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Tumoricidal activity of activated macrophages has been clearly 
demonstrated by various in vitro and in vivo studies of a wide 
variety of animal tumor systems. Recent in vitro studies have 
shown that human peripheral blood monocytes can also be acti-
vated to generate similar tumoricidal activity. Significant inhibi-
tion of spontaneous lung and liver metastases in different animal 
tumor systems has been demonstrated with intravenous therapy of 
macrophage-activating agents such as muramyl dipeptide and 
C-reactive protein delivered in liposomes. These studies provide a 
rationale for a similar approach in clinical cancer therapy, partic-
ularly in an adjuvant setting. The distinct advantages of this 
approach include low toxicity, nonspecificity of tumor-cell killing, 
tumoricidal activity against drug-resistant tumor cells and cells 
with metastatic potential, and lack of development of tumor cells 
resistant to macrophage killing. Admittedly, these advantages are 
only theoretical at this stage, and appropriate clinical trials must 
be carried out to demonstrate whether they can be realized in a 
clinical setting. 
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Conventional immunotherapy, either active or passive, 
has met with little or no success in cancer control, as seen 
from the results of the clinical trial carried out during the 
past two decades. It may be possible, however, that certain 
components of the immune system representing body de-
fenses can be manipulated and used in conjunction with 
other cancer therapeutic modalities such as surgery, radia-
tion, and chemotherapy to achieve a beneficial result. The 
recent creation and promotion of the Biologic Response 
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Modifiers Program by the National Cancer Insti-
tute emphasize this approach. The potential use 
of the tumoricidal property of activated macro-
phages is one example of this approach and has 
been the subject of extensive investigations since 
it was first demonstrated in the early 1970s. 
Several excellent monographs and review articles 
have been published on this subject in recent 
years. The purpose of this article is not to review 
this vast literature, but rather to focus on recent, 
promising developments involving liposome de-
livery of macrophage-activating agents, which 
have given encouraging results in animal tumor 
systems. 

The introduction to the concept of macro-
phage activation, as noted by Mackaness et al,1 

can be traced by Metchnikoff, who observed in 
the early 1900s the mononuclear cells from ani-
mals resistant to certain bacteria had the ability 
of phagocytizing and killing the same organisms. 
The concept was developed further by Macka-
ness et al1 in the 1960s, who used the term 
activated to describe the effector mononuclear 
cells involved in cellular immunity to various 
organisms. In the early 1970s, Evans and 
Alexander2,3 demonstrated that the same acti-
vated macrophages were able to destroy tumor 
cells. This intriguing ability of the activated mac-
rophage to kill tumor cells has been observed by 
various investigators during the past decade, al-
though the mechanisms by which the activated 
macrophage can distinguish between normal cells 
and malignant cells are not understood. 

Several lines of evidence support the concept 
that macrophages represent one of the key body 
defenses against the growth and spread of neo-
plastic cells. Only a brief summary of this evi-
dence will be considered here, since a detailed 
review of this area is beyond the scope of this 
article. Tumors are often infiltrated with mac-
rophages and other mononuclear cells and the 
degree of this infiltrate is often inversely related 
to the rate of growth and spread of the respective 
tumor. Macrophages isolated from regressing tu-
mors are more cytotoxic to the tumor cells than 
are macrophages isolated from rapidly growing 
tumors. In animal tumor models, adoptive trans-
fer of macrophages has been shown to inhibit 
growth and metastases of these tumors. Use of 
nonspecific immunotherapy with agents such as 
Bacillus Calmette-Guerin (BCG) or Corynebacte-
riurn paruum has been shown to enhance the 
ability of recipient macrophages to inhibit tumor 

growth in vitro. However, a substantial number 
of reports have described the opposite effects of 
the macrophage, namely, stimulation of tumor 
growth, and in certain cases, a suppressor activity 
of macrophages blocking protective tumor im-
mune response. 

Major stimulus for using activated macro-
phages in a therapeutic approach came from the 
observation by Fidler4 that a crude lymphokine 
preparation containing macrophage activating 
factor, when delivered in liposomes to tumor-
bearing mice was effective in inhibiting and erad-
icating lung metastases. Subsequent studies 
showed that other, more specific and well-char-
acterized agents such as muramyl dipeptide 
(MDP)5 and C-reactive protein (CRP)6 were able 
to produce the same effect as that of crude lym-
phokine preparation through macrophage acti-
vation. These recent studies have clinical rele-
vance in that they suggest a rational approach to 
cancer therapy in an adjuvant setting, using mac-
rophage activating agents with appropriate deliv-
ery systems. 

The relevant review and discussion in this re-
gard will be divided into four parts: (1) mecha-
nisms of macrophage tumoricidal activity, (2) in 
vitro methods of measuring macrophage activa-
tion, (3) in vivo studies involving macrophage 
activation by liposome-encapsulated agents, and 
(4) rationale for clinical cancer therapy. 

Mechanisms of macrophage tumoricidal 
activity 

The capacity for tumor-directed cytotoxicity 
by macrophages is a well-recognized consequence 
of macrophage exposure to a number of activat-
ing substances such as lymphokines or microbial 
products. Although the exact mechanisms by 
which cytotoxicity occurs have not been com-
pletely defined, three basic concepts have 
emerged concerning macrophage killing: (1) that 
macrophage competence for tumor-cell killing is 
a transient function, (2) that binding to target 
cells may be involved in recognition and killing, 
and (3) that target-cell damage is done by se-
creted or released cytotoxic substances. Macro-
phage tumoricidal activity has been more fully 
described elsewhere.7-9 

The length of time in which macrophages are 
competent to perform tumoricidal activity has 
been shown to be transient and, in some cases, 
irreversible.10 Murine peritoneal macrophages 
exposed to lymphokine preparations demon-
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strate tumoricidal activity after as little as four 
hours, but lose this capacity bv 24 hours, al-
though they remain fully viable. One hypothesis 
to account for this relatively short period of 
tumoricidal competence proposes that an inhibi-
tory effect is exerted by prostaglandins of the E 
series (PGE), which are secreted and released by 
activated macrophages.11'12 Addition of PGE to 
macrophages together with an activating agent 
has been shown to inhibit subsequent develop-
ment of cytolytic activity.12 When activated mac-
rophages were exposed to indomethacin or other 
cyclooxygenase inhibitors, PGE synthesis was 
prevented and duration of cytolytic capacity was 
enhanced.12 Peritoneal macrophages have been 
found to secrete inhibitory concentrations of 
PGE into the surrounding culture medium within 
one hour of exposure to the activating agent— 
endotoxin.12 However, cytolytic capacity was not 
found to be fully inhibited until 12 to 16 hours 
later, suggesting that PGE inhibition was a grad-
ual process.12 Activation by lymphokines ap-
peared to induce cytolytic activity that was less 
susceptible to inhibition by PGE.13 

Kinetic studies of macrophage activation with 
free or liposome-encapsulated lymphokines have 
shown that macrophages that have become un-
responsive to free lymphokine can become 
activated by liposome-encapsulated material.14 

These results were interpreted as indicating that 
alterations in the macrophage surface may negate 
interaction with free lymphokine and that lipo-
somes that are phagocytosed allow lymphokine 
activation by intracellular pathways. Results with 
liposome-encapsulated lymphokines, with respect 
to the transient nature of tumoricidal compe-
tence, have been similar to those with soluble 
lymphokines.14'15 Tumoricidal activity has been 
found to decline with time, although a second 
exposure to free or liposome-encapsulated re-
agent has been shown to reestablish activity.14 

The minimum length of time required for mac-
rophage activation with liposome-encapsulated 
lymphokines has been found to be four hours, 
which is similar to that observed with soluble 
reagent.15 

The mechanism of tumor recognition by acti-
vated macrophages has not been totally charac-
terized, although the phenomenon has been rec-
ognized for over a decade. Hibbs et al16 reported 
that activated murine macrophages caused little 
or no destruction of normal murine fibroblasts, 
but were cytotoxic against the same types of 

fibroblasts that had been spontaneously trans-
formed in vitro. Meltzer et al17 examined mac-
rophage killing against a number of sets of trans-
formed cultured cells and their untransformed 
counterparts and observed in all cases that the 
transformed cells were sensitive to macrophage 
killing and that the untransformed counterpart 
was resistant. Other investigators18 have con-
firmed the selectivity of macrophage cytotoxicity. 
Normal lymhocytes induced to enter histogen-
esis by exposure to a mitogen have been shown 
to competitively inhibit macrophage killing of 
lymphoma cells, suggesting that macrophage rec-
ognition of tumor cells involves recognition of 
some property common to cells undergoing cell-
cycle passage.19 That the mitogen itself had no 
effect was shown by additional experiments in 
which interleukin 2-induced lymphoblasts simi-
larly inhibited macrophage killing.19 Alloantigen 
independence of macrophage tumoricidal activ-
ity has been well documented by experiments in 
which macrophages have been shown to kill tu-
mor cells regardless of alloantigen profile.20 

The recognition mechanism of activated mac-
rophages may involve target-cell binding.21 Acti-
vated macrophages have been found to bind 
larger numbers of neoplastic than nonneoplastic 
targets—a property not shared by normal, un-
activated macrophages.22 Binding of tumor tar-
get cells has been shown to be inhibitable by 
chelating agents or by exposure of macrophage 
membranes to proteolytic enzymes, and under 
these circumstances, cytotoxicity is inhibited as 
well.22 Conversely, reagents that increase binding 
have been found to increase cytolytic activity.21 

Both binding and cytolysis have been completely 
abrogated by mechanically separating macro-
phages from target cells by 1.0-^m pore filters.22 

The means by which actual cytolytic damage 
to target cells occurs is thought to involve cyto-
toxic substances released by the activated mac-
rophage. Evidence for this hypothesis is derived 
from a number of studies demonstrating tumor-
cell destruction by soluble materials produced 
spontaneously by cultured activated macro-
phages.23-26 Binding to neoplastic target cells was 
found to enhance release of a cytolytic factor 
(CF) by activated macrophages.27 This factor, 
which was characterized by Adams et al,23 was 
found to be a neutral serine protease with molec-
ular weight of approximately 40,000. Bovine 
pancreatic trypsin inhibitor blocked production 
of CF, but did not affect macrophage binding to 
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target cells, suggesting that target-cell binding 
and secretion of CF were separate functions of 
activated macrophages.28 Kinetic studies of CF 
secretion by Adams and Marino28 demonstrated 
that CF secretion began within 30 minutes of 
macrophage culture and was lost after 18 hours. 
Restoration of CF production could be achieved 
by pulsing macrophage cultures with endo-
toxin.28 

Sharma et al24 and o ther investigative 
groups25,26 found that CF released by activated 
macrophages appeared to preferentially lyse neo-
plastic cells and to have little effect on normal, 
nonneoplastic target cells. Reidarson et al29 also 
reported that a macrophage-produced CF with 
protease activity selectively bound to tumor cells. 

While many of the macrophage-produced CFs 
appear to be proteases, activated macrophages 
are recognized to secrete a variety of potentially 
tumoricidal factors, including oxygen metabo-
lites, interferon, and acid hydrolases. Macro-
phage secretory products are more fully de-
scribed elsewhere.9,30 Many of these products are 
not selective for tumor cells and are potentially 
damaging to nonneoplastic cells as well. Thus, 
some of the tissue changes associated with inflam-
matory injury may be related to the presence of 
toxic products released by activated macro-
phages. For example, lymphokines have been 
shown to enhance monocyte oxidation of low-
density lipoprotein to an oxidized compound 
found to be cytotoxic to proliferating normal 
fibroblasts.31 The enhanced capacity for produc-
tion of oxygen metabolites by activated macro-
phages can be determined by using phorbol myr-
istate acetate (PMA) to trigger oxidative metab-
olism.32 Activated macrophages exposed to PMA 
exhibit increased secretion of hydrogen peroxide 
and demonstrate a tumoricidal activity that is 
inhibitable by catalase.33 A variety of target cells 
have been shown to be susceptible to hydrogen 
peroxide lysis, including normal cells33; however, 
the role of hydrogen peroxide in tumoricidal 
activity of activated macrophages not exposed to 
a metabolic triggering agent has not been clari-
fied. Monocyte tumoricidal activity has been ob-
served in individuals with chronic granulomatous 
disease, although monocytes exposed to PMA did 
not produce hydrogen peroxide.34 Enhanced ox-
idative metabolism including hydrogen peroxide 
production by activated macrophages mixed with 
tumor cells has not been demonstrated,35 al-
though such experiments do not rule out the 

possibility that oxygen metabolites may be se-
creted into the spaces between macrophages and 
bound target cells.21 

It is possible that more than one mechanism 
may be involved in macrophage cytotoxicity.9,36 

Target cell susceptibility to hydrogen peroxide 
or cytolytic proteases has been shown to be ex-
tremely variable, and some target cells may be 
more sensitive to one reagent than to another.37 

In addition, synergism between the two reagents 
has been demonstrated. Brief exposure of target 
cells to a nonlytic dose of hydrogen peroxide was 
found to induce lysis after subsequent exposure 
to a nonlytic dose of cytolytic protease.37 

Morphological and ultrastructural studies of 
macrophage-target-cell interactions have led to 
the suggestion that lysosomal components are 
released by macrophages and taken up by target 
cells.38,39 Evidence for the existence of lysosome 
transfer from macrophage to target cell has been 
presented by the experiments of Martin et al,40 

who studied the effect of adriamycin on macro-
phage tumoricidal activity. Adriamycin adminis-
tered intraperitoneally accumulated within mast-
cell granules, which were released and then phag-
ocytized by peritoneal macrophages. The drug 
could be visualized within cytoplasmic vacuoles 
of the macrophages that were found to be cyto-
toxic to target tumor cells. Analysis of target cells 
for the presence of adriamycin revealed localiza-
tion of the drug in target cell nuclei, suggesting 
transfer from macrophage lysosomes.40 

Tumor cells exposed to attack by activated 
cytotoxic macrophages display a series of mor-
phological changes including vacuolation, con-
densation of intracellular material, rounding, 
membrane blebbing, and eventual fragmenta-
tion.39,41 Activated macrophages may also induce 
cytostasis in target cells and under such condi-
tions, tumor cells have been shown to lose mito-
chondrial oxidative phosphorylation function 
and to exist on glycolysis.42 

In vitro methods of measuring macrophage 
activation 
Tumoricidal activity 

Activation of monocytes or macrophages has 
most frequently been determined by evaluating 
tumoricidal activity. A number of different assay 
systems have been described, and common to 
many is the use of radiolabeled target cells de-
rived from cultured tumor-cell lines.43,45 In the 
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first step of the general procedure, a monocyte 
or macrophage preparation is placed in the test 
container, usually a plastic microtiter plate, and 
cells are allowed to adhere. In studies of human 
monocytes, mononuclear leukocytes are first col-
lected by Ficoll-Hypaque centrifugation and 
monocytes may be purified further by use of 
Percoll gradients46 or centrifugal elutriation.47 

The nonadherent cells are later removed and 
monocyte-macrophages are exposed to an acti-
vating agent for up to 24 hours. In experimental 
animals, peritoneal macrophages may be acti-
vated in vivo, then removed by lavage and al-
lowed to adhere to the test container. 

In the second step of the assay, cultured target 
cells are incubated with a radiolabeled compound 
for varying periods of time until cells have incor-
porated the radiolabel. The third step of the assay 
consists of coculturing the radiolabeled target 
cells with the putatively activated macrophages 
for 6 to 72 hours. In the fourth and final step of 
the assay, the amount of radiolabel either in the 
culture medium or in surviving adherent target 
cells is quantitated. In the former situation, re-
leased soluble radiolabel is interpreted as indica-
ting target-cell lysis. Release of radiolabel from 
target cells has been shown to occur after actual 
cell death.45 

The radiolabeled compound selected influ-
ences the length of macrophage target-cell inter-
action. The cytoplasmic label, chromium 51 
(51Cr), is readily incorporated into target cells 
within a one-hour incubation period, but is spon-
taneously released, often at a high rate, and 
therefore, 51Cr assays are seldom longer than 20 
hours. Spontaneous release of 51Cr is generally 
lower in nonadherent lymphoid tumor cells than 
in tumor cells, which require surface attachment 
for growth.48 Among the neoplastic cell lines 
frequently encountered in 51Cr assays of mono-
cyte tumoricidal activity are the K562 human 
myeloid tumor49 and the P388D! murine mac-
rophage tumor line.50 

Radiolabeled compounds that have been suc-
cessfully used to label attached target cells are 
usually nucleotides such as tritiated thymidine or 
125I-iododeoxyuridine.43 Incorporation of these 
DNA precursors into nuclear material by target 
cells requires 16- to 24-hour exposure to the 
label. There is little spontaneous release of DNA 
precursors and thus these radiolabeled com-
pounds are suitable for long-term macrophage 
target-cell interactions requiring 24 to 72 hours. 

Macrophages mixed with radiolabeled target 
cells in such long-term assays have been shown 
not to reutilize radiolabel released from dead 
target cells.43 

Results of in vitro assays for macrophage tu-
moricidal activity can be greatly influenced by 
culture medium and conditions. Exposure of 
macrophages to endotoxin either in vivo, as in 
the collection of peritoneal macrophages,51 or in 
culture medium in vitro52 has been shown to 
enhance tumoricidal activity. Taramelli et al52 

observed that low levels of endotoxin (between 2 
and 10 ng/mL) appeared to be necessary for in 
vitro macrophage activation with lymphokines. 
Because of the critical effects of endotoxin, the 
amount of endogenous endotoxin in culture me-
dium and reagents should be quantitated by a 
Limulus Amoebocyte Lysate assay with a sensitiv-
ity of at least 0.01 ng/mL.52 

Cultured cells used as targets must be moni-
tored to assure absence of mycoplasmal contam-
ination. Mycoplasma infection has been shown to 
enhance macrophage tumoricidal activity.53 Mac-
rophage tumoricidal assays may also be affected 
by the concentrations and type of sera used in 
culture medium. High concentrations (10%) of 
fetal bovine serum have been found to diminish 
murine macrophage tumoricidal activity,54 while 
human monocyte cytotoxicity has been reported 
to be adversely affected by fetal bovine serum.49 

Factors responsible for the varying effects of 
serum on macrophage cytotoxicity have not yet 
been identified. 

The presence of soluble cytolytic products se-
creted by activated macrophages has been de-
tected by using radiolabeled tumor cells and var-
iations of the methods previously described 
above. Macrophages are first incubated in culture 
medium for >16 hours. The culture medium is 
then removed and tested for cytolytic activity 
against radiolabeled target cells.23 After exposure 
of target cells to various dilutions of the macro-
phage medium for 16 to 48 hours, the amount 
of released radiolabel is quantitated.23 

Oxidative metabolism 
An enhanced capacity for secretion of super-

oxide anion or hydrogen peroxide can be used 
as a marker of macrophage activation.32,55 As 
with the tumoricidal assays discussed earlier, mac-
rophages of experimental animals may be ana-
lyzed for oxidative metabolism after in vitro55 or 
in vivo exposure56 to the activating agent. Human 
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monocytes have been found to require approxi-
mately 72 hours of incubation with an activating 
substance such as gamma interferon, before ca-
pacity for hydrogen peroxide secretion is en-
hanced.57 In contrast, enhancement of oxidative 
metabolism in murine peritoneal macrophages 
may occur after an in vitro activation period of 
approximately 18 hours.55 In order to measure 
macrophage oxidative metabolism, macrophages 
first must be triggered to produce an oxidative 
burst by exposure to reagents such as PMA or 
opsonized zymosan.32 These compounds induce 
a transient burst of metabolic activity, which must 
be measured within hours. 

Spectrophotometric methods have been used 
to measure superoxide anion and hydrogen per-
oxide. The concentration of superoxide anion 
can be determined by monitoring the reduction 
of ferricytochrome c at 550 nm,55 or the reduc-
tion of nitroblue tetrazolium at 516 nm.56,58 Hy-
drogen peroxide generation can be measured by 
a number of different procedures including the 
oxidation by horseradish peroxidase of substrates 
such as phenol59 or scopoletin.60 Each of the 
assays mentioned have been shown to be capable 
of detecting nanomole quantities of superoxide 
anion or hydrogen peroxide. Specificity of these 
assays has been determined by using the appro-
priate enzymes to inhibit reactivity (superoxide 
dismutase for superoxide anion, and catalase for 
hydrogen peroxide). 

In vivo studies involving macrophage 
activation by liposome-encapsulated agents 

Macrophage activation in vitro can be accom-
plished with various agents, many of which have 
been mentioned above. There are two broad 
groups of macrophage activating agents: one con-
sisting of microbial cell wall components and the 
other consisting of lymphokines or cytokines. 
However, it is clear from studies in animal tumor 
models that not all of these are effective in vivo. 
Also, in some cases, the toxicity of these agents 
precludes in vivo administration. The delivery 
system for administering these agents is another 
important factor, and it is in this respect that the 
use of liposomes has generated considerable in-
terest. 

Liposomes are known to be efficient in deliv-
ering agents to the cells comprising the reticulo-
endothelial system, namely the macrophages. 
When administered intravenously, liposomes lo-
calize predominantly in organs such as the liver, 

spleen, and lung. The activating agents are thus 
delivered in a high effective concentration with 
the result that macrophages are activated and 
become tumoricidal at these sites. 

Studies with *lymphokine" and muramyl dipeptide 
(MDP) 

The first successful application of liposomal 
therapy to inhibition of lung metastases was re-
ported by Fidler in 1980.4 Mice of two different . 
strains, bearing spontaneously metastasizing mel-
anomas, were treated with liposomes containing 
"lymphokines," a crude supernatant of concana-
valin A-stimulated spleen cells, and a significant 
inhibition of metastases was observed. Treatment 
with this liposome-lymphokine preparation was 
also found to be effective in inhibiting lung me-
tastases in another mouse tumor model involving 
a malignant fibrosarcoma.6 One obvious draw-
back of this crude lymphokine preparation was 
that it contained a wide variety of active biolog-
ical factors and the active component responsible 
for the biological effect was not identified. In 
these therapy models, the respective tumors were 
first established by subcutaneous injection of tu-
mor cells in the hind footpad and the tumors 
were allowed to grow to a stage where lung 
metastases were known to have occurred. At that 
point, the primary tumors were removed by am-
putation of the tumor-bearing limb and intrave-
nous treatments with liposomal agents were 
started. The efficacy of the treatment was then 
evaluated at a later date by studying the treated 
and appropriate control mice with respect to 
survival and presence of lung metastases. Treated 
animals showed a substantial benefit with respect 
to both of these parameters. In subsequent stud-
ies, Fidler et al61 demonstrated that the biological 
effect of crude lymphokine could be reproduced 
with MDP, a well-characterized structural com-
ponent of mycobacterial cell wall. More recently, 
Fidler and Schroit62 have shown that when both 
lymphokine and MDP were encapsulated in li-
posomes simultaneously, and then administered 
for therapy of spontaneous lung metastases, a 
synergistic effect could be observed on reduction 
of these metastases. In vitro studies with these 
agents were also shown to activate macrophages 
and generate tumoricidal activity.14,63 The meth-
odology for preparation of various liposome-en-
capsulated agents has been discussed in detail in 
the articles mentioned. The liposome composi-
tion in these studies involved phosphatidylcholine 
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and phosphatidylserine, and the latter was found 
to be essential for localization in the lungs.64 The 
evidence that eradication of metastases was me-
diated by activation of host macrophages was 
derived from three types of experiments. When 
macrophage-activating agents were delivered in 
liposomes that were not efficiently localized in 
the lung, little or no inhibition of metastases was 
observed. Secondly, eradication of metastases was 
not observed when tumor-bearing animals were 
treated with agents that impaired macrophage 
function, e.g., silica and carrageenan. Thirdly, 
adoptive transfer of macrophages activated in 
vitro with liposome-encapsulated agents into 
mice bearing lung metastases also showed signif-
icant inhibition.65 In further studies, Fidler66 

showed that generation of tumoricidal activity 
and alveolar macrophages by liposomes contain-
ing MDP is a thymus-independent process. This 
conclusion was based on the observations that 
macrophages could be activated to become tu-
moricidal in the absence of active T cells such as 
that induced by thymectomy and whole body 
irradiation and as tested in congenitally athymic 
nude mice. 

In vivo studies with C-reactive protein (CRP) 
During the past several years, research in our 

laboratories has focused on study of lung and 
liver metastases in different mouse tumor 
models. Initially, we were able to confirm Fidler's 
observation on the inhibitory effect of crude 
lymphokine preparation delivered in liposomes 
on lung metastases using a malignant fibrosar-
coma (T241 tumor) in C57 black mice.67 A search 
for a well-characterized, pure agent that would 
substitute for the crude lymphokine in these stud-
ies led to our observation that human CRP can 
function in this capacity.6 

CRP was first described by Tillet and Francis68 

as a serum protein capable of precipitating pneu-
mococcal capsular (C) polysaccharide, and hence 
it was termed CRP. Human CRP is present in 
normal serum in trace amounts (<1 mg/dL); 
however, the serum levels increase markedly (15 
to 25 mg/dL) in a wide variety of clinical condi-
tions characterized by acute inflammation. CRP 
is different from other acute phase reactants such 
as transferrin, ceruloplasmin, fibrinogen, alpha-
2-macroglobulin, and others in that its rise in 
serum level is more marked (100- to 1,000-fold) 
and it occurs much earlier than that observed for 
other acute phase reactants. Recently, CRP was 

purified to homogeneity, and its structure is now 
well characterized physicochemically.69,70 CRP is 
known to be present in a wide range of animal 
species, both vertebrates and invertebrates, and 
also in certain species not known to possess im-
munoglobulins or the conventional immune sys-
tem.71,72 Also, CRP molecules of various animal 
species have been demonstrated to possess con-
siderable homology with human CRP. Thus, the 
excellent preservation of this molecule in the 
animal kingdom suggests that it must have an 
important biological function. However, despite 
these recent advances, the pathophysiological 
role of this molecule remains a mystery. The 
possible function of CRP as an immune modula-
tor has received some attention on the basis of 
interactions of this molecule with Clq compo-
nent of the complement system73 and with lym-
phocytes and monocytes, particularly those bear-
ing the Fc receptor.74,76 Our studies now suggest 
that another important function of CRP may be 
that of macrophage activation. 

Our studies, in vivo and in vitro, have involved 
three different metastasizing mouse tumor sys-
tems, namely, T241 fibrosarcoma, B16/BL6 mel-
anoma, and MCA-38 colon carcinoma, all syn-
geneic tumors in C57 black mice. In the first two 
tumor models, an appropriate number of tumor 
cells were implanted as a subcutaneous injection 
in the left hind footpad and the respective tumor 
was allowed to grow to a stage where spontaneous 
metastases were known to occur in the lungs. At 
that point, the tumor-bearing foot was removed 
by simple, below-knee amputation, and intrave-
nous treatments with liposomes containing CRP 
or appropriate control agents were started after 
removal of the tumor-bearing limb. Treatments 
were given three times per week for two weeks 
and at the end of the experimental period, the 
lung metastases were evaluated both in terms of 
number and size of the tumor nodules. Under 
the experimental conditions employed in these 
studies, approximately 35% to 40% of the ani-
mals treated with CRP were completely free of 
metastases as compared with 0% to 2% for the 
various control groups.6 There was also a marked 
improvement in survival of the treated animals 
as compared with that for the control groups. In 
these studies, human CRP was purified to ho-
mogeneity from pathological serous fluids by pro-
cedures previously described, and the purity of 
the final preparation was documented by sodium 
dodecyl sulfate-polyacrylamide gel electrophore-
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sis (SDS-PAGE). Also, it was shown to be free of 
any immunoglobulins, complement components, 
or of any activity attributable to interferons or 
interleukins. The CRP preparation was also 
shown to be free of significant endotoxin activity. 
Later, in vitro studies77 showed that the effect of 
CRP could be attributed to macrophage activa-
tion as demonstrated by rapid uptake of CRP-
containing liposomes by peritoneal macrophages, 
and subsequent activation of these macrophages, 
as demonstrated by chemiluminescence, produc-
tion of superoxide anion, and generation of tu-
moricidal activity against various tumor-cell lines. 
In these studies, liposomal CRP was shown to be 
100- to 1,000-fold more active than free CRP. 

In the MCA-38 colon carcinoma model,78 tu-
mor cells were implanted in the wall of the cecum 
and treatments with liposomes containing CRP 
or crude lymphokine were started at varying 
times after the primary tumor was established. In 
this model, however, the tumor-bearing cecum 
was not resected and the effects of various treat-
ments were evaluated in the presence of a grow-
ing primary tumor in the cecum. The treated 
animals showed significantly better survival and 
fewer liver metastases as compared with those in 
the untreated controls and those treated with 
liposomes containing medium only. Thus, these 
studies clearly showed that the liposomal treat-
ment was also effective in controlling liver me-
tastases from a primary colonic tumor. 

These studies with CRP may have clinical rel-
evance since the lung and liver represent the two 
most common sites of metastases by various ma-
lignant human tumors. Additional considerations 
include the nontoxicity of CRP and also its hu-
man origin. More recently, we have shown that 
human CRP can activate human peripheral blood 
monocytes to develop tumoricidal activity as stud-
ied with human astrocytoma and human renal-
cell carcinoma cells.79 Thus, our studies show that 
CRP has great potential as yet another "biologic 
response modifier" of value in cancer therapy. 

Rationale for clinical cancer therapy 

Recent studies by Kleinerman et al80 have 
shown that peripheral blood human monocytes 
can be activated in vitro by free and liposome-
encapsulated human lymphokines to generate tu-
moricidal activity. Similarly, Sone and Tsubura81 

demonstrated that human alveolar macrophages 
can be activated in vitro to generate tumoricidal 

activity by liposome-encapsulated MDP. Similar 
activation of human peripheral blood monocytes 
has also been demonstrated with liposomes con-
taining human gamma interferon.82 As men-
tioned earlier,79 CRP was also found to generate 
tumoricidal activity in human blood monocytes. 
These observations provide a firm rationale for 
attempting clinical trials with appropriate deliv-
ery of macrophage-activating agents in the treat-
ment of human cancer. Liposomes need not be 
the only delivery system for such agents, and 
consideration should be given to other ap-
proaches such as the use of autologous red blood 
cells for such delivery. High-yield entrapment of 
various proteins and enzymes into red blood cells 
for such delivery has been reported previously.83 

Tumor-cell killing by activated macrophages is 
known to be nonspecific.84 A wide variety of 
tumor cells, including syngeneic, allogeneic, and 
even xenogeneic, can be killed by this approach. 
Also, the tumor-cell killing is independent of the 
particular germ-cell origin of the tumor. Thus, 
killing of tumor cells by CRP-activated macro-
phages was effective against different tumors, 
namely fibrosarcoma, melanoma, and colon car-
cinoma representing malignant tumors of the 
three basic germ layers: mesoderm, neuroecto-
derm, and entoderm, respectively. This nonspec-
ificity, if it can be translated in a clinical setting, 
would offer a distinct advantage. 

It is generally accepted that macrophage-acti-
vated killing is directed primarily towards tumor 
target cells and that normal host cells are pre-
served in the process. This again would be a 
distinct advantage in the clinical setting consid-
ering major drawbacks of the present therapeutic 
modalities, particularly chemotherapy and radia-
tion, which include toxicity and damage to nor-
mal host cells. 

The ability of activated macrophages to kill 
drug-resistant tumor cells has not been investi-
gated in great detail with respect to a wide variety 
of chemotherapeutic drugs currently in use; how-
ever, preliminary studies with selected mouse 
tumor-cell lines indicate that activated macro-
phages can kill drug-sensitive and drug-resistant 
tumor cells with equal facility.85 Clinically, this 
would represent another desirable feature. 

Lack of development of tumor cells resistant 
to macrophage killing would be another advan-
tage of this therapy. Both in vivo and in vitro 
studies have shown that most tumor cells develop 
little or no resistance to killing by activated mac-
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rophages.85-87 Thus, tumor cells harvested from 
metastases were found to be fully susceptible to 
killing by activated macrophages, indicating that 
progressive growth of the metastatic lesions did 
not result in development of tumor-cell variants 
resistant to killing.88 

The most serious clinical consequences of can-
cer are due to the metastatic property of the 
malignant cell. Control of metastases, therefore, 
remains the most important and, admittedly, still 
the most difficult goal of cancer therapy. In this 
regard, possible approaches using macrophage 
activation deserve serious consideration, since ac-
tivated macrophages appear to destroy malignant 
cells, both metastasizing and nonmetastasizing, 
with equal facility. It is generally accepted that 
the process of metastasis is not random, but 
rather a highly selective one. In other words, not 
every tumor cell in a given tumor has the same 
potential for metastases, but the ability is limited 
to a few aggressive, specially endowed cells. Ther-
apeutic methods that can affect the attack and 
destruction of these cells should significantly ben-
efit our efforts in the clinical control of cancer. 
Experimental studies with agents such as MDP 
and CRP have shown that both lung and liver 
metastases can be effectively inhibited even when 
therapy with these agents is started after the 
metastases are established. This therapy may be 
particularly helpful in an adjuvant setting in pa-
tients with cancer who, at the time of primary 
resection of their tumors, are known to be at 
high risk for the presence of clinically undetect-
able micrometastatic disease. Such malignancies 
include colorectal, melanoma, renal cell, breast 
cancer, and many others. For example, in colo-
rectal cancer it is estimated that, at the time of 
first clinical detection of such cancers, approxi-
mately 25% to 30% of these patients have micro-
metastatic disease, which is not detectable by 
current diagnostic modalities. It is in this clinical 
setting of micrometastases that therapy with mac-
rophage activating agents may have potential 
value. Recent studies have shown that the anti-
tumor effects of interferon gamma and tumor 
necrosis factor may, in part, involve the macro-
phage, and the possibility that combined therapy 
with one or more of these agents would produce 
an additive or even synergistic effect has not yet 
been investigated. 

Thus, strong and persuasive arguments can be 
developed in favor of macrophage-mediated tu-
mor-cell killing as one of the strategies to be 

considered for cancer therapy in man. The major 
limitation, as with any other modality, of course, 
is the size of the tumor burden. This approach is 
therefore best considered in the adjuvant setting. 

Sharad D. Deodhar, M.D. 
Department of Immunopathology 
The Cleveland Clinic Foundation 
9500 Euclid Ave. 
Cleveland, OH 44106 

References 
1. Mackaness GB. The monocyte in cellular immunity. Semin 

Hematol 1970; 7:172-184. 
2. Evans R, Alexander P. Cooperation of immune lymphoid 

cells with macrophages in tumour immunity. Nature 1970; 
228:620-622. 

3. Evans R, Alexander P. Role of macrophages in tumor im-
munity. I. Co-operation between macrophages and lymphoid 
cells in syngeneic tumour immunity. Immunology 1972; 
23:615-626. 

4. Fidler IJ. Therapy of spontaneous metastases by intravenous 
injection of liposomes containing lymphokines. Science 1980; 
208:1469-1471. 

5. Fidler IJ, Sone S, Fogler WE, et al. Efficacy of liposomes 
containing a lipophilic muramyl dipeptide derivative for acti-
vating the tumoricidal properties of alveolar macrophages in 
vivo. J Biol Response Mod 1982; 1:43-55. 

6. Deodhar SD, James K, Chiang T, Edinger M, Barna 
BP. Inhibition of lung metastases in mice bearing a malig-
nant fibrosarcoma by treatment with liposomes containing 
human C-reactive protein. Cancer Res 1982; 42:5084-5088. 

7. Adams DO, Hamilton TA. The cell biology of macrophage 
activation. Annu Rev Immunol 1984; 2:283-318. 

8. Evans R, Alexander P. Mechanisms of extracellular killing 
of nucleated mammalian cells by macrophages. [In] Nelson 
DS, ed. Immunobiology of the Macrophage. New York, Aca-
demic Press, 1976, pp 535-576. 

9. Adams DO, Nathan CF. Molecular mechanisms in tumor-
cell killing by activated macrophages. Immunol Today 1983; 
4:166-170. 

10. Meltzer MS, Occhionero M, Ruco LP. Macrophage activa-
tion for tumor cytotoxicity: regulatory mechanisms for induc-
tion and control of cytotoxic activity. Fed Proc 1982; 
41:2198-2205. 

11. Schultz RM, Pavlidis NA, Stylos WA, Chirigos 
MA. Regulation of macrophage tumoricidal function: a role 
for prostaglandins of the E series. Science 1978; 202:320-
321. 

12. Taffet SM, Russell SW. Macrophage-mediated tumor cell 
killing: regulation of expression of cytolytic activity by pros-
taglandin E.J Immunol 1981; 126:424-427. 

13. Taffet SM, Pace JL, Russell SW. Lymphokine maintains 
macrophage activation for tumor cell killing by interfering 
with the negative regulatory effect of prostaglandin E2. J 
Immunol 1981; 127:121-124. 

 on May 29, 2025. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


232 Cleveland Clinic Quarterly Vol. 53, No. 3 

14. Poste G, Kirsh R, Fogler WE, Fidler IJ. Activation of tu-
moricidal properties in mouse macrophages by lymphokines 
encapsulated in liposomes. Cancer Res 1979; 39:881-892. 

15. Fidler IJ, Raz A, Fogler WE, Hoyer LC, Poste G. The role 
of plasma membrane receptors and the kinetics of macrophage 
activation by lymphokines encapsulated in liposomes. Cancer 
Res 1981;41:495-504. 

16. HibbsJB, Lambert LH, Remington JS. Control of carcino-
genesis: a possible role for the activated macrophage. Science 
1972; 177:998-1000. 

17. Meltzer MS, Tucker RW, Sanford KK, Leonard 
EJ. Interaction of BCG-activated macrophages with neoplas-
tic and nonneoplastic cell lines in vitro: quantitation of the 
cytotoxic reaction by release of tritiated thymidine from pre-
labeled target cells. J Natl Cancer Inst 1975; 54:1177-1184. 

18. Piessens WF, Churchill WH Jr, David JR. Macrophages ac-
tivated in vitro with lymphocyte mediators kill neoplastic but 
not normal cells. J Immunol 1975; 114:293-299. 

19. Hamilton TA, Fishman M. Characterization of the recogni-
tion of target cells sensitive to or resistant to cytolysis by 
activated macrophages. II. Competitive inhibition of macro-
phage-dependent tumor cell killing by mitogen-induced, non-
malignant lymphoblasts. Cell Immunol 1982; 68:155-164. 

20. Fidler IJ, Darnell JH, Budmen MB. Tumoricidal properties 
of mouse macrophages activated with mediators from rat 
lymphocytes stimulated with concanavalin A. Cancer Res 
1976; 36:3608-3615. 

21. Adams DO, Johnson WJ, Marino PA. Mechanisms of target 
recognition and destruction in macrophage-mediated tumor 
cytotoxicity. Fed Proc 1982; 41:2212-2221. 

22. Marino PA, Adams DO. Interaction of Bacillus Calmette-
Guerin-activated macrophages and neoplastic cells in vitro. I. 
Conditions of binding and its selectivity. Cell Immunol 1980; 
54:11-25. 

23. Adams DO, Kao KJ, Farb R, Pizzo SV. Effector mechanisms 
of cytolytically activated macrophages. II. Secretion of a cy-
tolytic factor by activated macrophages and its relationship to 
secreted neutral proteases. J Immunol 1980; 124:293-300. 

24. Sharma SD, Piessens WF, Middlebrook G. In vitro killing of 
tumor cells by soluble products by activated guinea pig peri-
toneal macrophages. Cell Immunol 1980; 49:379-383. 

25. Currie GA, Basham C. Activated macrophages release a 
factor which lyses malignant cells but not normal cells. J Exp 
Med 1975; 142:1600-1605. 

26. Reidarson TH, Levy WE III, Klostergaard J, Granger 
GA. Inducible macrophage, cytotoxins. I. Biokinetics of ac-
tivation and release in vitro. J Natl Cancer Inst 1982; 69:879-
887. 

27. Johnson WJ, Whisnant CC, Adams DO. The binding of 
BCG-activated macrophages to tumor targets stimulates secre-
tion of cytolytic factor. J Immunol 1981; 127:1787-1792. 

28. Adams DO, Marino PA. Evidence for a multistep mechanism 
of cytolysis by BCG-activated macrophages: the interrelation-
ship between the capacity for cytolysis, target binding, and 
secretion of cytolytic factor. J Immunol 1981; 126:981-987. 

29. Reidarson TH, Granger GA, Klostergaard J. Inducible mac-
rophage cytotoxins. II. Tumor lysis mechanism involving tar-
get cell-binding proteases. J Natl Cancer Inst 1982; 69:889-
894. 

30. Nathan CF, Murray HW, Cohn ZA. The macrophage as an 
effector cell. N Engl J Med 1980; 303:622-626. 

31. Cathcart MK, Morel DW, Chisolm GM. Low density lipo-

protein (LDL) becomes cytotoxic after in vitro oxidation by 
phagocyte-derived free radicals (abstr. 2260). Fed Proc 1984; 
43:1803. 

32. Nathan CF. Secretion of oxygen intermediates: role in effec-
tor functions of activated macrophages. Fed Proc 1982; 
41:2206-2211. 

33. Nathan CF, Silverstein SC, Brukner LH, Cohn 
ZA. Extracellular cytolysis by activated macrophages and 
granulocytes. II. Hydrogen peroxide as a mediator of cytotox-
icity. J Exp Med 1979; 149:100-113. 

34. Chen AR, Koren HS. Impaired oxidative burst does not 
affect human monocyte tumoricidal activity (abstr. 2247). Fed 
Proc 1984; 43:1801. 

35. Bryant SM, Hill HR. Inability of tumour cells to elicit the 
respiratory burst in cytotoxic, activated macrophages. Immu-
nology 1982;45:577-585. 

36. DiStefano JF, Beck G, Zucker S. Mechanism of BCG-acti-
vated macrophage-induced tumor cell cytotoxicity: evidence 
for both oxygen-dependent and independent mechanisms. Int 
Arch Allergy AppI Immunol 1983; 70:252-260. 

37. Adams DO, Johnson WJ, Fiorito E, Nathan CF. Hydrogen 
peroxide and cytolytic factor can interact synergistically in 
effecting cytolysis of neoplastic targets. J Immunol 1981; 
127:1973-1977. 

38. Hibbs JB Jr. Heterocytolysis by macrophages activated by 
bacillus Calmette-Guerin: lysosome exocytosis into tumor 
cells. Science 1974; 184:468-471. 

39. Bucana C, Hoyer LC, Hobbs B, Breesman S, McDaniel M, 
Hanna MG Jr. Morphological evidence for the translocation 
of lysosomal organelles from cytotoxic macrophages into the 
cytoplasm of tumor target cells. Cancer Res 1976; 36:4444-
4458. 

40. Martin F, Caignard A, Olsson O, Jeannin JF, Leclerc 
A. Tumoricidal effect of macrophages exposed to adriamy-
cin in vivo or in vitro. Cancer Res 1982; 42:3851-3857. 

41. Bucana CD, Hoyer LC, Schreit AJ, Kleinerman E, Fidler 
IJ. Ultrastructural studies of the interaction between lipo-
some-activated human blood monocytes and allogeneic tumor 
cells in vitro. Am J Pathol 1983; 112:101-111. 

42. Granger DL, Taintor RR, Cook JL, Hibbs JB Jr. Injury of 
neoplastic cells by murine macrophages leads to inhibition of 
mitochondrial respiration. J Clin Invest 1980; 65:357-370. 

43. Norbury KC, Fidler IJ. In vitro tumor cell destruction by 
syngeneic mouse macrophages: methods for assaying cytotox-
icity. J Immunol Methods 1975; 7:109-122. 

44. Taniyama T, Holden HT. Cytotoxicity measured by the 51Cr 
release assay. [In] Herscowitz HB, Holden HT, Bellanti JA, 
Ghaffar A, eds. Manual of Macrophage Methodology. New 
York, Marcel Dekker, 1981, pp 323-327. 

45. Meltzer MS. Macrophage activation-quantitation of cyto-
toxicity by SH thymidine release. [In] Herscowitz HB, Holden 
HT, Bellanti JA, Ghaffar A, eds. Manual of Macrophage 
Methodology. New York, Marcel Dekker, 1981, pp 329-336. 

46. Kleinerman ES, Erickson KL, Schreit AJ, Fogler WE, Fidler 
IJ. Activation of tumoricidal properties in human blood 
monocytes by liposomes containing lipophilic muramyl tripep-
tide. Cancer Res 1983; 43:2010-2014. 

47. Lopez-Berestein G, Mehta K, Mehta R, Juliano RL, Hersh 
EM. The activation of human monocytes by liposome-encap-
sulated muramyl dipeptide analogues. J Immunol 1983; 
130:1500-1502. 

 on May 29, 2025. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


Fall 1986 Cleveland Clinic Quarterly 233 

48. Brunner KT, Engers HD, Cerottini JC. The 51Cr release 
assay as used for the quantitative measurement of cell-me-
diated cytolysis in vitro. [In] Bloom BR, David JR, eds. In 
Vitro Methods in Cell-mediated and Tumor Immunity. New 
York, Academic Press, 1976, pp 423-428. 

49. Fischer DG, Hubbard WJ, Koren HS. Tumor cell killing by 
freshly isolated peripheral blood monocytes. Cell Immunol 
1981; 58:426-435. 

50. Nathan CF, Brukner LH, Silverstein SC, Cohn ZA. 
Extracellular cytolysis by activated macrophages and granu-
locytes. I. Pharmacologic triggering of effector cells and the 
release of hydrogen peroxide. J Exp Med 1979; 149:84-99. 

51. Pace JL, Taffet SM, Russell SW. The effect of endotoxin in 
eliciting agents on the activation of mouse macrophages for 
tumor cell killing. J Reticuloendothel Soc 1981; 30:15-21. 

52. Taramelli D, Holden HT, Varesio L. Endotoxin require-
ment for macrophage activation by lymphokines in a rapid 
microcytotoxicity assay. J Immunol Methods 1980; 37:225-
232. 

53. Loewenstein J, Rottem S, Gallily R. Induction of macro-
phage-mediated cytolysis of neoplastic cells by mycoplasmas. 
Cell Immunol 1983; 77:290-297. 

54. Raz A, Fogler WE, Fidler IJ. The effects of experimental 
conditions on the expression of in vitro-mediated tumor cy-
totoxicity mediated by murine macrophages. Cancer Immunol 
Immunother 1979; 7:157-163. 

55. Pabst MJ, Johnston JB Jr. Increased production of superox-
ide anion by macrophages exposed in vitro to muramyl dipep-
tide or lipopolysaccharide. J Exp Med 1980; 151:101-114. 

56. Bryant SM, Lynch RE, Hill HR. Kinetic analysis of super-
oxide anion production by activated and resistant murine 
peritoneal macrophages. Cell Immunol 1982; 69:46-58. 

57. Nathan CFR, Murray HW, Wiebe ME, Rubin BY. 
Identification of interferon-7 as the lymphokine that activates 
human macrophage oxidative metabolism and antimicrobial 
activity. J Exp Med 1983; 158:670-689. 

58. Baehner RL, Boxer LA, David J. The biochemical basis of 
nitroblue tetrazolium reduction in normal human and chronic 
granulomatous disease polymorphonuclear leukocytes. Blood 
1976;48:309-313. 

59. Pick E, Mizel D. Rapid microassays for the measurement of 
superoxide and hydrogen peroxide production by macro-
phages in culture using an automatic enzyme immunoassay 
reader. J Immunol Methods 1981; 46:211-226. 

60. Nakagawara A, Nathan CF, Cohn ZA. Hydrogen peroxide 
metabolism in human monocytes during differentiation in 
vitro. J Clin Invest 1981; 68:1243-1252. 

61. Fidler IJ, Sone S, Fogler WE, Barnes ZL. Eradication of 
spontaneous metastases and activation of alveolar macro-
phages by intravenous injection of liposomes containing mur-
amyl dipeptide. Proc Natl Acad Sci 1981; 78:1680-1684. 

62. Fidler IJ, Schroit A. Synergism between lymphokines and 
muramyl dipeptide encapsulated in liposomes: in situ activa-
tion of macrophages and therapy of spontaneous cancer me-
tastases. J Immunol 1984; 133:515-518. 

63. Sone S, Fidler IJ. In vitro activation of tumoricidal proper-
ties in rat alveolar macrophages by synthetic muramyl dipep-
tide encapsulated in liposomes. Cell Immunol 1981; 57:42-
50. 

64. Schroit AJ, Fidler IJ. Effects of liposome structure and lipid 
composition on the activation of the tumoricidal properties of 

macrophages by liposomes containing muramyl dipeptide. 
Cancer Res 1982; 42:161-167. 

65. Fidler IJ, Barnes Z, Fogler WE, Kirsh R, Bugelski P, Poste 
G. Involvement of macrophages in the eradication of estab-
lished metastases following intravenous injection of liposomes 
containing macrophage activators. Cancer Res 1982; 42:496-
501. 

66. Fidler IJ. The in situ induction of tumoricidal activity in 
alveolar macrophages by liposomes containing muramyl di-
peptide is a thymus-independent process. J Immunol 1981; 
127:1719-1720. 

67. Deodhar SD, Barna BP, Edinger M, Chiang T. Inhibition of 
lung metastases by liposomal immunotherapy in a murine 
fibrosarcoma model. J Biol Response Mod 1982; 1:27-34. 

68. Tillett WS, Francis T Jr. Serological reactions in pneumonia 
with non-protein somatic fraction of pneumococcus. J Exp 
Med 1930; 52:561-571. 

69. Osmand AP, Friedenson B, Gewurz H, Painter R, Hoffman 
T, Shelton E. Characterization of C-reactive protein and the 
complement subcomponent Clt as homologous proteins dis-
playing cyclic pentameric symmetry (pentraxins). Proc Natl 
Acad Sci USA 1977; 74:739-743. 

70. Volanakis JE, Clements WL, Schrohenloher RE. C-reactive 
protein: purification by affinity chromatography and physi-
cochemical characterization. J Immunol Methods 1978; 
23:285-295. 

71. Pepys M, Dash AC, Fletcher TC, Richardson N, Munn E, 
Feinstein A. Analogues in other mammals and in fish of 
human plasma proteins, C-reactive protein and amyloid P 
component. Nature 1978; 273:168-170. 

72. Robey FA, Liu T-Y. Limulin: a C-reactive protein from 
Limulus polyphemus. J Biol Chem 1981; 256:969-975. 

73. Claus DR, Siegel J, Petras K, Osmand AP, Gewurz 
H. Interactions of C-reactive protein with the first compo-
nent of human complement. J Immunol 1977; 119:187-192. 

74. James K, Hansen B, Gewurz H. Binding of C-reactive pro-
tein to human lymphocytes. I. Requirement for a binding 
specificity. J Immunol 1981; 127:2539-2544. 

75. James K, Hansen B, Gewurz H. Binding of C-reactive pro-
tein to human lymphocytes. II. Interaction with a subset of 
cells bearing the Fc receptor. J Immunol 1981; 127:2545-
2550. 

76. Mortensen RF, Gewurz H. Effects of C-reactive protein on 
the lymphoid system. II. Inhibition of mixed lymphocyte 
reactivity and generation of cytotoxic lymphocytes. J Immunol 
1976; 116:1244-1250. 

77. Barna B, Deodhar SD, Gautam S, Yen-Lieberman B, Roberts 
D. Macrophage activation and generation of tumoricidal 
activity by liposome-associated human C-reactive protein. 
Cancer Res 1984; 44:305-310. 

78. Thombre PS, Deodhar SD. Inhibition of liver metastases in 
murine colon adenocarcinoma by liposomes containing hu-
man C-reactive protein or crude lymphokine. Cancer Immu-
nol Immunother 1984; 16:145-150. 

79. Barna BP, Roberts D, Jacobs B, et al. Enhancement of hu-
man monocyte activity by human C-reactive protein (abstr. 
2898). Fed Proc 1984; 43:781. 

80. Kleinerman ES, Schroit AJ, Fogler WE, Fidler IJ. 
Tumoricidal activity of human monocytes activated in vitro 
by free and liposome-encapsulated human lymphokines. J Clin 
Invest 1983; 72:304-315. 

81. Sone S, Tsubura E. Human alveolar macrophages: potentia-

 on May 29, 2025. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


234 Cleveland Clinic Quarterly Vol. 53, No. 3 

tion of their tumoricidal activity by liposome-encapsulated 
muramyl dipeptide. J Immunol 1982; 129:1313-1317. 

82. Koff WC, Fidler IJ, Showalter SD, et al. Human monocytes 
activated by immunomodulators in liposomes lyse herpesvirus-
infected but not normal cells. Science 1984; 224:1007-1009. 

83. Dale GL, Villacorte DG, Beutler E. High-yield entrapment 
of proteins into erythrocytes. Biochem Med 1977; 18:220-
225. 

84. Fogler WE, Fidler IJ. Macrophage-mediated lysis of meta-
static tumor cells is random and not selective. Proc Am Assoc 
Cancer Res 1983; 24:215. 

85. Fidler IJ, Raz A. The induction of tumoricidal capacities in 
mouse and rat macrophages by lymphokines. [In] Hadden JW, 
Stewart WE, eds. Lymphokines. New York, Academic Press, 
1981, pp 345-363. 

86. Kerbel RS. Implications of immunological heterogeneity of 
tumours. Nature 1979; 280:358-360. 

87. Rhodes J. Resistance of tumour cells to macrophages: a short 
review. Cancer Immunol Immunother 1980; 7:211-215. 

88. Talmadge JE, Key M, Fidler IJ. Macrophage content of 
metastatic and nonmetastatic rodent neoplasms. J Immunol 
1981; 126:2245-2248. 

 on May 29, 2025. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/

