanden, R. V. 1969. Increased antibacterial re-
sistance and immunodepression during graft-
versus-host reactions in mice. Transplantation
7:484-497.

Blanden, R. V. 1971. Mechanisms of recovery
from a generalized viral infection: mousepox.
III. Regression of infectious foci. J. Exp. Med.
133:1090-1104.

Blanden, R. V. 1974. T Cell response to viral
and bacterial infection. Transplant. Rev. 19:
56-88

X Boyum, A. 1968. Isolation of mononuclear cells

and granulocytes from human blood. Scand. J.
Clin. Lab. Invest. Suppl. 97:77-89.

Brunner, K. T., D. Hurez, R. T. McCluskey,
and B. Benacerraf. 1960. Blood clearance of
Ps2-labeled vesicular stomatitis and Newcastle
disease viruses by the reticuloendothelial sys-
tem in mice. J. Immunol. 85:99-105.

Burnet, F. M. 1960. Principles of animal virology,
2nd ed., p. 246-258. Academic Press Inc., New
York.

Carrel, A., and A. H. Ebeling. 1922. Pure cul-
tures of large mononuclear leukocytes. J. Exp.
Med. 36:365-377.

. Cayeux, P., J. Panijel, R. Cluzan, and R.

Levillain. 1966. Streptococcal arthritis and
cardiopathy experimentally induced in white
mice. Nature (London) 212:688-691.

. Chang, S. -S., and W. H. Hildemann. 1964.

Inheritance of susceptibility to polyoma virus
in mice. J. Natl. Cancer Inst. 33:303-313.

Cheers, C., and R. Waller. 1975. Activated
macrophages in congenitally athymic “nude”
mice and in lethally irradiated mice. J. Immu-
nol. 115:844-847.

Cohn, Z. A., and B. Benson. 1965. The differ-
entiation of mononuclear phagocytes. Mor-
phology, cytochemistry, and biochemistry. J.
Exp. Med. 121:153-169.

Custer, R. P., H. C. Outzen, G. J. Eaton, and
R. T. Prehn. 1973. Does the absence of im-
munologic surveillance affect the tumor inci-
dence in “nude” mice? First recorded sponta-
neous lymphoma in a “nude” mouse. J. Natl.
Cancer Inst. §1:707-711.

Cutler, J. E. 1976. Acute systemic candidiasis in
normal and congenitally thymic-deficient
(nude) mice. RES J. Reticuloendothel. Soc. 19:
121-124.

. duBuy, H. 1975. Effect of silica on virus infec-

tions in mice and mouse tissue culture. Infect.
Immun. 11:996-1002.

. duBuy, H. G., and M. L. Johnson. 1966. Studies

on the in vivo and in vitro multiplication of the
LDH virus of mice. J. Exp. Med. 123:985-998.

Edelson, P. J., and Z. A. Cohn. 1976. Purifica-
tion and cultivation of monocytes and macro-
phages, p. 333-340. In B. R. Bloom and J. R.
David (ed.), In vitro methods in cell-mediated
and tumor immunity. Academic Press Inc.,
New York.

37.

39.

41.

42,

43.

47.

49.

51.

52.

MicroBioL. REv.

Ehrmann, R. L., and G. O. Gey. 1956. The
growth of cells on a transparent gel of recon-
stituted rat-tail collagen. J. Natl. Cancer Inst.
16:1375-1404.

. Emeis, J. J., and B. Planqué. 1976. Heteroge-

neity of cells isolated from rat liver by Pronase
digestion: ultrastructure, cytochemistry and
cell culture. RES J. Reticuloendothel. Soc. 20:
11-29.

Emmerling, P., H. Finger, and J. Bockemiihl.
1975. Listeria monocytogenes infection in nude
mice. Infect. Immun. 12:437-439.

. Enjuanes, L., I. Cubero, and E. Viiuela. 1977.

Sensitivity of macrophages from different spe-
cies to African swine fever (ASF) virus. J. Gen.
Virol. 34:455-463.

Epstein, L. B, D. A. Stevens, and T. C. Mer-
igan. 1972. Selective increase in lymphocyte
interferon response to vaccinia antigen after
revaccination. Proc. Natl. Acad. Sci. U.S.A. 69:
2632-2636.

Fauve, R. M., and B. Hevin. 1974. Immuno-
stimulation with bacterial phospholipid ex-
tracts. Proc. Natl. Acad. Sci. U.S.A. 71:573-
571.

Fauve, R. M., and B. Hevin. 1974. Resistance
paradoxale des souris thymoprives a I'infection
par Listeria monocytogenes et Salmonella ty-
Dphimurium et action immunostimulante d’un
extrait bactérien phospholipidique (EBP). C.
R. Acad. Sci. Paris 279:1603-1605.

. Fenner, F., B. R. McAuslan, C. A. Mims, J.

Sambrook, and D. O. White. 1974. The bi-
ology of animal viruses, 2nd ed., p. 440-445.
Academic Press Inc., New York.

. Florman, A. L., and J. F. Enders. 1942. The

effect of homologous antiserum and comple-
ment on the multiplication of vaccinia virus in
roller-tube cultures of blood-mononuclear cells.
J. Immunol. 43:159-174.

. Gallily, R., A. Warwick, and F. B. Bang. 1964.

Effect of cortisone on genetic resistance to
mouse hepatitis virus in vivo and in vitro. Proc.
Natl. Acad. Sci. U.S.A. 51:1158-1164.

Gallily, R., A. Warwick, and F. B. Bang. 1967.
Ontogeny of macrophage resistance to mouse
hepatitis in vivo and in vitro. J. Exp. Med. 125:
537-548.

. Goodman, G. T., and H. Koprowski. 1962.

Macrophages as a cellular expression of inher-
ited natural resistance. Proc. Natl. Acad. Sci.
U.S.A. 48:160-165.

Goodman, G. T., and H. Koprowski. 1962.
Study of the mechanism of innate resistance to
virus infection. J. Cell. Comp. Physiol. $§9:333-
373.

. Gowen, J. W., and R. H. Schott. 1933. Genetic

constitution in mice as differentiated by two
diseases, pseudorabies and mouse typhoid. Am.
J. Hyg. 18:674-687.

Gresser, L, and D. J. Lang. 1966. Relationships
between viruses and leucocytes. Prog. Med.
Virol. 8:62-130.

Groschel, D., and H. Koprowski. 1965. Devel-
opment of a virus-resistant inbred mouse strain



VoL. 43,1979

53.

57.

59.

61.

62.

67.

for the study of innate resistance to arbo B
viruses. Arch. Gesamte Virusforsch. 17:379-
391.

Gullino, P. M., R. D. Ediger, B. Giovanella,
B. Merchant, H. C. Outzen, N. D. Reed, and
H. H. Wortis. 1976. Guide for the care and use
of the nude (thymus-deficient) mouse in
biomedical research. ILAR News 19:M3-M20.

. Guy-Grand, D., C. Griscelli, and P. Vassalli.

1975. Peyer’s patches, gut IgA plasma cells and
thymic function: study in nude mice bearing
thymic grafts. J. Immunol. 115:361-364.

. Haller, O., H. Arnheiter, and J. Lindenmann.

1976. Genetically determined resistance to in-
fection by hepatotropic influenza A virus in
mice: effect of immunosuppression. Infect. Im-
mun. 13:844-854.

. Hanson, B., H. Koprowski, S. Baron, and C.

E. Buckler. 1969. Interferon-mediated natural
resistance of mice to arbo B virus infection.
Microbios 1B:51-68.

Hardy, B., E. Skutelsky, A. Globerson, and
D. Danon. 1976. Ultrastructural differences
between macrophages of newborn and adult
mice. RES J. Reticuloendothel. Soc. 19:291-
299

. Henson, D., R. D. Smith, and J. Gehrke. 1966.

Non-fatal mouse cytomegalovirus hepatitis.
Combined morphologic, virologic and immu-
nologic observations. Am. J. Pathol. 49:871-
888.

Hibbs, J. B,, L. H. Lambert, and J. S. Re-
mington. 1972. Possible role of macrophage
mediated nonspecific cytotoxicity in tumour
resistance. Nature (London) New Biol. 235:
48-50.

. Hirsch, J. G., and M. E. Fedorko. 1970. Mor-

phology of mouse mononuclear phagocytes, p.
7-28. In R. van Furth (ed.), Mononuclear phag-
ocytes. Blackwell Scientific Publications, Ox-
ford.

Hirsch, M. S., G. W. Gary, and F. A. Murphy.
1969. In vitro and in vivo properties of anti-
macrophage sera. J. Immunol. 102:656-661.

Hirsch, M. S., B. Zisman, and A. C. Allison.
1970. Macrophages and age-dependent resist-
ance to herpes simplex virus in mice. J. Im-
munol. 104:1160-1165.

. Hirst, R. G., and M. E. Wallace. 1976. Inherited

resistance to Corynebacterium kutscheri in
mice. Infect. Immun. 14:475-482.

. Howard, J. G. 1961. Changes in the activity of

the reticulo-endothelial system (RES) follow-
ing the injection of parental spleen cells into
F, hybrid mice. Br. J. Exp. Pathol. 42:72-82.

Howard, J. G., D. Rowley, and A. C. Ward-
law. 1958. Investigations on the mechanism of
stimulation of non-specific immunity by bac-
terial lipopolysaccharides. Immunology 1:181-
203

. Howard, J. G., and M. F. A. Woodruff. 1961.

Effect of the graft-versus-host reaction on the

immunological responsiveness of the mouse.

Proc. R. Soc. London Ser. B 154:532-539.
Isaacs, A., and J. Lindenmann. 1957. Virus

MACROPHAGE RESISTANCE TO VIRUS INFECTIONS

68.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

81.

23

interference. I. The interferon. Proc. R. Soc.
London Ser. B. 147:258-267.

Jacoby, F. 1965. Macrophages, p. 1-93. In E. N.
Willmer (ed.), Cells and tissues in culture:
methods, biology, and physiology, vol. 2. Aca-
demic Press Inc., New York.

. Johnson, R. T. 1964. The pathogenesis of herpes

virus encephalitis. II. A cellular basis for the
development of resistance with age. J. Exp.
Med. 120:359-374.

Kantoch, M., and F. B. Bang. 1962. Conversion
of genetic resistance of mammalian cells to
susceptibility to a virus infection. Proc. Natl.
Acad. Sci. U.S.A. 48:1553-1559. .

Kantoch, M., A. Warwick, and F. B. Bang.
1963. The cellular nature of genetic suscepti-
bility to a virus. J. Exp. Med. 117:781-797.

Karnovsky, M. L., J. Lazdins, D. Drath, and
A. Harper. 1975. Biochemical characteristics
of activated macrophages. Ann. N.Y. Acad. Sci.
256:266-274.

Kessel, R. W. L, L. Monaco, and M. A. Mar-
chisio. 1963. The specificity of the cytotoxic
action of silica—a study in vitro. Br. J. Exp.
Pathol. 44:351-364.

Kilbourne, E. D., and F. L. Horsfall. 1951.
Studies of herpes simplex virus in newborn
mice. J. Immunol. $7:321-329.

Larson, C. L., R. N. Ushijima, R. E. Baker,
M. B. Baker, and C. A. Gillespie. 1972. Effect
of normal serum and antithymocyte serum on
Friend disease in mice. J. Natl. Cancer Inst.
48:1403-1407.

Larson, C. L., R. N. Ushijima, R. Karim, M.
B.Baker, and R. E. Baker. 1972. Herpesvirus
hominis type 2 infections in rabbits: effect of
prior immunization with attenuated Mycobac-
terium bovis (BCG) cells. Infect. Immun. 6:
465-468.

Lavelle, G. C., and F. B. Bang. 1971. Influence
of type and concentration of sera in vitro on
susceptibility of genetically resistant cells to
mouse hepatitis virus. J. Gen. Virol. 12:233-
238, '

Lay, W. H., and V. Nussenzweig. 1968. Recep-
tors for complement on leukocytes. J. Exp.
Med. 128:991-1007.

Lennette, E. H., and H. Koprowski. 1944. In-
fluence of age on the susceptibility of mice to
infection with certain neurotropic viruses. J.
Immunol. 49:175-191.

. Lilly, F., and T. Pincus. 1973. Genetic control

of murine viral leukemogenesis. Adv. Cancer
Res. 17:231-277.

Lindenmann, J. 1964. Inheritance of resistance
to influenza virus in mice. Proc. Soc. Exp. Biol.
Med. 116:506-509.

. Lindenmann, J., E. Deuel, S. Fanconi, and O.

Haller. 1978. Inborn resistance of mice to
myxoviruses: macrophages express phenotype
in vitro. J. Exp. Med. 147:531-540.

. Lindenmann, J., C. A. Lane, and D. Hobson.

1963. The resistance of A2G mice to myxovi-
ruses. J. Immunol. 90:942-951.

. Lodmell, D. L., A. Niwa, K. Hayashi, and A.



87.

9L

92.

93.

95.

97.

100.

101.

102.

103.

104.

MOGENSEN

L. Notkins. 1973. Prevention of cell-to-cell
spread of herpes simplex virus by leukocytes.
J. Exp. Med. 137:706-720.

. Lopez, C. 1975. Genetics of natural resistance to

herpesvirus infections in mice. Nature (Lon-
don) 258:152-153.

. Lwoff, A. 1959. Factors influencing the evolution

of viral diseases at the cellular level and in the
organism. Bacteriol. Rev. 23:109-124.

Lynch, C. J., and T. P. Hughes. 1936. The
inheritance of susceptibility to yellow fever
encephalitis in mice. Genetics 21:104-112.

. McIntosh, K. 1974. Coronaviruses: a compara-

tive review. Curr. Top. Microbiol. Immunol.
63:85-129.

. Makinodan, T., E. H. Perkins, and M. G.

Cheu. 1971. Immunologic activity of the aged.
Adv. Gerontol. Res. 3:171-198.

. Mallucci, L. 1965. Observations on the growth

of mouse hepatitis virus (MHV-3) in mouse
macrophages. Virology 26:30-37.

Mannini, A., and D. N. Medearis. 1961. Mouse
salivary gland virus infections. Am. J. Hyg. 73:
329-343.

Maximov, A. 1927. Handbuch der microsko-
pischen Anatomie des Menschen 2, Part 1:
bindegewebe und blutbildende Gewebe. Sprin-
ger Verlag, Berlin.

Meltzer, M. S. 1976. Tumoricidal responses in
vitro of peritoneal macrophages from conven-
tionally housed and germ-free nude mice. Cell.
Immunol. 22:176-181.

. Merigan, T. C. 1974. Host defenses against viral

disease. N. Engl. J. Med. 290:323-329.
Metchnikoff, E. 1892. Lecons sur la pathologie
comparée de l'inflammation. Masson, Paris.

. Metchnikoff, E. 1899. Etudes sur la resorption

des cellules. Ann. Inst. Pasteur Paris 13:737-
769.

Mims, C. A. 1960. An analysis of the toxicity for
mice of influenza virus. I1. Intravenous toxicity.
Br. J. Exp. Pathol. 41:593-598.

. Mims, C. A. 1964. Aspects of the pathogenesis of

virus diseases. Bacteriol. Rev. 28:30-71.

. Mims, C. A. 1972. Host defences against viruses

and the latter’s ability to counteract them.
Symp. Soc. Gen. Microbiol. 22:333-358.

Mogensen, S. C. 1976. Biological conditions in-
fluencing the focal necrotic hepatitis test for
differentiation between herpes simplex virus
types 1 and 2. Acta Pathol. Microbiol. Scand.
Sect. B 84:154-158.

Mogensen, S. C. 1977. Role of macrophages in
hepatitis induced by herpes simplex virus types
1 and 2 in mice. Infect. Immun. 156:686-691.

Mogensen, S. C. 1977. Genetics of macrophage-
controlled resistance to hepatitis induced by
herpes simplex virus type 2 in mice. Infect.
Immun. 17:268-273.

Mogensen, S. C. 1978. Macrophages and age-
dependent resistance to hepatitis induced by
herpes simplex virus type 2 in mice. Infect.
Immun. 19:46-50.

Mogensen, S. C., and H. K. Andersen. 1977.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

MicroBioL. REv.

Effect of silica on the pathogenic distinction
between herpes simplex virus type 1 and 2
hepatitis in mice. Infect. Immun. 17:274-277.

Mogensen, S. C., and H. K. Andersen. 1978.
Role of activated macrophages in resistance of
congenitally athymic nude mice to hepatitis
induced by herpes simplex virus type 2. Infect.
Immun. 19:792-798.

Mogensen, S. C., B. Teisner, and H. K. An-
dersen. 1974. Focal necrotic hepatitis in mice
as a biological marker for differentiation of
Herpesvirus hominis type 1 and type 2. J. Gen.
Virol. 25:151-155.

Morahan, P. S, L. A. Glasgow, J. L. Crane,
and E. R. Kern. 1977. Comparison of antiviral
and antitumor activity of activated macro-
phages. Cell. Immunol. 28:404-415.

Myrvik, Q. N,, E. S. Leake, and B. Fariss.
1961. Studies on pulmonary alveolar macro-
phages from the normal rabbit: a technique to
produce them in a high state of purity. J.
Immunol. 86:128-132.

Nahmias, A. J., A. M. Visintine, C. B. Reimer,
1. Del Buono, S. L. Shore, and 8. E. Starr.
1975. Herpes simplex virus infection of the
fetus and newborn. Prog. Clin. Biol. Res. 3:63-
67.

Nickol, A. D., and P. F. Bonventre. 1977.
Anomalous high native resistance of athymic
mice to bacterial pathogens. Infect. Immun.
18:636-645.

North, R. J. 1969. The mitotic potential of fixed
phagocytes in the liver as revealed during the
development of cellular immunity. J. Exp.
Med. 130:315-326.

Oldstone, M. B. A,, F. J. Dixon, G. F. Mitchell,
and H. O. McDevitt. 1973. Histocompatibil-
ity-linked genetic control of disease suscepti-
bility. J. Exp. Med. 137:1201-1212.

Olitsky, P. K., A. B. Sabin, and H. R. Cox.
1936. An acquired resistance of growing ani-
mals to certain neurotropic viruses in the ab-
sence of humoral antibodies or previous expo-
sure to infection. J. Exp. Med. 64:723-737.

O’Rourke, E. J., S. B. Halstead, A. C. Allison,
and T. A. E. Plattz-Mills. 1978. Specific le-
thality of silica for human peripheral blood
mononuclear phagocytes, in vitro. J. Immunol.
Methods 19:137-151.

Panijel, J., and P. Cayeux. 1968. Inmunosup-
pressive effects of macrophage antiserum. Im-
munology 14:769-780.

Rabinovitch, M. 1970. Phagocytic recognition,
p. 299-315. In R. van Furth (ed.), Mononuclear
phagocytes. Blackwell Scientific Publications,
Oxford.

Rager-Zisman, B., and A. C. Allison. 1973.
The role of antibody and host cells in the
resistance of mice against infection by
Coxsackie B-3 virus. J. Gen. Virol. 19:329-338.

Rao, G. R., W. E. Rawls, D. Y. E. Perey, and
W. A. F. Tompkins. 1977. Macrophage acti-
vation in congenitally athymic mice raised un-
der conventional and germ-free conditions.



VoL.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

. 43,1979

RES J. Reticuloendothel. Soc. 21:13-20.

Reikvam, A., R. Gammeltvedt, and E. A.
Hgiby. 1975. Activated mouse macrophages:
morphology, lysosomal biochemistry, and mi-
crobicidal properties of in vivo and in vitro
activated cells. Acta Pathol. Microbiol. Scand.
Sect. C 83:129-138.

Renis, H. E,, E. E. Eidson, J. Mathews, and
J. E. Gray. 1976. Pathogenesis of herpes sim-
plex virus types 1 and 2 in mice after various
routes of inoculation. Infect. Immun. 14:571-
578.

Roberts, J. A. 1963. Histopathogenesis of
mousepox. III. Ectromelia virulence. Br. J.
Exp. Pathol. 44:465-472.

Roberts, J. A. 1964. Growth of virulent and
attenuated ectromelia virus in cultured mac-
rophages from normal and ectromelia-immune
mice. J. Immunol. 92:837-842.

Roser, B. 1965. The distribution of intravenously
injected peritoneal macrophages in the mouse.
Aust. J. Exp. Biol. Med. Sci. 43:553-562.

Roser, B. 1968. The distribution of intravenously
injected Kupffer cells in the mouse. RES J.
Reticuloendothel. Soc. 5:455-471.

Ruchman, L 1954. Virulence of strains of herpes
simplex virus for mice. Proc. Soc. Exp. Biol.
Med. 86:649-652.

Rygaard, J., and C. O. Povlsen. 1974. The
mouse mutant nude does not develop sponta-
neous tumors. Acta Pathol. Microbiol. Scand.
Sect. B 82:99-106.

Sabin, A. B. 1952. Nature of inherited resistance
to viruses affecting the nervous system. Proc.
Natl. Acad. Sci. U.S.A. 38:540-546.

Sabin, A. B. 1954. Genetic factors affecting sus-
ceptibility and resistance to virus diseases of
the nervous system. Proc. Assoc. Res. Nerv.
Ment. Dis. 33:57-66.

Sabin, A. B., and P. K. Olitsky. 1937. Influence
of host factors on neuroinvasiveness of vesicu-
lar stomatitis virus. 1. Effect of age on the
invasion of the brain by virus instilled in the
nose. J. Exp. Med. 66:15-34.

Schell, K. 1960. Studies on the innate resistance
of mice to infection with mousepox. 1. Resist-
ance and antibody production. Aust. J. Exp.
Biol. Med. Sci. 38:271-288.

Schultz, R. M., M. C. Woan, and W. A. F.
Tompkins. 1974. Macrophage immunity to
vaccinia virus: factors affecting macrophage
immunity in vitro. RES J. Reticuloendothel.
Soc. 16:37-47.

Selgrade, M. K., and J. E. Osborn. 1974. Role
of macrophages in resistance to murine cyto-
megalovirus. Infect. Immun. 10:1383-1390.

Shayegani, M., F. S. Lief, and S. Mudd. 1974.
Specific and nonspecific cell-mediated resist-
ance to influenza virus in mice. Infect. Inmun.
9:991-998.

Shif, I., and F. B. Bang. 1966. Plaque assay for
mouse hepatitis virus (MHV-2) on primary
macrophage cell cultures. Proc. Soc. Exp. Biol.
Med. 121:829-831.

Shif, 1., and F. B. Bang. 1970. In vitro interac-

MACROPHAGE RESISTANCE TO VIRUS INFECTIONS

136.

137.

138.
139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

25

tion of mouse hepatitis virus and macrophages
from genetically resistant mice. I. Adsorption
of virus and growth curves. J. Exp. Med. 131:

843-850.

Shif, L., and F. B. Bang. 1970. In vitro interac-
tion of mouse hepatitis virus and macrophages
from genetically resistant mice. II. Biological
characterization of a variant virus MHV(C;H)
isolated from stocks of MHV(PRI). J. Exp.
Med. 131:851-862.

Sigel, M. M. 1952. Influence of age on suscepti-
bility to virus infections with particular refer-
ence to laboratory animals. Annu. Rev. Micro-
biol. 6:247-280.

Smith, H. 1972. Mechanisms of virus pathoge-
nicity. Bacteriol. Rev. 36:291-310.

Starr, S. E., and A. C. Allison. 1977. Role of T
lymphocytes in recovery from murine cytomeg-
alovirus infection. Infect. Immun. 17:458-462.

Starr, S. E.,, A. M. Visintine, M. O. Tomeh,
and A. J. Nahmias. 1976. Effects of immu-
nostimulants on resistance of newborn mice to
herpes simplex virus type 2 infection. Proc.
Soc. Exp. Biol. Med. 152:57-60.

Stevens, J. G., and M. L. Cook. 1971. Restric-
tion of herpes simplex virus by macrophages.
An analysis of the cell-virus interaction. J. Exp.
Med. 133:19-38.

Tegtmeyer, P. J., and J. E. Craighead. 1968.
Infection of adult mouse macrophages in vitro
with cytomegalovirus. Proc. Soc. Exp. Biol.
Med. 129:690-694.

Theiler, M. 1930. Studies on the action of yellow
fever virus in mice. Ann. Trop. Med. Parasitol.
24:249-272.

Thomas, J. A. 1949. Conception du systéme
réticulo-histiocytaire: la régulation de l'état
histiocytaire et la spécificité cellulaire. Rev.
Hematol. 4:639-654.

Tosolini, F. A., and C. A. Mims. 1971. Effect of
murine strain and viral strain on the pathogen-
esis of lymphocytic choriomeningitis infection
and a study of footpad responses. J. Infect. Dis.
123:134-144.

Turner, G. S., and R. Ballard. 1976. Interaction
of mouse peritoneal macrophages with fixed
rabies virus in vivo and in vitro. J. Gen. Virol.
30:223-231.

Unanue, E. R. 1968. Properties and some uses
of anti-macrophage antibodies. Nature (Lon-
don) 218:36-38.

Unanue, E. R. 1972. The regulatory role of mac-
rophages in antigenic stimulation. Adv. Im-
munol. 15:95-165.

Vahlne, A, J. Blomberg, S. Olofson, and E.
Lycke. 1975. Subtyping of herpes simplex vi-
rus. Acta Pathol. Microbiol. Scand. Sect. B 83:
506-512.

Vainio, T. 1963. Virus and hereditary resistance
in vitro. I. Behavior of West Nile (E-101) virus
in the cultures prepared from genetically re-
sistant and susceptible strain of mice. Ann.
Med. Exp. Biol. Fenn. 41(Suppl. 1):3-24.

Vainio, T., R. Gwatkin, and H. Koprowski.
1961. Production of inverferon by brains of



26

152.

153.

154.

155.

156.

157.

158.

159.

MOGENSEN

genetically resistant and susceptible mice in-
fected with West Nile virus. Virology 14:385-
387.

van der Groen, G., D. A. R. Vanden Berghe,
and S. R. Pattyn. 1976. Interaction of mouse
peritoneal macrophages with different arbovi-
ruses in vitro. J. Gen Virol. 34:353-361.

van Furth, R. 1970. The origin and turnover of
promonocytes, monocytes and macrophages in
normal mice, p. 151-165. In R. van Furth (ed.),
Mononuclear phagocytes. Blackwell Scientific
Publications, Oxford.

van Furth, R., Z. A. Cohn, J. G. Hirsch, J. H.
Humphrey, W. G. Spector, and H. L. Lan-
gevoort. 1972. The mononuclear phagocyte
system: a new classification of macrophages,
monocytes, and their precursor cells. Bull.
W.H.O. 46:845-852.

Virelizier, J. -L., and A. C. Allison. 1976.
Correlation of persistent mouse hepatitis virus
(MHV-3) infection with its effect on mouse
macrophage cultures. Arch. Virol. 50:279-285.

Volterra, M. 1927. Ricerche sul sistema reticolo-
istiocitario. Lo Sperimentale. Arch. Biol.
Norm. Pathol. 81:319-398.

Wardley, R. C., B. T. Rouse, and L. A. Ba-
biuk. 1976. The mammary gland of the ox: a
convenient source for the repeated collection
of neutrophils and macrophages. RES J. Retic-
uloendothel. Soc. 19:29-36.

Webster, L. T. 1937. Inheritance of resistance of
mice to enteric bacterial and neurotropic virus
infections. J. Exp. Med. 65:261-286.

Weiser, W., and F. B. Bang. 1976. Macro-
phages genetically resistant to mouse hepatitis
virus converted in vitro to susceptible macro-
phages. J. Exp. Med. 143:690-695.

160.

161.

162.

163.

164.

165.

166.

167.

168.

MicroBioL. REv.

Weiser, W., 1. Vellisto, and F. B. Bang. 1976.
Congenic strains of mice susceptible and resist-
ant to mouse hepatitis virus. Proc. Soc. Exp.
Biol. Med. 152:499-502.

Weiser, W. Y., and F. B. Bang. 1977. Blocking
of in vitro and in vivo susceptibility to mouse
hepatitis virus. J. Exp. Med. 146:1467-1472.

Willenborg, D. O, K. V. Shah, and F. B.
Bang. 1973. Effect of cyclophosphamide on
the genetic resistance of C;H mice to mouse
hepatitis virus. Proc. Soc. Exp. Biol. Med. 142:
762-766.

Wirth, J. J., M. H. Levy, and E. F. Wheelock.
1976. Use of silica to identify host mechanisms
involved in suppression of established Friend
virus leukemia. J. Immunol. 117:2124-2130.

Yoon, J. -W., and A. L. Notkins. 1976. Virus-
induced diabetes mellitus. VI. Genetically de-
termined host differences in the replication of
encephalomyocarditis virus in pancreatic beta
cells. J. Exp. Med. 143:1170-1185.

Zilversmit, D. B., G. A. Boyd, and M. Brucer.
1952. The effect of particle size on blood clear-
ance and tissue distribution of radioactive gold
colloids. J. Lab. Clin. Med. 40:255-260.

Zinkernagel, R. M., and R. V. Blanden. 1975.
Macrophage activation in mice lacking thy-
mus-derived (T) cells. Experientia 31:591-593.

Zisman, B., M. S. Hirsch, and A. C. Allison.
1970. Selective effects of anti-macrophage se-
rum, silica and anti-lymphocyte serum on path-
ogenesis or herpes virus infection of young
adult mice. J. Immunol. 104:1155-1159.

Zisman, B., E. F. Wheelock, and A. C. Alli-
son. 1971. Role of macrophages and antibody
in resistance of mice against yellow fever virus.
J. Immunol. 107:236-243.



