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Summary 

The natural targeting of liposomes to cells of  the reticuloendothelial system should 
be exploited to examine whether selective delivery of antiviral or immunomodula tory  
agents could be beneficial for the treatment of viral diseases. In this review we discuss 
the potential use of  liposomes in the treatment of virus diseases, the targeting of 
liposome-encapsulated immunomodulators  to macrophages in order to render these 
cells cytolytic for virus-infected cells, and the targeting of liposome-encapsulated 
antiviral drugs to macrophages to achieve direct suppression of virus replication 
within these cells. 

liposomes; macrophage activation; drug targeting 

Introduction 

Although viral diseases of  man and animals are a major cause of morbidity, 
mortality, and hence economic loss [1], early hopes for an antiviral panacea have not 
been fulfilled. The lack of success in the treatment of viral diseases has been due in part 
to the fact that viral replication is intimately associated with the host cell biosynthetic 
machinery [2]. Recent discoveries in the molecular biology of virus replication have 
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identified several virus-coded functions that are potential targets for selective inhi- 
bition by antiviral agents [3]. Moreover, advances in rapid viral diagnosis now allow 
the identification of a causative agent early in the course of the disease, when most 
viral replication occurs [4]. The potential for treatment of viral diseases has never been 
greater. 

One of the challenges in the development of effective viral therapeutics is to deliver 
antiviral agents to the sites of virus replication. This challenge is not unique to viral 
diseases, and indeed drug targeting has become the focus of extensive study for the 
treatment of cancer [5,6], fungal [7-9], bacterial [10,11] and parasitic diseases [12]. 
Recently, substantial effort has been directed at evaluating synthetic phospholipid 
vesicles, i.e. liposomes, as drug delivery systems that could target therapeutic agents to 
organ or cellular sites of diseases [ 13]. The capacity of liposomes to encapsulate a wide 
variety of hydrophilic or lipophilic biologically active compounds makes them extreme- 
ly attractive as potential vehicles for drug delivery in vivo [14]. Liposomes, how- 
ever, like other particulate matter, are cleared from the circulation by phagocytic cells 
of the reticuloendothelial system (RES) [6,15]. Limited transcapillary transport of 
liposomes following intravenous injection occurs in the liver through open sinusoidal 
capillaries, but does not occur in the continuous capillaries of the lung. However, 
liposomes in the lung capillaries are engulfed by circulating blood monocytes which 
can subsequently migrate to the aiveoli to become alveolar macrophages. Although 
this biological reality presents a major drawback to the use of liposomes for delivering 
drugs to cells other than phagocytic cells [13,16], it does permit 'natural targeting' of 
drugs to cells of the RES. Studies by Fidler, Poste, and their colleagues [ 17,18] have 
taken advantage of this selective delivery of liposomes to cells of the monocyte-ma- 
crophage series and demonstrated that the delivery of encapsulated immunomodula- 
tors to the cytoplasm of macrophages rendered the cells highly tumoricidal in vitro 
and in vivo. Moreover, the repeated intravenous injections of liposomes containing 
immunomodulators was responsible for the eradication of spontaneous melanoma 
metastases in the lungs and lymph nodes of syngeneic mice [19,20]. In a recent 
editorial, Schroit et al. [21] proposed that exploitation ofliposome targeting to cells of 
the RES may enhance therapeutic efficacy against a variety of parasitic, fungal, and 
bacterial macrophage-associated diseases including schistosomiasis, leishmaniasis, 
histoplasmosis, cryptococcosis, brucellosis, and salmonellosis. Viral diseases poten- 
tially treatable by liposome-encapsulated drugs were not included in this review. 

Several groups of viruses productively infect cells of the RES, and virus replication 
in monocytes-macrophages can be an integral factor in the pathogenesis of certain 
severe systemic virus infections [22,23]. Macrophages are a primordial defense cell 
and by virtue of their location throughout the body and capacity to respond to 
chemotactic stimuli often accumulate early at the sites of many virus infections [24]. 
Moreover, when activated by a variety of factors, macrophages become selectively 
cytostatic and cytotoxic for virus-infected cells without damaging normal cells 
[25-27]. 

We would like to propose now that the natural targeting of liposomes to mononu- 
clear phagocytes should be exploited to examine whether the selective delivery of 
antiviral or immunomodulatory agents could be beneficial for the treatment of viral 
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diseases. In this report we wish to discuss the potential use of liposomes in the 
treatment of viral diseases from the following perspectives: (a) targeting of liposome- 
encapsulated immunomodulators to macrophages in order to render these cells 
cytolytic for virus-infected cells; (b) targeting of liposome-encapsulated antiviral 
drugs or immunomodulators to macrophages to achieve direct suppression of virus 
replication within these cells; (c) the advantages, limitations, and future directions for 
these approaches for therapy. 

Targeting of liposome-encapsulated immunomodulators to macrophages in order to 
render these cells cytolytic for virus-infected cells 

The major thrust of current antiviral research is directed toward the development of 
drugs that selectively block virus replication without causing toxic effects to the host 
cell. This strategy has led to the development of compounds such as amantadine, an 
anti-influenza agent that inhibits virus uncoating [28], and acyclovir, an anti-herpes 
agent that inhibits herpes simplex virus (HSV)-specified DNA polymerase [29]. 
However, the present lack of control of and treatment for the overwhelming majority 
of viruses pathogenic to man and animals mandates the search for other therapeutic 
modes. 

Most acute viral infections produce an inflammatory response with characteristic 
perivascular infiltration of mononuclear cells, the majority of which are mononuclear 
phagocytes [30]. Macrophages are important components of the host's frontline 
defense against virus infections, and their strategic location at the portal of entry for 
most viruses and in the blood and visceral organs facilitates this task. Macrophage 
accumulation at sites of primary virus infections is enhanced by the release of 
chemotactic stimuli from foci of virus replication [ 1]. In viral reinfections, the interac- 
tion of virus-coded proteins with sensitized lymphocytes is postulated to trigger the 
release of soluble mediators, i.e. lymphokines, that are chemotactic to macrophages 
and can also activate the macrophages for antiviral effects [31]. Activated macro- 
phages acquire the capability of discriminating between virus-infected and normal 
cells [25-27]. The mechanism by which macrophages select virus-infected from unin- 
fected cells is unknown, although virus-induced changes in the macromolecular 
constitution of the host cell plasma membranes appear to play a major role [32]. In 
fact, recent studies with recombinant reoviruses have suggested that the recognition 
site on reovirus-infected target cells for mouse peritoneal cells is the virus hemaggluti- 
nin protein [33]. Collectively, the data suggest that macrophages are an important 
factor in host defense against viral diseases. 

A list of acute viral infections in which selective cytostatic and cytolytic effects of 
macrophages on virus-infected cells have been demonstrated is shown in Table 1. In 
addition to these effects, macrophages also restrict the replication of several viruses in 
infected cell cultures (Table 2). Enhancement of antiviral activity of macrophages can 
also occur subsequent to their interaction with nonspecific bacterial products or 
lymphokines [45]. Despite these significant antiviral activities in vitro, most attempts 
at immunomodulation for the prophylaxis and treatment of viral infections in vivo by 
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TABLE 1 

Acute viral infections sensitive to macrophage-mediated cytostasis and/or cytolysis 

Virus Reference 

Influenza 25, 34 
Sendai 25, 34 
Reovirus 33 
Vaccinia 26 
Herpes simplex type 1 26 
Herpes simplex type 2 27 
Respiratory syncytial 35 

TABLE 2 

Macrophage-mediated suppression of virus production 

Virus Reference 

Encephalomyocarditis 36 
Mouse hepatitis 37 
Herpes simplex type l 38 
Herpes simplex type 2 39 
Vesicular stomatitis 39, 40 
Vaccinia 4 l 
Ectromelia 42 
Cytomegalovirus 43 
Sindbis 30 
Influenza 44 

administration of nonspecific macrophage activators have met with only marginal 
success [23]. This may be due in part to the rapid clearance of lymphokines and 
macrophage activators from the circulation and to the inability to target sufficient 
quantities of immunomodulators to the macrophages. 

Recent studies in our laboratory have demonstrated that macrophages and human 
peripheral blood monocytes can be activated in vitro by a variety of free and liposome- 
encapsulated substances such as lymphokines containing macrophage-activating fac- 
tor (MAF), human recombinant gamma interferon, bacterial lipopolysaccharide, or 
muramyl dipeptide derivatives, to selectively lyse HSV-infected cells without harming 
uninfected cells [27,46]. Calculations of the internal volume of these liposomes 
indicated that the total amount of liposome-encapsulated immunomodulators was 
approximately 800 times lower than the volume of free substances needed to induce 
macrophage activation to a cytolytic state. Since comparable levels of cytotoxicity 
against virus-infected cells were observed for free and liposome-encapsulated immune 
modifiers, these results demonstrated that liposome encapsulation significantly aug- 
mented the efficiency of macrophage activation. Control experiments, where macro- 
phages were incubated with liposomes containing culture media, and suspended in 
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100-fold dilutions of MAF, did not exhibit activation to a cytotoxic state. Thus, the 
mechanism of macrophage activation via liposome-encapsulated immunomodulators 
was not simply due to an alteration of macrophage function by liposomes, but 
required the internalization of the immunomodulatory substance. These results close- 
ly agree with the amplification of tumoricidal activity of macrophages by liposomes 
containing immunomodulators [47,48]. Since intravenously administered liposomes 
are cleared by macrophages, we evaluated the efficacy of this treatment in a HSV-2 
murine model system. Liposomes containing macrophage activators significantly 
protected mice from a lethal infection with HSV-2, whereas administration of free, 
unencapsulated immunomodulators produced but marginal effects (Koff, W.C. et al., 
submitted for publication). The data indicate that the delivery of macrophage activa- 
tors to cells of  the RES via liposomes can significantly modulate the outcome of an 
acute viral infection. 

Targeting of liposome-encapsulated antiviral drugs/immunomodulators to macro phages 
to achieve direct suppression of virus replication within these cells 

Interactions between viruses and macrophages cover a broad spectrum of events 
ranging from phagocytosis and destruction of  virus particles to acute and persistent 
virus infection [43]. The factors that influence the outcome of virus-macrophage 
interactions are complex; these include virus type [49], presence or absence of virus- 
specific antibody [50], availability of viral receptors on macrophages [33], genetic 
susceptibility [51], age [52-54], immunocompetence of the host [50,55], and stage of 
differentiation of macrophages in the progression from the unstimulated to the 
cytolytic phenotype [23]. 

Table 3 describes the groups of viruses in which replication has been demonstrated 
to occur within macrophages, along with the corresponding human diseases caused by 
these viruses. These findings are by no means confined to human viral infections. In 
Table 4, we list several severe systemic viral diseases of domestic animals where virus 
replication is also known to occur in macrophages. The economic importance of such 
diseases has been estimated in billions of dollars [72]. The inability to control these 
viruses by vaccine or chemotherapy signifies a need to examine other therapeutic 
approaches. 

Since liposomes are targeted naturally to monocytes following intravenous admi- 
nistration, it should be possible to direct antiviral drugs or immunomodulators to 
viruses replicating within macrophages, and thereby modify the virus infection. 
Recent studies by Kende et al. [66] support this hypothesis. In those studies, Rift 
Valley fever virus (RVFV), which replicates in liver macrophages and the central 
nervous system (CNS), was examined in a murine model system in which small inocula 
(25 plaque-forming units) causes death 8 days after infection due to liver necrosis and 
CNS inflammation. The intravenous injection of liposomes containing a lipophilic 
derivative of muramyl dipeptide (MDP) brought about significant therapeutic effects 
as measured by mean survival time and percent survival. These effects were observed 
even in mice treated as late as 5 days after infection [66]. Intravenous administration 
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TABLE 3 

List of viruses that infect human monocytes-macrophages 

Genus Species/serotype Human disease Reference 

Arenavirus Junin virus Argentine hemorrhagic fever 57 
Morbillivirus Measles virus Measles; subacute sclerosing 58 

panencephalitis 
Vesiculovirus Vesicular stomatitis virus Flu-like illness 59 
Flavivirus Dengue virus (4 serotypes) Dengue fever; dengue 60 

hemorrhagic fever 
Yellow fever virus Fever; nephritis; hepatitis 61 

Reovirus Reovirus type 1 None known 33 
Herpesvirus Herpes simplex type 1 Stomatitis; encephalitis 62 

disseminated disease 
Herpes simplex type 2 Genital disease; 63 

disseminated disease 
Cytomegalovirus Disseminated disease; 64 

hepatitis; pneumonia 
Varicella zoster virus Varicella; herpes zoster 65 

Bunyavirus Rift Valley fever v i r u s  Disseminated disease; fever 66 

TABLE 4 

List of animal viruses that infect monocytes-macrophages 

Virus Host Disease Reference 

Canine distemper Dogs Canine distemper 67 
Peste des petits ruminants Goats Disseminated disease 67 
Venezuelan equine Horses Encephalitis 68 

encephalomyelitis 
Japanese encephalitis Swine Abortion and stillbirth 69 
Rift Valley fever Sheep, ca t t l e  Disseminated disease; fever 66 
Equine infectious anemia Horses Recurring fever; anemia 70 
Caprine arthritis Goats Leukoencephalomyelitis 71 

encephalitis periarthritis; synovitis 

of free MDP,  even at 100 times the dose adminis tered in liposomes, was not  effective. 
These findings suggest that act ivat ion of macrophages by liposomes conta in ing  
i m m u n o m o d u l a t o r s  suppresses the replication of viruses in these cells, thereby inhibi t-  
ing the spread of infection and consequent ly  diminishing the severity of disease. This 
same principle theoretically could be tested with broad  spectrum antiviral  agents such 
as interferon and  ribavirin.  In fact, the encapsula t ion of  active alpha and gamma 
interferons in l iposomes has already been successfully accomplished in vitro [46,73]. 
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Liposome-mediated antiviral therapy: advantages, limitations, and future directions 

In this report, we have described the potential use of liposomes as vehicles for the 
selective delivery of antiviral agents and immunomodulators to monocytes-macro- 
phages for the prophylaxis and therapy of viral diseases. Although this approach is 
logical and attractive, the field is in its infancy and our expectations need to be 
realistic. The advantages, limitations and possible future directions of liposome-me- 
diated antiviral therapeutics must now be considered. 

Advantages 

Liposomes provide an attractive vehicle for the delivery of drugs to macrophages. 
Because liposomes concentrate in these phagocytic cells, drug concentration in the 
cytoplasm of  macrophages can be manyfold higher than in other, nonphagocytic cells. 
For this reason, the total dose of antiviral drug administered in liposomes could well 
be several logs less than that used when the drugs are injected in a free (unencapsulat- 
ed) form. The reduced dose of drugs coupled with selective drug targeting should 
naturally bring about a significant reduction in systemic or even localized drug-asso- 
ciated toxicity. 

Liposomes also provide a vehicle for the delivery of two or more complementary 
antiviral agents to the same target cell. The presence of more than one antiviral agent, 
in the desired combinations and ratio, at the site of viral replication in situ could have 
synergistic antiviral activity. The encapsulation of lymphokines and MDP within the 
same liposome has been shown to induce synergistic activation oftumoricidal proper- 
ties in alveolar macrophages [48]. Similar results could well be obtained with combi- 
nation chemotherapy for the treatment of drug-resistant virus mutants or as a means 
of lowering the dose of drugs required for antiviral efficacy. 

Limitations 

The use of liposomes containing immunomodulators for treatment of some viral 
diseases may be contraindicated. Some viruses reportedly have enhanced replication 
in 'activated' macrophages [23]. Recent in vitro studies by Hotta  and Hotta demons- 
trate that dengue viruses produce significantly greater titers of virus in activated 
macrophages than in unstimulated cells [74]. Similarly, alphaviruses [75,76] and 
coronaviruses [77] replicate with greater efficiency in macrophages treated with a 
variety of stimulating agents than in resident macrophages. Thus, when virus replica- 
tion in macrophages is at issue, it is important to analyze the ability of the virus in 
question to replicate in activated macrophages prior to examining in vivo antiviral 
therapeutic efficacy of liposome-encapsulated immunopotentiating agents. 

The temporal association of the virus-infected cell with the activated macrophage 
and the kinetics of cytotoxicity may also play a prominent role where therapeutic 
effects are related to the macrophage mediated lysis of virus-infected cells. Killing of 
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cells infected with a cytolytic virus before assembly of infectious virus would abort the 
replication cycle [78]. Even the lysis of cells during virus assembly would most 
probably result in a reduction of virus and limitation of virus spread. However, lysis of 
the infected cells just prior to virus-induced lysis could enhance the disease process by 
speeding up the cytolysis of infected cells and concomitant virus spread. Thus, 
macrophage-mediated lysis of cells infected by viruses with relatively slow replication 
cycles (e.g. cytomegalovirus) might be more effective than lysis of cells infected with 
faster replication cycles (e.g. influenza). 

Future directions 

Although treatment of macrophage-associated diseases of parasitic and fungal 
origin by liposome-encapsulated drugs is receiving much attention [21,79], there has 
been a paucity of information of the potential use of the approach for the treatment of 
viral diseases. Several important areas of research need to be examined concerning 
this approach to viral therapeutics. These include determination of the virus groups 
susceptible to treatment in vitro and in vivo by liposome-encapsulated antivirals/im- 
munopotentiating agents; nature of the phospholipid constitution of the liposomes 
that produce optimal therapeutic effects; dosage schedules; combination chemothera- 
py studies; and toxicity studies. In addition, recent findings demonstrate that some 
persistent and slow viruses such as caprine arthritis encephalitis virus replicate in 
macrophages [71]. By modifying the internal biochemical nature of macrophages with 
immunopotentiating agents known to significantly increase lysosomal enzyme and 
metabolic rates in macrophages [80,81], it might also be possible to modulate these 
chronic infections. In any event, the selective targeting of liposomes containing 
antiviral or immunopotentiating agents to phagocytic cells in the body could provide 
an important new approach for the therapy of several debilitating viral diseases. 

Acknowledgement 

We thank Marfield Dodd-Johnson for expert secretarial assistance. 

References 

1 Glasgow, L.A. (1979) Biology and pathogenesis of viral infections. In: Antiviral Agents and Viral 
Diseases of Man. Galasso, G.J., Merigan, T.C. and Buchanan, R.A., Eds. Raven Press, New York, pp. 
39-76. 

2 Vil~ek, J. (1979) Fundamentals of virus structure and replication. In: Antiviral Agents and Viral 
Diseases of Man. Galasso, G.J., Merigan, T.C. and Buchanan, R.A., Eds. Raven Press, New York, pp. 
1-38. 

3 Smith, R.A., Sidwell, R.W. and Robins, R.K. (1980) Antiviral mechanisms of action. Ann. Rev. 
Pharmacol. Toxicol. 20, 259-284. 

4 Mclntosh, K., Wilfert, C., Chernesky, M., Plotkin, S. and Mattheis, M.J. (1980) Summary on a 
workshop on new and useful techniques in rapid viral diagnosis. J. Infect. Dis. 142, 793-802. 



187 

5 Gregoriadis, G., Neorungen, D.E. and Hunt, R. (1977) Fate of liposome-associated agents injected 
into normal and tumor-bearing rodents. Life Sci. 21, 357-370. 

6 Poste, G., Bucana, C., Raz, A., Bugelski, P., Kirsh, R. and Fidler, I.J. (1982) Analysis of the fate of 
systemically administered liposomes and implications for their use in drug delivery. Cancer Res. 42, 
1412-1422. 

7 Fraser-Smith, E.B., Eppstein, D.A., Larsen, M.A. and Matthews, T.R. (1983) Protective effect of a 
muramyl dipeptide analog encapsulated in or mixed with liposomes against Candida albicans infec- 
tion. Infect. Immun. 39, 172-178. 

8 Graybill, J.R., Craven, P.C., Taylor, R.L., Williams, D.M. and Magee, W.E. (1982) Treatment of 
murine cryptococcosis with liposome-associated amphotericin B. J. Infect. Dis. 145,748-752. 

9 Taylor, R.L., Williams, D.M., Craven, P.C., Graybill, J.R., Drutz, D.J. and Magee, W.E. (1982) 
Amphotericin B in liposomes: a novel therapy for histoplasmosis. Am. Rev. Respir. Dis. 125,610-611. 

10 Sande, M.A. and Mandell, G.L. (1980) Chemotherapy of microbial disease. In: The Pharmacological 
Basis of Therapeutics. Gilman, A.G., Goodman, L.S. and Gilman, A., Eds. MacMillan, New York, 
pp. 1080-1205. 

11 Desiderio, J.V. and Campbell, S.G. (1983) Liposome-encapsulated cephalothin in the treatment of 
experimental murine salmonellosis. J. Reticuloendoth. System 34, 279-287. 

12 Alving, C.R. (1982) Therapeutic potential of liposomes as drug carriers in leishmaniasis, malaria, and 
vaccines. In: Targeting of Drugs. Gregoriadis, G., Senior, J. and Trouet, A., Eds. Plenum, New York, 
pp. 337-353. 

13 Mayhew, E. and Papahadjopoulos, D. (1983) Therapeutic applications of liposomes, In: Liposomes. 
Ostro, M.J., Ed. Marcel Dekker, New York, pp. 289-341. 

14 Juliano, R.L. (1980) Interactions of proteins and drugs with liposomes. In: Liposomes. Ostro, M.J., 
Ed. Marcel Dekker, New York, pp. 53-86. 

15 Kimelberg, H.K. and Mayhew, E. (1978) Properties and biological effects of liposomes and their use in 
pharmacology and toxicology. Crit. Rev. Toxicol. 6, 25-79. 

16 Finkelstein, M.C. and Weissmann, G. (1981) Targeting of liposomes. In: Liposomes: from Physical 
Structure to Therapeutic Applications. Knight, C.A., Ed. Elsevier, Amsterdam, pp. 443-464. 

17 Fidler, l.J. and Raz, A. (1981) The induction of tumoricidal capacities in mouse and rat macrophages 
by lymphokines. Lymphokines 3,345-363. 

18 Poste, G., Bucana, C. and Fidler, I.J. (1982) Stimulation of host response against metastatic tumors 
by liposome-encapsulated immunomodulators. In: Targeting of Drugs. Gregoriadis, G., Senior, J. 
and Trouet, A., Eds. Plenum, New York, pp. 261-284. 

19 Fidler, I.J. (1980) Therapy of spontaneous metastases by intravenous injections ofliposomes contain- 
ing lymphokines. Science 208, 1469-1471. 

20 Fidler, I.J., Sone, S., Fogler, W.E. and Barnes, Z.L. (1981) Eradication of spontaneous metastases 
and activation of alveolar macrophages by intravenous injection of liposomes containing muramyl 
dipeptide. Proc. Natl. Acad. Sci. U.S.A. 78, 1680-1684. 

21 Schroit, A.J., Hart, I.R., Madsen, J. and Fidler, I.J. (1983) Selective delivery of drugs encapsulated in 
liposomes: natural targeting to macrophages involved in various disease states. J. Biol. Resp. Med. 2, 
97-100. 

22 Mims, C.A. (1964) Aspects of the pathogenesis of virus disease. Bacteriol. Rev. 28, 30-71. 
23 Mogensen, S.C. (1979) Role of macrophages in natural resistance to virus infections. Microbiol. Rev. 

43, 1-26. 
24 Allison, A.C. (1974) On the role of mononuclear phagocytes in immunity against viruses. Prog. Med. 

Virol. 18, 15-31. 
25 Goldman, R. and Hogg, N. (1978) Enhanced susceptibility of virus-infected fibroblasts to cytostasis 

mediated by peritoneal exudate cells. J. Immunol. 121, 1657-1663. 
26 Chapes, S.K. and Tompkins, W.A.F. (1979) Cytotoxic macrophages induced in hamsters by vaccinia 

virus: selective cytotoxicity for virus-infected targets by macrophages collected late after immuniza- 
tion. J. Immunol. 123, 303-309. 

27 Koff, W.C., Showalter, S.D., Seniff, D.A. and Hampar, B. (1983) Lysis of herpes virus infected ceils 
by macrophages activated with free or liposome encapsulated lymphokine produced by a murine T 
cell hybridoma. Infect. Immun. 42, 1067-1072. 



188 

28 Kato, N. and Eggers, H.J. (1969) Inhibition ofuncoating of fowl plague virus by 1-adamantanamine 
hydrochloride. Virology 37, 632-641. 

29 Elion, G.B., Furman, P.A., Fyfe, J.A., deMiranda, P., Beuchamp, L. and Schaeffer, H.J. (1977) 
Selectivity of action of an antiherpetic agent, 9-(2-hydroxyethoxymethyl)guanine. Proc. Natl. Acad. 
Sci. U.S.A. 74, 5716-5720. 

30 Johnson, R.T. (1982) Viral Infections of the Nervous System. Raven Press, New York. 
31 Notkins, A.L. (1975) Interferon as a mediator of cellular immunity in viral infections. In: Viral 

Immunology and Immunopathology. Notkins, A.L., Ed. Academic Press, New York, pp. 149-166. 
32 Shillitoe, E.J. and Rapp, F. (1979) Virus-induced cell surface antigens and cell-mediated immune 

responses. Springer Semin. Immunopathol. 2, 237-259. 
33 Letvin, N.L., Kauffman, R.S. and Finberg, R. (1982) An adherent cell lyses virus-infected targets: 

characterization, activation and fine specificity of the cytotoxic cell. 129, 2396-2401. 
34 Mak, N.K., Leung, K.N. and Ada, G.L. (1982) The generation of cytotoxic macrophages in mice 

during infection with influenza A or Sendal virus. Scand. J. Immunol. 15, 553-561. 
35 Sun, C., Wyde, P.R., Wilson, S.Z. and Knight, V. (1983) Cell-mediated cytotoxic responses in lungs of 

cotton rats infected with respiratory syncytial virus. Am. Rev. Respir. Dis. 127, 460-464. 
36 Lodmell, D.L. and Ewalt, L.C. (1978) Enhanced resistance against encephalomyocarditis virus 

infection in mice, induced by a nonviable Mycobacterium tuberculosis oil-droplet vaccine. Infect. 
Immun. 19, 225-230. 

37 Stohlman, S.A., Woodward, J.H. and Frelinger, J.A. (1982) Macrophage antiviral activity: extrinsic 
versus intrinsic activity. Infect. Immun. 36, 672-677. 

38 Wildy, P., Gell, P.G.H., Rhodes, J. and Newton, A. (1982) Inhibition of herpes simplex virus 
multiplication by activated macrophages: a role for arginase? Infect. Immun. 37, 40-45. 

39 Morahan, P.S., Morse, S.S. and McGeorge, M.B. (1980) Macrophage extrinsic antiviral activity 
during herpes simplex virus infection. J. Gen. Virol. 46, 291-300. 

40 Rager-Zisman, B., Kunkel, M., Tanaka, Y. and Bloom, B.R. (1982) Role of macrophage oxidative 
metabolism in resistance to vesicular stomatitis virus infection. Infect. Immun. 36, 1229-1237. 

41 Morahan, P.S., Glasgow, L.A., Crane, J.L., Jr. and Kern, E.R. (1977) Comparison of antiviral and 
antitumor activity of activated macrophages. Cell. Immunol. 28,404-415. 

42 Cohen, D.A. and Bubel, H.C. (1983) Induction of resistance to ectromelia virus infection by 
Corynebacterium parvum in murine peritoneal macrophages. J. Reticuloendoth. System 33, 35-46. 

43 Mires, C.A. and Gould, J. (1978) The role of macrophages in mice infected with murine cytomegalovi- 
rus. J. Gen. Virol. 41, 143-152. 

44 Rodgers, B.C. and Mims, C.A. (1982) Role of macrophage activation and interferon in the resistance 
of alveolar macrophage from infected mice to influenza virus. Infect. Immun. 36, 1154-1159. 

45 Morahan, P.S. and Morse, S.S. (1979) Macrophage-virus interactions. In: Virus-Lymphocyte Interac- 
tions: Implications for Disease. Pruffitt, M.R., Ed. Elsevier/North Holland, New York, pp. 17-35. 

46 Koff, W.C., Fidler, I.J., Showalter, S.D., Chakrabarty, M.K., Hampar, B., Ceccorulli, L.M. and 
Kleinerman, E.S. (1984) Human monocytes activated by immunomodulators in liposomes lyse herpes 
virus infected but not normal cells. Science 224, 1007-1009. 

47 Kleinerman, E.S., Erickson, K.L., Schroit, A.J., Fogler, W.E. and Fidler, I.J. (1980) Activation of 
tumoricidal properties in human blood monocytes by liposomes containing lipophilic muramyl 
tripeptide. Cancer Res. 43, 2010-2014. 

48 Sone, S. and Fidler, I.J. (1980) Synergistic activation by lymphokines and muramyl dipeptide of 
tumoricidal properties in rat alveolar macrophages. J. Immunol. 125, 2454-2460. 

49 Mogensen, S. (1977) Role of macrophages in hepatitis induced by herpes simplex virus types 1 and 2 in 
mice. Infect. Immun. 15,686-691. 

50 Halstead, S.B. and O'Rourke, E.J. (1977) Dengue viruses and mononuclear phagocytes. I. Infection 
enhancement by non-neutralizing antibody. J. Exp. Med. 146, 201-217. 

51 Weiser, W. and Bang, F.B. (1976) Macrophage genetically resistant to mouse hepatitis virus converted 
in vitro to susceptible macrophages. J. Exp. Med. 143, 690-695. 

52 Johnson, R.T. (1964) The pathogenesis of herpes virus encephalitis, If. A cellular basis for the 
development of resistance with age. J. Exp. Med. 120, 359-374. 



189 

53 Hirsch, M.S., Zisman, B. and Allison, A.C. (1970) Macrophages and age-dependent resistance to 
herpes simplex virus in mice. J. Immunol. 104, 1160-1165. 

54 Mintz, L., Drew, W.L., Hoo, R. and Finley, T.N. (1980) Age-dependent resistance of human alveolar 
macrophages to herpes simplex virus. Infect. Immun. 28, 417-420. 

55 Morahan, P.S., Kern, E.R. and Glasgow, L.A. (1977) Immunomodulator induced resistance against 
herpes simplex virus. Proc. Soc. Exp. Biol. Med. 154, 615-620. 

56 Zisman, B., Hirsch, M.S. and Allison, A.C. (1970) Selective effects of anti-macrophage serum, silica, 
and anti-lymphocyte serum or pathogenesis of herpes virus infection of young adult mice. J. 
Immunol. 104, 1155-1159. 

57 Carballal, G., Cossio, P.M., Laguens, R.P., Penzinibio, C., Oubina, J.R., Meckert, P.C., Rabinovich, 
A. and Arana, R.M. (1981) Junin virus infection of guinea pigs: immunohistochemical and ultrastruc- 
tural studies of hemopoietic tissue. J. Infect. Dis. 143, 7-14. 

58 Joseph, B.S., Lampert, P.W. and Oldstone, M.B.A. (1975) Replication and persistence of measles 
virus in defined subpopulations of human leukocytes. J. Virol. 16, 1638-1649. 

59 Edelman, R. and Wheelock, E.F. (1967) Specific role of each human leukocyte type in viral infections. 
I. Monocytes as host cell for vesicular stomatitis virus replication in vitro. J. Virol. 1, 1139-1149. 

60 Halstead, S.B., O'Rourke, E.J. and Allison, A.C. (1977) Dengue viruses and mononuclear phagocytes 
II. Identity of blood and tissue leukocytes supporting in vitro infections. J. Exp. Med. 146,218-229. 

61 Wheelock, E.F. and Edelman, R. (1969) Specific role of each human leukocyte type in viral infections. 
17D yellow fever virus replication and interferon production in homogeneous leukocyte cultures 
treated with phytohemagglutinin. J. Immunol. 103, 429-436. 

62 Daniels, C.A., Kleinerman, E.S. and Snyderman, R. (1978) Abortive and productive infections of 
human mononuclear phagocytes by type 1 herpes simplex virus. Am. J. Pathol. 91, 119-136. 

63 Kirchner, H. (1982) Immunobiology of infection with herpes simplex virus. Monographs Virol. 13, 
1-104. 

64 Drew, W.L., Mintz, L., Hoo, R. and Finley, T.N. (1979) Growth of herpes simplex and cytomegalovi- 
rus in cultures or human alveolar macrophages. Am. Rev. Respir. Dis. 119, 187-191, 

65 Overall, J.C., Jr. (1979) Dermatologic diseases. In: Antiviral Agents and Virus Diseases of Man. 
Galasso, G.J., Merigan, T.C. and Buchanan, R.A., Eds. Raven Press, New York, pp. 305-384. 

66 Kende, M., Schroit, A.J., Rill, W. and Canonico, P. (1983) Treatment of Rift Valley fever virus infected 
Swiss mice with liposome encapsulated muramyl dipeptide. ICAAC Abstract (Las Vegas, Nevada) p. 
108. 

67 Appel, M.J.G., Gibbs, E.P.J., Martin, S.J., Ter Meulen, V., Rima, B.K., Stephenson, J.R. and Taylor, 
W.P. (1981) Morbillivirus disease of animals and man. In: Comparative Diagnosis of Viral Diseases, 
Vol. IV. Kurstak, E. and Kurstak, C., Eds. Academic Press, New York, pp. 235-297. 

68 Levitt, N.H., Miller, H.V. and Edelman, R. (1979) Interaction of alphaviruses with human peripheral 
leukocytes: in vitro replication of Venezuelan equine encephalomyelitis virus monocyte cultures. 
Infect. Immun. 24, 642-646. 

69 Monath, T.P. and Trent, D.W. (1981) Togaviral diseases of domestic animals. In: Comparative 
Diagnosis of Viral Diseases, Vol. IV. Kurstak, E. and Kurstak, C., Eds. Academic Press, New York, 
pp. 331-440. 

70 Coggins, L. (1981) Equine infectious anemia. In: Comparative Diagnosis of Viral Diseases, Vol. IV. 
Kurstak, E. and Kurstak, C., Eds. Academic Press, New York, pp. 647-658. 

71 Anderson, L.W., Klevjer-Anderson, P. and Liggitt, H.D. (1983) Susceptibility of blood derived 
monocytes and macrophages to caprine arthritis-encephalitis virus. Infect. Immun. 44, 837-840. 

72 Kurstak, E. and Kurstak, C. (1981) Comparative Diagnosis of Viral Diseases. Academic Press, New 
York. 

73 Anderson, P., Vilcek, J. and Weissman, G. (1981) Entrapment of human leukocyte interferon in the 
aqueous interstices of liposomes. Infect. Immun. 31, 1099-1103. 

74 Hotta, H. and Hotta, S. (1982) Dengue virus multiplication in cultures of mouse peritoneal macro- 
phages: effects of macrophage activators. Microbiol. Immunol. 26, 665-676. 

75 Van der Groen, G., Van den Berghe, D.A.R. and Pattyn, S.R. (1976) Interaction of mouse peritoneal 
macrophages with different arboviruses in vitro. J. Gen. Virol. 34, 353-361. 



190 

76 Lagwinska, E., Stewart, C.C., Adles, C. and Schlesinger, S. (1975) Replication of lactic dehydroge- 
nase virus and sindbis virus in mouse peritoneal macrophages. Induction of interferon and phenotypic 
mixing. Virology 65, 204-214. 

77 Eustatia, J.M., Maase, E., Van Helden, P. and Veder Veen, J. (1972) Viral replication in mouse 
macrophages. Arch. Ges. Virusforsch. 39, 376-380. 

78 Zinkernagel, R. and Althage, A. (1977) Antiviral protection by virus-immune cytotoxic T cells: 
infected target cells are lysed before infectious virus progeny is assembled. J. Exp. Med. 145,644-651. 

79 Alving, C.R. (1983) Delivery of liposome-encapsulated drugs to macrophages. Pharmacol. Ther. 22, 
407-424. 

80 Cohn, Z. (1978) The activation of mononuclear phagocytes: fact, fancy, future. J. lmmunol. 121, 
813-816. 

81 Karnovsky, M.L. and Lazdins, J.K. (1978) Biochemical criteria for activated macrophages. J. 
Immunol. 121, 809-813. 


