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CHAPTER I 

INTRODUCTION 

Mononuclear phagocytes arise from a piuripotential stem cell in 

the bone marrow. This stem cell is the progenitor for erythrocytes, 

granulocytes, and monocytes. After release from the bone marrow, 

monocytes circulate through the bloodstream for 1-3 days before 

migrating into various tissues. Within the tissues these cells 

mature into resident macrophages. These macrophages exhibit 

considerable diversity. They can become activated by various 

substances which affect their capacities and functions. The latter 

are correlated with their stages of activation. 

The Functions of Macrophages 

Macrophages are one of the principal participants in the body's 

defense system. Their functions include: 1. phagocytosis and 

destruction of foreign particles, 2. processing and presentation of 

antigen to other cells of the immune system, 3. regulation of the 

immune response by secretion of various factors, and 4. inhibition of 

growth of microorganisms or tumor cells. 

Macrophages, which are found circulating in the blood and fixed 

in tissues, accumulate at sites of inflammation. These cells are 

capable of recognizing and ingesting foreign particles. The process 

of ingestion of foreign particles is known as phagocytosis. 

Phagocytosis is divided into several stages which include: 1. 

chemotaxis, 2. attachment, 3. ingestion, and 4. digestion. 



Chemotaxis involves the migration of cells toward particles due to 

the influence of external chemical stimuli. Attachment involves the 

interaction of foreign particles with specific or non-specific 

receptors followed by invagination of the cell membrane. Ingested 

particles are degraded by enzymes located within cytoplasmic vacuoles 

CI]. 

Perturbation of the macrophage membrane by a particle induces a 

series of events known as the respiratory burst (RB). During the RB, 

the consumption of oxygen is increased along with activation of a 

membrane-associated oxidase. A number of reactive metabolites of 

oxygen such as superoxide anion (O2'*), hydrogen peroxide (H2O2), 

hydroxyl radical (OH*), and singlet oxygen ( O2) are produced during 

the RB C2, 3]. These substances are believed to be both 

antimicrobial and antitumor. 

Secretion of various biologically active substances is one of 

the major functions of macrophages. Many of these are involved in 

regulating the immune system. Over 75 different products are 

secreted by macrophages C4]. These include: arginase, complement 

components, prostaglandin E2, interleukin-1 (IL-1), interferon (IFN), 

and tumor necrosis factor (TNF). Arginase can degrade arginine which 

is required for cell function and, therefore, lead to inhibition of 

cell growth. Macrophages also synthesize and secrete complement 

components. Complement components participate in numerous 

immunologic activities such as opsonization, chemotaxis and 

inflammation. Macrophages produce prostaglandin E2 which affects the 

functions of macrophages and other cells. Prostaglandin E2 is an 



important immunoregulator. It can inhibit myeloid stem cell 

proliferation, mitogen responsiveness and regulate macrophage-

mediated cytotoxicity (MMC) [5]. Another factor secreted by 

macrophages is IL-1 C6]. Interleukin-1 stimulates the growth of 

thymocytes and T cells. Interferon'^ (IFN ) is a monokine secreted by 

macrophages [7], Interferon'^ inhibits the proliferation of tumor 

cells and microorganisms. In addition, TNF, another monokine 

secreted by macrophages [8], may interact with other factors to 

enhance macrophage antitumor activity. It can be seen from the above 

that macrophages secrete a broad spectrum of products which regulate 

cellular functions and immune responses. 

Stages of Macrophage Activation 

Activation of macrophages is a multistep process. There are 

essentially 4 stages of macrophage activation which can be 

demonstrated both in vivo and in vitro. (1) Resident macrophages, 

which are cells taken from native tissue without prior induction of 

inflammation, represent the first stage of activation. These cells 

are relatively stable and respond poorly to lymphokines. (2) 

Responsive macrophages are cells taken from a site of inflammation. 

These cells respond well to lymphokines and exhibit enhanced 

functions such as phagocytosis and spreading. Responsive macrophages 

express characteristics of in vitro educed inflammatory macrophages 

including: increased spreading, phagocytosis, secretion of 

plasminogen activator, and decreased content of 5' nucleotidase [9, 

10]. Many studies employing inflammatory macrophages have been 



performed utilizing macrophages elicited by thioglycollate broth 

Cll]. These macrophages can be considered as prototypes of the 

inflammatory macrophage and were utilized in this study. Although 

these macrophages exhibit enhanced functions compared to resident 

cells, they are not tumoricidal or microbicidal. 

(3) Macrophages activated to the third stage of activation are 

called primed macrophages. Primed macrophages bind tumor cells and 

are prepared to secrete cytolytic proteinase (CP). Therefore, these 

cells are not inherently cytocidal but can be activated to this stage 

when exposed to a second signal. They can be obtained by in vivo 

injection of Bacillus Calmette Guerin (BCG), T.gondii, or pyran 

copolymer followed by in vitro exposure to lymphokines. Nanogram 

(0.5-5.0) quantities of endotoxin or lymphokines can be the second 

signal for activation of these macrophages to the tumoricidal state. 

(4) Activated macrophages represent the fourth and final stage 

of activation. These cells are tumoricidal without futher 

stimulation. Activated macrophages can be obtained in vivo by 

repeated injections of BCG or U^ vitro exposure of primed macrophages 

to a second signal such as lipopolysaccharide (LPS) [12, 13]. 

Concentrations of LPS as low as 0.5-5.0 ng/ml will raise these cells 

to the highest level of activation. Mackaness called these 

tumoricidal macrophages "activated" [14]. 

The significance of cellular immunity and macrophage activation 

in host defense systems against microorganisms has been well 

established [15, 16]. As stated previously, activated macrophages 

are highly cytotoxic to tumor cells. Alexander and Evans [17] first 



reported that macrophages could inhibit tumor cells by exposure to 

endotoxin. Hibbs, Lambert, and Ramington confirmed these 

observations [18]. They found that activated macrophages were 

selectively cytotoxic to tumor cells but not to normal cells. 

Activated macrophages efficiently mediate cytotoxicity against tumor 

cells by a contact-dependent, non-phagocytic mechanism [19, 20]. 

Some of the agents capable of activating macrophages jn̂  vivo 

include: endotoxin (the lipid-A portion of endotoxin), double-

stranded RNA, pyran copolymer, and parasites. These cells can also 

be activated in vitro by exposure to endotoxin, lipid A, double 

stranded RNA, synthetic polyl-poly C, IFN, and lymphokines [21, 22]. 

Once activated, macrophages exhibit enhanced secretion of H2O2 and 

CP. In addition these cells exhibit increased binding of tumor cells 

concomitant with a decrease of alkaline phosphodiesterase [23]. 

The major functions of activated macrophages include 

participation in: (1) host defenses against tumor cells, 

microorganisms and parasites, (2) tissue destruction which occurs 

during chronic inflammatory diseases. 

The Role of Macrophage in the Destruction 
of Tumor Cells 

As stated above activated macrophages have a markedly enhanced 

ability to destroy certain microorganisms or tumor cells. Evidence 

indicates that completion of tumor cell cytolysis requires two 

separate capacities (binding and secretion) and these capacities are 

independently regulated [9]. Two general types of binding are 



involved when macrophages bind to target cells [23, 24, 25]. First, 

a low level binding which possesses little selectivity is observed 

with a wide variety of target cells [23]. If macrophages are exposed 

to a large number of target cells, binding is still not saturated 

[23, 25]. Second, a highly selective binding is observed between 

activated macrophages and target cells [23, 25, 26]. The high level 

binding can be saturated by adding excess target cells [25, 26]. 

Evidence indicates that binding is necessary but not sufficient to 

complete MMC [23, 24, 26]. 

There is also evidence that one or more mediators are involved 

in MMC [27]. First, the release of lytic substances can be 

correlated with the development of macrophage activation, i.e., the 

higher the level of activation the more lytic factor secreted. 

Second, specific inhibitors of the mediators can be identified by 

their negation of tumor cell killing. 

According to studies done by Adams and Marino, binding of 

macrophages to tumor cells is followed by secretion of cytolytic 

proteinase (CP) which is necessary for MMC [9]. Cytolytic proteinase 

is a protein with a m.w. of approximately 40,000 daltons. Secretion 

of CP, like many other secretory products from macrophages, is 

regulated in two stages: a priming signal which prepares the cell for 

secretion and a second triggering signal which actually induces 

release of CP [10, 28]. These two signals are necessary for 

activation and subsequent cytotoxic activity of macrophages. 



The Discovery of TNF and Characteristics of TNF 

The antitumor effects of bacterial cells and their products have 

been known for over one hundred years. Bruns and Coley found 

spontaneous regression of certain human tumors during bacterial 

infection [29]. Injection of bacterial products into experimental 

animals may produce a severe hemorrhagic reaction within a tumor. 

The hemorrhagic reaction is followed by a progressive necrotizing 

reaction at the tumor site. After these observations, attempts were 

made to identify the necrotizing substances. The agent responsible 

for hemorrhagic necrosis was isolated and found to contain LPS 

(endotoxin). Endotoxin is known to have a numerous biological 

effects on the host. These include: stimulation of the 

reticuloendothelial system, activation of macrophages, mitogenicity 

for B lymphocytes, enhancement of antibody synthesis, induction of 

interferon synthesis, and necrosis of primary subcutaneous tumors in 

mice [29, 30]. 

Tumor necrosis factor was first observed in 1975 by Carswell et 

al., [31] as a protein in the serum of BCG-primed, endotoxin-treated 

animals. These animals produced a substance distinct from endotoxin 

which caused hemorrhagic necrosis of tumors. The substance was 

called tumor necrosis factor. In addition to necrosis of tumors }n_ 

vivo, it also caused cytotoxicity in vitro. 

Tumor necrosis factor is a relatively small molecule with a m.w. 

of 17,000 [33]. It may also be found in aggregated forms which have 

a higher m.w. One of the characteristics of TNF is its lack of 

species specificity. Conserved TNF amino acid sequences among 
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different animal species could explain the lack of species 

specificity. Murine TNF polypeptide is about 80% homologous to human 

TNF [34, 35]. Kull and Cuatrecasas [32] showed that murine TNF is a 

glycoprotein that is partially stable at 56°C, and labile in acidic 

or basic solutions. Also, TNF has the ability to distinguish between 

normal and certain tumor cells in vitro. This suggests that TNF 

could play an integral role in host defenses against tumor cells. 

In addition to the antitumor activity of TNF, this monokine 

exhibits diverse biological effects and activities. Tumor necrosis 

factor suppresses lipoprotein lipase activity [36], enhances 

prostaglandin E2 [37], enhances collagenase production by human 

synovial cells and dermal fibroblasts [38], stimulates bone 

resorption by osteoclasts [39], and stimulates production of a 

procoagulant activity by vascular endothelial cells [40]. 

Furthermore, TNF plays an important role in cytocidal activity of 

natural cytotoxic cells [41]. Activation of T cells is another 

characteristic biological activity associated with TNF [42]. Also, 

activation of neutrophils is effected by TNF [43]. Tumor necrosis 

factor was shown to increase the respiratory burst and degranulation 

of neutrophils [44]. Antiviral activity is another function of TNF 

that is mediated through the induction of IFN̂ ^ [45]. This antiviral 

action of TNF could be abolished in the presence of antiserum 

specific for IFN̂ ^ [45]. This evidence indicates that induction of 

the antiviral state is mediated by the generation of IFN^. In 

contrast, others have reported that the antiviral properties of TNF 

did not involve IFN as an intermediate [46]. This antiviral activity 



was not caused by the induction of IFNs. The antiviral activity 

cannot be abolished by antibodies against IFN°^, IFN^, IFN"^, but it 

can be neutralized by anti-TNF. These activities of TNF are mediated 

through receptors on the cell surface which have been identified on 

murine cells [47]. The exact mechanisms of TNF action on the immune 

system are still not completely understood. 

TNF Production in vivo and in vitro 

Efficient production of TNF requires two signals. Several 

priming agents such as BCG, killed Corynebacterium parvum, 

C.ganulosum, Mycobacterium bovis and zymosan have been used to 

investigate TNF production in vivo [31, 48, 49]. Priming agents are 

given first to make the animal more sensitive to the effects of 

endotoxin. Evidence indicates that TNF can be produced in the 

absence of a priming agent. The function of the priming agent is to 

increase TNF production. After injection of endotoxin, TNF activity 

appears very rapidly (about 30 min.) in the serum [29]. Mixed 

bacterial vaccines, synthetic polyl-polyC, killed Pseudomonas, 

Escherichia coli endotoxin, and Salmonella endotoxin have been used 

as elicitors of TNF production in vivo [29, 31]. 

TNF Involvment in Macrophage-mediated 
Cytotoxicity (MMC) 

It is well known that monocytes and tissue macrophages play 

important roles in the regulation of various cellular functions by 

synthesizing various cytokines [50]. Cytokines are essential 
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transmitters of cell-to-cell communication in many biological 

processes. Multiple lines of evidence suggest that monocytes and 

macrophages are the principal cellular source of TNF [8, 51, 52]. As 

previously stated, lysis of tumor cells by macrophages is an 

important mechanism of host defense against tumors. Since 

macrophages are the principal source of TNF, it has been considered 

as a possible effector molecule involved in MMC. Several 

laboratories have shown that TNF is necessary for MMC [30, 33]. 

How tumor cell killing occurs in vivo is still not clear. Based 

on several model systems in vitro, it appears to be multifactorial. 

A number of effector cells function in the body's defense system. 

These include: specifically immune T cells, natural killer cells, B 

cells or T cells, antibody-dependent cytotoxic T cells, macrophages 

with specific antibody, "activated" macrophages, and 

polymorphonuclear leukocytes (PMN) [29, 30, 53]. Cytotoxicity 

appears to be mediated through the production of a number of 

cytokines. Binding of cytokines to specific cell surface receptors 

is the first step in the initiation of cytokine action on target 

cells ultimately progressing to cytotoxicity. Specific binding sites 

are necessary, but not sufficient for cells to be sensitive to TNF 

cytotoxicity. Some tumor cell lines and most normal cells are 

resistant to the cytotoxic or cytostatic action of TNF [54]. The 

resistance of these cells is not due to a lack of TNF receptors or to 

a low binding affinity for the ligand [54, 55], but rather to signals 

elicited from sensitive cells that are responsible for the cytolytic 

activity. 
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Several recent studies have provided more evidence for the role 

of TNF as a mediator of MMC [56, 57, 58, 59]. Various polyclonal or 

monoclonal antibodies to TNF neutralize MMC [56, 57, 60]. 

A number of factors influence TNF cytotoxicity. (1) Tumor 

necrosis factor cytotoxicity is increased by slight increases in 

temperature [61, 62]. (2) Interferon gamma synergistically enhanced 

the cytotoxicity of TNF in some transformed cell lines [54, 63]. 

Possibly through the upregulation of TNF receptors. It is 

conceivable that IFN' may be a cofactor required for optimal TNF 

cytotoxicity. (3) Various inhibitors of protein or RNA synthesis 

could enhance cellular susceptibility to the cytotoxic action of TNF 

such as cycloheximide or actinomycin D [29, 64, 65]. In the present 

study, actinomycin D was used to increase the sensitivity of the TNF 

assay. 

Peroxidases 

Peroxidases are a group of heme containing enzymes which utilize 

hydrogen peroxide as a substrate. Although these enzymes have the 

same active center as hemoglobin, the protein moiety affects their 

activity with respect to oxygen binding. The chemistry of the 

protein moiety endows them with a new range of catalytic activity. 

This group of enzymes are found in several sources such as mammalian 

tissues, plants, and milk [66, 67]. Horseradish peroxidase (HRP), a 

plant enzyme, is the most extensively studied peroxidase. It has a 

molecular weight of approximately 40,000 daltons, and the diameter is 

50-60 A [67]. Horseradish peroxidase can oxidize various hydrogen 



12 

donors (AH^) in the presence of H2O2. The reactions are as follows: 

HRP + H2O2 — > HRP-H2O2 

HRP-H2O2 + AH2 — > HRP + 2H2O + A 

In the equation, AH2 represents a suitable electron donor, such as 

guaiacol, phenylenediamine, o-dianisidine, or pyrogallol. The 

oxidation products of these compounds are strongly colored; 

therefore, they are used to measure the activity of peroxidases. 

Lactoperoxidase (LPO) is found in sterile milk. The substrates 

for this peroxidase as well as myeloperoxidase (MyPO) are unknown. 

Studies by other investigators [68, 69] indicate LPO may contribute 

to the antimicrobial activity of biological systems. In certain 

biological fluids, H202-generating microorganisms such as 

lactobacilli, or stimulated phagocytes may serve as a source of H2O2. 

Microperoxidase (MPO) is a degradation product of cytochrome c 

that retains the heme and 7-11 amino acids of the original enzyme 

[70]. This enzyme is a heme-peptide with a molecular weight of only 

1700. This peroxidase, as well as HRP and LPO, have an Fe bound to a 

porphyrin ring via nitrogens. 

Myeloperoxidase, (MyPO), obtained from human polymorphonuclear 

leukocytes, has a molecular weight of 118,000 [71]. Neutrophils 

contain MyPO in cytoplasmic granules and this enzyme is discharged 

into the phagosome following particle ingestion. Myeloperoxidase, 

H2O2, and a halide ion interact in the phagosome to destroy the 

ingested organisms. The above combination of a peroxidase, a halide, 

and H2O2 has been termed the cytotoxic triad. It is believed that 

MyPO triggers the oxidation of a halide ion and the oxidized halide 
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is capable of destroying microorganisms [72, 73]. Mature macrophages 

do not have MyPO and therefore, cannot utilize the H202-MyP0-halide 

system. Since macrophages are devoid of peroxidase, other substances 

have been implicated in their cytotoxic activity. Some of these are: 

complement, H2O2, catalase, or exogenous peroxidase. Therefore, 

peroxidases when combined with H2O2 and a halide (chloride, bromide, 

and iodine) form a potent cytotoxic system which contributes to the 

host defense against invading microorganisms and possibly tumor cells 

[74], The ability to generate oxygen intermediates such as H2O2 

correlates with antimicrobial and antitumor activity [75]. 

Antitumor Effects of Peroxidases 

Peroxidases have been shown to have antitumor effects [76, 77]. 

In vivo studies by Everse et al. [77], utilizing HRP and a H2O2 

generating system. In these studies HRP was immobilized on an inert 

surface. The immobilized enzymes were injected intraperitoneally 

into rats. Histological studies of the tumor-bearing rats indicated 

the presence of islands of necrotic tumor cells encapsulated by 

fibroblasts. The tumor seemed to become necrotic [77]; however, 

normal tissue adjacent to tumor cells was unaffected. These results 

indicated that the action of the peroxidase was extremely specific 

for tumor cells. 

The antimicrobial or antitumor mechanisms of peroxidases are not 

yet completely elucidated. The present study concentrated on 

macrophage activation and TNF induction by peroxidases. The major 

objective of this study was to determine if peroxidases could 



14 

function as an immunomodulator. The specific purposes of this study 

were to ascertain: 

1. the ability of peroxidases to induce TNF 

2. the kinetics of TNF production by peroxidases 

3. the role of TNF in peroxidase-induced MMC 

Different peroxidases were investigated for their abilities to 

secrete TNF and to lyse TNF-susceptible tumor cells. 



CHAPTER II 

MATERIALS AND METHODS 

Animals 

Eight- to 12-week old C57/BL6 mice were obtained from the 

Jackson Laboratories, Bar Harbor, ME. Male and female animals were 

utilized in this study. 

Materials 

Horseradish peroxidase (HRP), type VI, lactoperoxidase (LPO), 

microperoxidase (MPO), type III, and lipopolysaccharide (LPS) from 

Escherichia coli 0127:138 (phenol extract) were purchased from Sigma 

Chemical Company, St. Louis, MO. Myeloperoxidase (MyPO) was 

purchased from Calbiochem division of American Hoechst Corporation, 

San Diego, CA. Eagle's minimal essential medium (EMEM) and 

Dulbecco's minimal essential medium (DMEM) were obtained from Gibco, 

Grand Island, NY. Fetal calf serum (FCS) was purchased from Sterile 

Systems Inc., Logan, UT. Thioglycollate broth was obtained from 

Baltimore Biological Laboratories, Baltimore, MD. The broth was 

prepared according to the manufacturer's specifications. Phosphate 

buffered saline (PBS) at pH 7.2 was made up by mixing 119.5 ml of 

0.15 M KH2PO4, 380 ml of 0.15 M Na2HP04 and 500 ml of 0.85% NaCl. 

Borate buffer (pH 8.4) contained 50 ml of 0.2 M boric acid and 11.5 

ml of 0.05 M borax and 138.5 ml deionized H2O. 

Actinomycin D was obtained from Sigma Chemical Company. Neutral 

red stain was purchased from Fisher Scientific Company, Fair Lawn, 

15 



16 

NJ. Anti-mouse TNF prepared in rabbits was kindly supplied by Dr. 

George E. Gifford, University of Florida, Gainesville, FL. Anti-IFN'^ 

was kindly provided by Dr. Samual Baron, University of Texas Medical 

Branch, Galveston, TX. 

Cell Line 

Spontaneously transformed mouse fibroblasts (3T12 cells) were 

obtained from the American Type Culture Collection, Rockville, MD. 

These cells were maintained in either EMEM or DMEM containing 5% FCS. 

The medium was supplemented with 0.025 mg/ml gentamycin (Sigma 

Chemical Company). 

L929 cells (transformed murine fibroblasts) were kindly provided 

by Dr. Samual Baron, University of Texas Medical Branch, Galveston, 

TX. These cells were maintained in the EMEM medium supplemented with 

5% FCS and 0.025 mg/ml gentamycin. 

Macrophage Collection 

Mice were injected intraperitoneally (I.P.) with 1 ml of 

thioglycollate broth using a 25 gauge needle. Four days later, the 

animals were sacrificed by cervical dislocation. The skin was 

swabbed with 70% ethanol, cut along the midline and removed. Ten mis 

of cold PBS containing 10 units of heparin per ml were injected into 

the peritoneal cavity. The abdomen was gently massaged for 1 min. 

and the fluid was slowly withdrawn. The cells were centrifuged at 

115 X g for 10 min. at 4°C and resuspended in DMEM supplemented with 

2% FCS. It was important to remove the peritoneal cells with minimal 
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erythrocyte contamination. Erythrocytes could stimulate various 

macrophage functions which would interfere with interpretation of 

data. When preparations contained erythrocytes, the cell suspension 

was subjected to 0.83% weight/volume of NH^Cl solution [78], 

Tumor Cell Inhibition Assay 

A photometric quantitation of macrophage-mediated tumor cell 

cytotoxicity was used in this study. The procedure used was 

essentially that of Wei et al. [76] and is described as follows: (1) 

peritoneal exudate cells were washed three times in EMEM containing 

2% FCS, (2) the cell concentration was adjusted to 1 X 10^ cells per 

ml, (3) 100 \i] of the cell suspension were added to each well of a 

96-well microtiter plate (Costar 3596, Cambridge, MA.), (4) the cells 

were incubated under 5% CO2 at 37°C for 2 hours, (5) after the 2-hour 

incubation, the non-adherent cells were removed by washing the wells 

twice with 200 |xl of the above media, (6) the media were removed with 

a multichannel Titer Tek diluter (Flow Laboratories) after each wash, 

(7) the cells were cultured for a minimum of 3 days in EMEM with 2% 

FCS prior to the addition of activators and target cells. This 

incubation allowed thioglycollate-induced macrophages to stabilize 

their level of activity prior to the addition of activators. By 

using this procedure, the population of adherent cells consisted of 

> 99% macrophages. 

After incubation of peritoneal macrophages for 3 days, the media 

were removed and either control media or activating factors were 

added. The activators were prepared immediately prior to use and 
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filtered through a Millipore filter Millex-GS (0.22 ^im). The 96-well 

plate was set up according to the following pattern: (1) the first 

three rows contained macrophages alone with or without activators, 

(2) the following three rows contained macrophages + 3T12 target 

cells with or without activators, and (3) the last two rows contained 

3T12 cells with or without activators. The concentration of 3T12 

cells utilized in the appropriate wells was 6 X 10^/0.1 ml. After 48 

hours incubation, the media were removed and the macrophages were 

washed with EMEM containing 2% FCS. The monolayers were fixed with 

10% phosphate buffered formalin for 10 min. and then washed with 0.01 

M borate buffer and the plated were allowed to dry at room 

temperature. Two hundred ^1 of 0.1 N HCl were added to each well for 

extraction of residual dye. The amount of residual dye was 

determined spectrophotometrically at 660 nm using a Model 700 

Microplate reader (Cambridge Technology, Inc., Cambridge, MA.). 

Each experiment was replicated at least three times. All points 

were routinely determined in triplicate and the results were 

averaged. The percentage cytotoxicity was calculated as follows: 

% cytotoxicity = 100% - (a/b) X 100 

a = (M<l> + 3T12 with activator) - (M<1> alone with activator) 

b = (M<1) + 3T12 without activator) - (M0 alone without activator) 

M<|) = macrophage. 

Limulus Amebocyte Lysate Method (LAL assay) 

All reagents were tested for endotoxin contamination using the 

Limulus Amebocyte Lysate (Pyrotell) assay (Associates of Cape Cod, 
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Inc., Woods Hole, MA.). The assay was done following the 

manufacturer's recommendation and is described below. One-tenth ml 

of endotoxin standard or diluted sample was added to a 10 X 75 mm 

reaction tube. One-tenth ml of reconstituted Pyrotell was added to 

each tube and mixed immediately to achieve homogeneity. After 

mixing, the tubes were placed in a 37°C water bath and incubated, 

uncovered, for 60 min. Timing is critical. After 60 ± 2 min., the 

tubes were removed and slowly inverted 180 degrees. A firm clot 

formed if sufficient concentration of endotoxin was present in the 

sample. The actual amount of LPS present in the sample was 

determined by comparing the dilution of the sample with a set of 

standards. 

In vitro Cell Cytotoxicity Assay for 
Tumor Necrosis Factors (TNF) 

Supernatants collected from macrophage cultures exposed to 

either media or activators were tested for TNF activity. The 

supernatants were usually collected at 6 hours and either tested 

immediately or stored at -20°C until assayed. Tumor necrosis factor 

in supernatants was determined using a biological assay employing 

L929 cells. The method is essentially that of Flick and Gifford 

[30]. It has been modified and is presented below. Briefly, 1.5 X 

10^ L929 cells in 0.1 ml of EMEM with 2% FCS were incubated overnight 

in 96-well flat bottom microtiter plates. After 24 hours, spent 

media were removed and similar volumes of test supernatants were 

added to the first well of each row. All other wells received 100 ^1 
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of media. Two-fold serial dilutions of test samples were made 

directly in the plate. One hundred \i\ of actinomycin D at a final 

concentration of 1 p,g/ml were added to each well including control 

wells. The media were supplemented with 2% FCS. Plates were 

reincubated for 20 hours followed by addition of 50 ^1/well of 

neutral red solution containing 0.033% neutral red (weight/volume) in 

PBS. After 1 hour incubation at 37°C, dye containing media were 

aspirated from the wells. The remaining cells were washed twice with 

warmed PBS. The dye was eluted from the cells by adding 200 ^1/well 

of 50% volume/volume mixture of ethanol and 0.1 M NaH2P04. 

Absorbance of the eluted dye was read at 550 nm on a Model 700 

Microplate reader. The titers were expressed in units or the 

reciprocal value of the supernatant dilution that would cause lysis 

of 50% of the L929 cell monolayers. Results were expressed as means 

± S.E.M. of at least three individual values. 

Calculation of TNF was as follows: 

1. The percentage of cytotoxicity for each dilution was determined 

as previously described (see p.18). 

2. Estimate dilution factors for theoretical 50% killing of cells. 

a. transformed the reciprocal of dilution factors to log2 

b. Y = aX + b (Y = % cytotoxicity, X = log2 (1/dilution 

factor), a = slope, and b = intercept of Y) 

c. when Y = 50, calculate the X value 

3. Transformed the reciprocal values of the supernatant dilution 

to determine the titer. The TNF titer was expressed in 

units/0.1 ml. 
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Neutralization Assay 

Neutralization studies were done using antibody to TNF. The 

supernatants from macrophage cultures were mixed with antibody and 

incubated for 30 min. before addition to L929 cultures. The 

neutralizing effect of the antibody was determined using the neutral 

red assay described previously. Other studies involved addition of 

anti-TNF directly to wells containing macrophages with target cells. 

The efficiency of the antibody to neutralize MMC was determined by 

the tumor cell cytotoxicity assay. 

Neutralization of IFN*̂  was done employing anti-IFN"^. Fifty [i\ 

of a 1:20 dilution of antisera were added to test cultures. Control 

cultures received an equal volume of media. The effects of anti-IFN' 

of cytotoxicity were determined by the assays described previously. 

Statistical Analysis of Data 

A student t-test was used to determine the significance of the 

effects of peroxidases on cytotoxicity. A one way ANOVA was used to 

examine the dose response effects of peroxidases on tumor cell 

cytotoxicity. 



CHAPTER III 

RESULTS 

Peroxidase Enhancement of Macrophage Tumor Cell 
Cytotoxicity 

The ability of peroxidases to promote tumoricidal activity by 

thioglycollate-induced macrophages has been reported previously [76]. 

These experiments were reconfirmed by the present studies. A dose-

dependent cytolysis of target cells was observed when mouse 

peritoneal thioglycollate-induced macrophages were exposed to 

different peroxidases. These results are illustrated in figure 1. 

Concentrations as low as 0.9 p,M HRP significantly (p ^0.01) 

inhibited tumor cell growth. The highest concentration of HRP (9.0 

^M) resulted in approximately 50% cytotoxicity of tumor cells (figure 

1-A). Lactoperoxidase was also found to enhance tumor cell 

cytotoxicity in a dose-dependent manner (figure 1-B). Concentrations 

of LPO utilized were 0.177 ^M, 1.77 îM, and 17.7 p.M. The observed 

percent tumor cell cytotoxicity was 21%, 37%, and 63% respectively. 

Another peroxidase, MPO, also caused a dose-dependent activation of 

macrophages concomitant with tumor cell cytotoxicity. It was found 

that the highest concentration of MPO caused approximately 75% 

cytotoxicity (figure 1-C). Lower concentrations of MPO induced 20 to 

30% MMC (figure 1-C). 

Lipopolysaccharide is a known macrophage activator [9]. 

Concentrations of 10 ng/ml or more of LPS induced production of TNF 

[30]. All media and reagents were tested for the presence of LPS. 

22 



X 

o 

>-

»—« 
X o 

>-

X 

o 

80 

70-

60-

50 

40-

30 ^ 

20-
10-

0 HRP(0.09 îM) 
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Figure 1. The effect of peroxidases on tumor cell cytotoxicity. 
Thioglycollate-induced macrophages exposed to horseradish peroxidase 
(0.09, 0.9, 9 ̂ iM), lactoperoxidase (0.177, 1.77, 17.7 ^ M ) , and 
microperoxidase (0.177, 1.77, 17.7 ^M) were incubated with 3T12 
cells. Cultures were incubated for 24 hrs., the supernatants were 
removed and fresh media added. All experiments were terminated at 48 
hrs. after initial exposure to peroxidase. The residual cells were 
fixed and stained with methylene blue. The absorbance (O.D.) at 660 
nm was compared with the control wells which were not exposed to 
peroxidase. The relative cytotoxicity was calculated as a percent of 
the control. Values in the figure are means of 6-9 cultures ± S.E.M. 
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Lipopolysaccharide concentrations were determined by the Limulus 

Amebocyte Lysate method (LAL assay). When assayed using the LAL 

test, the culture media (DMEM with 2% FCS), peroxidases and buffers 

contained < 1 ng/ml of LPS (table 1). 

A heme moiety is common to all three peroxidases utilized in 

this study. Experiments were done to determine if this portion of 

the molecule was essential for macrophage activation. In the tumor 

cell cytotoxicity assay, macrophages exposed to inactive HRP (99.9% 

of heme removed) were as effective as those exposed to regular HRP. 

Nine |iM of inactive HRP or regular HRP induced approximately 80% 

target cell killing as noted in figure 2. 

Induction of Tumor Necrosis Factor by Peroxidases 

Thioglycollate-induced peritoneal macrophages were exposed to 

various concentrations of peroxidases. Supernatants from these 

cultures were assayed for the presence of TNF. The L929 assay 

described previously was employed in these studies. The data in 

table 2 illustrated the lowest concentrations of various peroxidases 

which would fnduce production of TNF. On a molar basis, HRP was the 

least effective inducer of TNF while MyPO was the most efficient. 

Three nM MyPO induced as much TNF (8 units/100 îl) as 0.9 ^M HRP. 

Bovine LPO was intermediate in its ability to induce TNF activity 

(12 units/100 Hi). 

No detectable TNF was observed in control cultures (< 2 

units/0.1 ml). The next set of experiments were done to ascertain if 

TNF induction by peroxidases was dose-dependent. Table 3 illustrates 
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Table 1 

Lipopolysaccharide (LPS) concentrations^ in reagents 

Treatment LPS (ng/ml) 

Media (with 2% FBS) 
PBS with 10 units heparin 
9 îM HRP 
17.7 uM LPO 
17.7 ̂ M MPO 

< 

< 

0, 
0. 
1, 
1. 
0. 

.5 

.5 

.0 

.0 

.5 

^ Lipopolysaccharide concentrations were determined using the Limulus 
Amebocyte Lysate (LAL) assay. 
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Figure 2. The effect of heme on tumor cell cytotoxicity by 
horseradish peroxidase (HRP). Thioglycollate-induced macrophages 
were exposed to 0.9, and 9.0 H M active HRP and incubated with 3T12 
cells. After 24 hrs., supernatants were removed and fresh media 
added. These cultures were compared to ones which were exposed to 
inactive HRP (HRP with heme removed and < 1% enzymatic activity). 
All experiments were terminated at 48 hrs. after the initial exposure 
to peroxidase. The residual cells were fixed and stained with 
methylene blue. The absorbance (O.D.) at 660 nm was compared with 
the control wells which were not exposed to HRP. The relative 
cytotoxicity was calculated as a percent of the control. Values in 
the figure are means of 6-9 cultures ± S.E.M. 
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Table 2 

Induction of tumor necrosis factor (TNF) by peroxidases^ 

Inducer Concentration TNF titer (units/0.1 ml) 

Horseradish peroxidase 0.9 p.M 8.08 ± 1.77 
Lactoperoxidase 1.6 nM 11.93 ± 3.70 
Myeloperoxidase 3.3 nM 8.33 ± 1.07 
LPS 10.0 ng/ml 2.40 ± 0.40 

^ Thioglycollate-induced macrophage cultures were exposed to various 
peroxidases. After 6 hrs. incubation, supernatants were collected 
and assayed using actinomycin D-treated L929 cells as described 
previously. 

Supernatants were removed 6 hrs. after exposure of macrophages to 
inducers and frozen until assayed. 



Table 3 

The production of tumor necrosis factor (TNF) 
by thioglycollate-treated macrophages 

in response to peroxidases 

TNF titer (units/0.1 ml) 

28 

Treatment Concentration (̂ M) Macrophage alone 

Control 

HRP 

LPO 

MPO 

Media alone 

0.09 
0.9 
9.0 

0.17 
1.77 

17.7 

0.177 
1.77 

17.7 

< 2 

< 2 
7.3 ± 1.13^ 

51.5 ± 3.18 

< 2 
20.9 ± 1.34 

174.1 ± 3.09 

< 2 
< 4 

217.0 ±8.51 

^ Secretion of TNF by 1 X 10^ macrophages/ml. Cells were incubated 
with various peroxidases for 24 hrs. TNF titers were determined 
using actinomycin D-treated L929 cells as described in the methods 
section. 

^ Media alone (MEM with 2% FCS) 

^ Values in the table are means of 6-9 cultures ± S.E.M. 



29 

that HRP and LPO caused a dose-dependent induction of TNF; however, 

this was not found to be the case with MPO. 

Identification and Neutralization of TNF 
with Anti-TNF Serum ~~~ 

In order to confirm the presence of TNF in supernatants 

collected from peroxidase stimulated macrophages, the following 

experiments were done. Supernatants from control and peroxidase 

stimulated cultures were incubated with specific anti-TNF for 30 min. 

at room temperature. Following this incubation, the supernatants 

were utilized in the L929 assay described previously. It can be seen 

from table 4 that all cytotoxic activity of the supernatants was 

abrogated by the specific anti-sera, indicating production of TNF. 

Kinetics of TNF Production by Peroxidases 

Supernatants from cultures exposed to either 9 )iM or 18 p,M HRP 

were collected at various intervals and assayed for the presence of 

TNF. Figure 3 illustrates the results of these experiments. Peak 

production of TNF was observed at 6 hrs. After this time period, the 

titer of TNF declined. This decline was not as dramatic with the 

lower concentration of HRP; however, it should be noted that the 

final TNF titer was equivalent irrespective of the initiating dose of 

the peroxidase. 

The kinetics of TNF induction by HRP, LPO, and MPO were compared 

(figure 4). It can be seen that HRP peaked at approximately 6 hrs. 

followed by a steady decline until 48 hrs. A different pattern was 
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Table 4 

Identification of tumor necrosis factor (TNF) 

Treatment 

HRP 
LPO 
MPO 
MyPO 

Concentration 

9.0 uM 
17.7 \m 
17.7 MM 
3.3 nM 

TNF titer (units/0.1 ml)^ 

Ab Ab^ 
(absent) (present) 

48.11 ± 2.80^ < 2 
126.03 ± 5.31 < 2 
189.52 ± 7.50 < 2 
12.13 ± 2.51 < 2 

Thioglycollate-induced macrophage cultures were exposed to various 
peroxidases. After 24 hrs. incubation, supernatants were collected 
and assayed using actinomycin D-treated L929 cells as described 
previously. 

Supernatants collected from macrophage cultures exposed to 
peroxidases and incubated with anti-TNF serum (1:25) for 30 min. at 
room temperature. 

^ Values are means of 3 or more cultures ± S.E.M. 
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Figure 3. Kinetics of tumor necrosis factor (TNF) production by 
thioglycollate-induced macrophages in response to 9 MM and 18 MM 
horseradish peroxidase (HRP). Macrophage cultures were exposed to 
either 9 MM or 18 ̂ M HRP. At various time intervals, supernatants 
were collected and assayed for TNF using actinomycin D-treated L929 
cells as described previously. Values in the figure are means of 6-9 
cultures ± S.E.M. 
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Figure 4. Kinetics of tumor necrosis factor (TNF) induction. 
Thioglycollate-induced macrophages were exposed to 18 MM of one of 
the following: horseradish peroxidase, lactoperoxidase, or 
microperoxidase. At various time intervals, supernatants were 
collected and assayed for TNF using actinomycin D-treated L929 cells 
as described previously. Values in the figure are the means of 3 
cultures ± S.E.M. 
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observed when LPO or MPO were employed. Peak induction of TNF was at 

approximately 10-12 hrs. A precipitous decline in TNF titer was 

noted by 48 hrs. with LPO. This pattern was not observed when MPO 

was employed. Microperoxidase consistantly induced higher titers of 

TNF than either HRP or LPO. 

The previous experiments have shown that peroxidase-stimulated 

macrophages secrete TNF. In addition, the kinetics data have shown a 

marked decline in TNF titers by 24 hrs. (figure 3). The next series 

of studies were done to determine if the decline in TNF titers was 

the result of limiting concentrations of peroxidase. After the 

removal of peroxidase containing supernatants at 6 hrs. additional 

peroxidase was added to cultures. The cells were incubated for 

another 6-18 hrs. and the supernatants were assayed for TNF. No TNF 

activity was found in the fluids taken from cultures stimulated a 

second time with peroxidase (table 5). 

Involvement of TNF in Peroxidase-induced MMC 

Several experiments were designed to determine if TNF was 

necessary for peroxidase-induced MMC. Two experimental designs were 

employed. In the first design, certain cultures received peroxidase 

and anti-TNF (50 Ml 1-25 dilution) simultaneously. The percent 

cytotoxicity of cultures exposed to peroxidase alone and peroxidase 

plus anti-TNF were compared to control cultures. The presence of 

anti-TNF completely abrogated peroxidase-induced MMC. The second 

experimental design involved serial twofold dilutions of anti-TNF 

prior to peroxidase exposure. Cultures exposed to HRP alone and HRP 
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Table 5 

Effect of a second exposure to horseradish peroxidase (HRP) 
on tumor necrosis factor (TNF) production 

Time per^ 
(Hrs) 

6 
12 
18 

iod 

control^ 

CM
 CM

 
CM

 

V 
V 

V 

HRP (9.0 MM) 

b c Primary exposure Secondary exposure 

49.70 ±0.55 < 2 
15.37 ±1.38 < 2 
8.03 ± 1.21 < 2 

Thioglycollate-induced macrophage cultures were exposed to media 
alone (MEM with 2% FCS) without peroxidase. At various time 
intervals the supernatants were collected and assayed for TNF using 
actinomycin D-treated L929 cells as described previously. 

Macrophage cultures were exposed to media containing HRP. 
Supernatants were collected at various time intervals and replaced 
with fresh media. Pools of supernatants were assayed for TNF using 
actinomycin D-treated L929 cells as described previously. 

^ Macrophage cultures were exposed to peroxidase for 6 hrs. 
Supernatants were removed and fresh media containing additional 
peroxidase were added to cultures. Experiments were terminated at 
various time intervals and the supernatants assayed for TNF using 
actinomycin D-treated L929 cells. 

^ TNF titer (units/0.1 ml). Values are means of 3 or more cultures ± 
S.E.M. 
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+ anti-TNF dilutions were compared to controls. The data in table 6 

illustrate that the concentration of the antibody directly affected 

cytotoxicity. The highest concentration of anti-TNF reduced MMC to 

approximately 10% compared to approximately 53% in similar cultures 

with HRP alone. These data illustrate an inverse relationship 

between the antibody titer and cytotoxicity. 

Interferon gamma is a known macrophage activator. Since trace 

amounts of this lymphokine can enhance macrophage function, it was 

Y necessary to negate any possible role of IFN' in peroxidase 

activation of macrophages. The data are shown in figure 5. 

Macrophage cultures received one of the following: media, normal 
Y 

rabbit serum, rabbit anti-IFN , HRP, HRP plus normal rabbit serum, 

and HRP plus rabbit anti-IFN'^. It was noted that 9 MM HRP induced 

45% tumor cell cytotoxicity. Futhermore, 9 MM HRP plus either normal 

rabbit serum or anti-IFN'^ induced approximately 35% killing. 

Approximately 10% cytotoxicity was observed with either normal rabbit 

serum or rabbit anti-IFN'^. The data was analyzed using a one-way 

ANOVA. No significant differences were noted among the following 

groups: HRP, HRP plus normal rabbit serum, and HRP plus rabbit anti-

IFN^. In addition, significant differences were not observed between 

either cultures which received normal rabbit serum or rabbit anti-

IFN'̂ . The disparity between all cultures treated with HRP and those 

which were not was highly significant (p <0.05). 
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Table 6 

Effect of anti-tumor necrosis factor (anti-TNF) on tumor cell 
cytotoxicity by horseradish peroxidase (HRP) 

Antibody dilution % killing a 

50 10.51 ± 0.57*̂  
100 20.30 ± 1.15 
200 32.20 ± 1.73 
800 41.41 ± 0.54 
3200 50.33 ± 2.54 

0 53.24 ±1.73 

^ The effect of anti-TNF on tumor cell cytotoxicity by HRP (9.0 M M ) . 
thioglycollate-induced macrophages exposed to 9.0 MM HRP plus various 
concentrations of anti-TNF were incubated with 3T12 cells. After 48 
hrs., the residual cells were stained with methylene blue. The 
absorbance (O.D.) at 660 nm was compared with the control wells which 
were not exposed to HRP. The relative cytotoxicity was calculated as 
a percent of the control. 

Values are means of 6-9 cultures ± S.E.M. 
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Figure 5. The effect of interferon gamma on tumor cell cytotoxicity. 
Thioglycollate-induced macrophages were exposed to 9 MM horseradish 
peroxidase (HRP), anti-IFN^, or normal serum and incubated with 3T12 
cells. All experiments were terminated at 48 hrs. after the initial 
exposure to each treatment. The residual cells were fixed and 
stained with methylene blue. The absorbance (O.D.) at 660 nm was 
compared with the control wells which were not exposed to HRP or 
rabbit serum. The relative cytotoxicity was calculated as a percent 
of the control. Values in the figure are means of 6-9 cultures ± 
S.E.M. 
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Kinetics of Cytotoxicity Assay Using HRP 

Initial experiments were performed in which media were removed 

at 24 and 48 hrs. for titration of TNF. Enhanced cytotoxicity was 

observed in those cultures which had the media replaced after 24 hrs. 

(figure 6-A). Cultures exposed to 0.09, 0.9, and 9 MM of HRP 

exhibited 25%, 58%, and 75% cytotoxicity respectively. If media were 

not replaced after 24 hrs. of incubation, the same concentrations of 

HRP induced 16%, 32%, and 36% cytotoxicity respectively (figure 6-B). 

All experiments were terminated at 48 hrs. after initial exposure to 

HRP; however, a more pronounced dose-response was observed when media 

were replaced at 24 hrs. (figure 6-A). 

The kinetics of media replacement on cytotoxicity were 

investigated in further experiments. It can be seen that at 48 hrs. 

there was approximately 25% cytotoxicity. However, if media were 

replaced between 6 and 30 hrs., there was a significant (p ^ 0.03) 

increase in cytotoxicity (%) compared to 48 hrs. without replacement 

of media. However, differences in percent cytotoxicity were not 

noted within the interval of 6 and 30 hrs. That is, the percent 

cytotoxicity for cultures with replaced media between 6 and 30 hrs. 

was approximately twice that of cultures in which the media were not 

replaced during the 48 hrs. incubation period. The kinetics of MMC 

is represented in figure 7. 

Several experiments were done to determine if re-exposure of 

macrophage cultures to peroxidase would further enhance MMC. After 6 

or 24 hrs., peroxidase containing supernatants were removed from 

cultures and replaced with media containing fresh peroxidase. 
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Figure 6. The effect of horseradish peroxidase (HRP) on tumor cell 
cytotoxicity. Thioglycollate-induced macrophages were exposed to 
various concentrations of HRP and incubated with 3T12 cells. After 
24 hrs., supernatants were removed and fresh media added (6-A). 
These cultures were compared to ones which were exposed to HRP for 48 
hrs. without media replacement (6-B). All experiments were 
terminated at 48 hrs. after the initial exposure to peroxidase. The 
residual cells were fixed and stained with methylene blue. The 
absorbance (O.D.) at 660 nm was compared with the control wells which 
were not exposed to HRP. The relative cytotoxicity was calculated as 
a percent of the control. 
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Figure 7. The effect of media replacement on macrophage-mediated 
tumor cell cytotoxicity. Thioglycollate-induced macrophages exposed 
to 9.0 MM horseradish peroxidase (HRP) were incubated with 3T12 
cells. At various time periods, the supernatants were removed and 
fresh media added. All experiments were terminated at 48 hrs. after 
initial exposure to HRP. The residual cells were fixed and stained 
with methylene blue. The absorbance (O.D.) at 660 nm was compared 
with the control wells not exposed to HRP. The relative cytotoxicity 
was calculated as a percent of the control. Values in the figure are 
means of 6-9 cultures ± S.E.M. 
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Enhancement of cytotoxicity was not observed following the second 

exposure to peroxidase. These results are shown in table 7. 
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Table 7 

Effect of re-exposure to horseradish peroxidase (HRP) 
on macrophage-mediated tumor cell cytotoxicity 

Media replacement Condition 
Time (Hrs) 

HRP (9.0 MM) no HRP 

6 41.23 ± 2.87^ 40.43 ± 0.92 
24 36.00 ± 6.36 36.86 ± 1.71 

Thioglycollate-induced macrophages exposed to 9.0 MM HRP were 
incubated with 3T12 cells. After 6 hrs. or 24 hrs. incubation, 
peroxidase containing supernatants were removed and either media with 
fresh HRP or media without HRP were added. All experiments were 
terminated at 48 hrs. after initial exposure to peroxidase. The 
residual cells were fixed and stained with methylene blue. The 
absorbance (O.D.) at 660 nm was compared with the control wells which 
were not exposed to HRP. 

^ percent cytotoxicity (values in the table are means of 6-9 cultures 
± S.E.M. 



CHAPTER IV 

DISCUSSION 

Macrophages orchestrate and participate in numerous immune 

responses. The focus of this study was activation of macrophages by 

peroxidases. Previous studies done in this laboratory have shown 

that peroxidases are capable of raising thioglycollate-induced 

macrophage to the tumoricidal state. It is well established that 

activated macrophages secrete TNF. The major questions addressed in 

this study were: (1) Do peroxidases induce macrophages to secrete 

TNF? and (2) What is the possible role of TNF in peroxidase-mediated 

macrophage killing? 

Initial studies reconfirmed peroxidase induction of MMC. These 

experiments also provided a source of supernatants which were later 

assayed for the presence of TNF. 

Lipopolysaccharide is a known activator of macrophages. 

According to Adams and Marino [9], > 0.5 mg/ml of LPS alone are 

required to activate macrophage to the tumoricidal state. All 

reagents, including peroxidases, were subjected to the LAL assay to 

determine the degree of LPS contamination. Greater than 10 ng/ml of 

LPS are required to induce 2-4 units/0.1 ml TNF [personal 

communication, Gifford]. This observation was confirmed in the 

present study (table 2). In addition, the results of the LAL assay 

showed that the highest concentration of LPS in the various reagents 

used was < 1 ng/ml. This concentration is at least one order of 

43 



44 

magnitude less than that needed for macrophage stimulation and, 

therefore, was not responsible for the tumor cell killing observed. 

Another possibility which had to be addressed was the presence 

of a common contaminant in the peroxidase preperations which could 

activate macrophages. The purity of the peroxidases utilized in this 

study were examined using SOS PAGE. No common protein band was 

observed even when the gel was overloaded. The possibility of a 

common contaminant being the macrophage activator was further 

diminished by the fact that the various peroxidases were obtained 

from different sources. In addition, different lots of these enzymes 

were employed throughout the study. All of the above make it highly 

unlikely that there was a common contaminant capable of activating 

macrophages to the tumoricidal state. 

It has recently been reported that binding of certain surface 

receptors on cytotoxic lymphocytes was sufficient to induce their 

cytolytic activity [9]. Previous studies done in this laboratory 

involving chemiluminescence indicated that receptor engagement may be 

sufficient to activate macrophages [79]. Also, it is known from the 

literature that HRP binds to a cell via a mannosyl-fucosyl receptor 

prior to entry or enters directly via pinocytosis. If HRP functions 

via receptor mediated interaction, then enzymatic activity may not be 

necessary for macrophage activation. The results illustrated in 

figure 2 indicate a receptor mediated phenomena. With respect to 

cytotoxicity, inactive HRP (< 1% enzymatic activity) was as effective 

as intact HRP. Although it appears that LPO functions in a similar 

manner (data not shown), the same mechanism can not explain MPO 
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activation of macrophages. This peroxidase is composed of a heme and 

11 amino acids. Engagement of the mannosyl-fucosyl receptor requires 

the ligand to have a terminal mannose or fucose. Since MPO does not 

possess either of these terminal sugars, either MPO enters the cell 

solely by pinocytosis or some other, as of yet, unknown receptor. 

Supernatants from the cytotoxic experiments were assayed for the 

presence of TNF. Control cultures consistantly had < 2 units of 

TNF/O.l ml of supernatant. All of the peroxidases tested induced 

secretion of TNF. As can be seen in table 3, MyPO was the most 

potent TNF inducer. The potency of the peroxidases on a molar basis 

was: MyPO was greater than HRP which was greater than LPO or MPO. 

The differences in potency may reflect either a quantative difference 

with respect to the terminal mannose or fucose of the peroxidase or 

the ability of the molecule to be pinocytosed. In this context, it 

is possible that LPO can not bind as well as MyPO or HRP due to fewer 

terminal sugars. The entrance of MPO into the cell has been 

discussed previously. In addition, it is important to note that 

MyPO, which is significantly more potent than the other peroxidases, 

is the major peroxidase found in mouse leukocytes. (The MyPO used in 

this study was from a canine source.) If indeed MyPO has 

immunoregulatory functions, then it would be logical that the immune 

system would have an efficient means of gaining access to the 

molecule. This increased access could result from a greater affinity 

between the mannosyl-fucosyl receptor and MyPO. 

The standard L929 assay is not specific for the cytokine TNF. 

Therefore, it was necessary to ascertain if the soluble cytolytic 



factor in the supernatants from the cytotoxic assay was TNF. Anti-

TNF serum was added to supernatants from peroxidase treated cultures 

(table 4). A complete loss of cytolytic activity was observed in the 

presence of the antibody indicating the existance of TNF in the 

supernatants. 

Once it had been established that peroxidases induce secretion 

of TNF, a series of experiments was done to determine if this 

response was dose dependent. Since all of the cytotoxic data 

indicated a dose effect, the same results were expected for TNF. 

Table 3 illustrates a clear dose effect of HRP and LPO on TNF 

secretion. Microperoxidase treatment of macrophages did not elicit a 

dose dependent secretion of TNF. However, there was a dose response 

with respect to cytotoxicity (table 3 and figure 1-C). Gifford has 

reported that there are two forms of TNF. One form is secreted and 

can be found in the supernatants of stimulated macrophage cultures. 

The other form of TNF remains membrane bound. According to this 

investigator, the membrane bound form of TNF is responsible for 

cytolysis. Therefore, all the concentrations of LPO and HRP employed 

seem to have elicited both forms of TNF. The data obtained employing 

the lower concentrations of MPO, indicate more membrane bound than 

secreted TNF was induced (table 4). Secreted TNF was detectable only 

with the highest concentration of MPO (17.7 M M ) . Therefore, MPO 

induced cytolysis without detectable TNF could possibly be explained 

by the presence of membrane bound TNF. 

Kinetics studies were done to determine when optimal secretion 

of TNF occurred. Figure 3 shows that maximum production of TNF was 

46 
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at approximately 6 hrs. after exposure to HRP. Although the 

concentration of HRP affected the titers of TNF obtained, the dose of 

peroxidase employed did not markedly alter the shape of the curves. 

Both concentrations of HRP (9 MM and 18 MM) induced maximum TNF at 6 

hrs. Also, at 48 hrs., the titers were essentially the same 

irrespective of the concentration utilized. Therefore, different 

concentrations did not cause a shift in the curve nor did they cause 

a difference in the residual amount of TNF present at the termination 

of the experiment. The above data imply that production of TNF was 

not continuous throughout the 48 hrs. experimental period. A similar 

pattern was noted when 18 MM solutions of LPO were empolyed. In 

contrast to the above, MPO kinetics were markedly different. The 

peak titers weVe observed at approximately 12 hrs. and high titers of 

residual TNF were maintained throughout the 48 hrs. experimental 

period. This observation could be explained by differrent modes of 

uptake as discussed previously. 

After TNF is produced, it is secreted. Subsequently it binds to 

that cell and induces it to produce other cytokines such as IL-1. 

This autocrine process could also serve as a signal to turn off 

production of TNF via feedback inhibition. Another possible 

explanation for the cessation of TNF production may involve 

receptors. Binding of a certain number of mannosyl-fucosyl receptors 

could signal the termination of TNF synthesis. The above hypotheses 

do not explain the kinetics observed with MPO. The data in figure 4 

illustrate that the TNF titer does not drop substantially from that 

observed at 6 hrs. As stated previously, MPO does not enter the cell 
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via the mannosyl-fucosyl receptor. Therefore, another receptor, 

which is not saturated as quickly, may be involved. Also MPO has a 

m.w. of 1700 which is considerably less than any of the other 

peroxidases used in this study. Perhaps its small molecular weight 

allows continuous, rapid pinocytosis of the molecule which eliminates 

the autocrine process and bypasses possible feedback inhibition. One 

could test this hypothesis by continuous microinjection of one of the 

other peroxidases such as MyPO. 

If the kinetics of TNF secretion following HRP exposure were a 

result of limited amounts of peroxidase, then addition of fresh 

peroxidase at various time intervals would cause new synthesis of 

TNF. The data in table 5 indicate that re-exposure of macrophages to 

HRP does not induce de novo synthesis of TNF. It appears that after 

the initial exposure to peroxidase, TNF is synthesized and 

subsequently binds to macrophage cell membranes which results in the 

decline of unbound TNF as described previously. 

From the above experiments it was clear that peroxidases induce 

TNF and cause MMC. The next series of experiments were done to 

determine whether TNF was involved in peroxidase-induced MMC. The 

data in table 6 indicate that neutralization of TNF abrogates the 

observed cytolysis. Therefore, TNF is necessary for MMC. Previous 

experiments done in this laboratory have shown that H2O2 also is 

required for tumor cell killing [79]. Taking these data into 

consideration, it appears that TNF is necessary but not sufficient 

for MMC. The interaction between TNF and H2O2 is an area which needs 

further investigation. 
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It is well established that IFN'^ is a known activator of 

macrophages [6]. Less than 1 unit/ml is capable of activating these 

cells [7]. One unit per ml is below the sensitivity level of the 

plaque reduction frequently assay utilized to detect IFN; therefore, 

experiments were done to rule out the possibility of "undetectable" 

levels of IFN*̂  participating in peroxidase-induced MMC. The 

concentration of anti-IFN^ was 5 fold greater than the amount of IFN^ 

that could have been detected using the plaque reduction assay. 

Therefore, any IFN* present should have been neutralized by the 

antibody employed. A slight reduction (10%) in cytotoxicity was 

noted in cultures treated with either anti-IFN^ or normal rabbit 

serum. This reduction appears to be non-specific and may be due to 

the presence of heterocytotrophic antibodies. There was a 

significant increase in cytotoxicity (p ^0.05) between all cultures 

exposed to peroxidase and those exposed to either normal rabbit serum 

or anti-IFN^. Therefore, the data (figure 5) indicate that IFN*̂  does 

not participate in cytolysis induced by peroxidases. 

During the course of the TNF kinetic studies, it was noted that 

cultures in which the media had been replaced after exposure to 

peroxidase exhibited more MMC. Subsequent studies in which the media 

were replaced after 24 hrs. of exposure to peroxidase confirmed the 

initial observations. The data in figure 6 indicate almost a twofold 

increase in cytotoxicity. One possible explanation for this is that 

the addition of fresh media replenished a substance with which 

membrane bound TNF interacts. Another possible explanation is that 

replacement of the media removed a TNF inhibitor. In addition, media 
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contained 2% FBS and replacement of the media would afford the cells 

a fresh supply of complement. At least one component of the 

complement cascade, C5a, is a potent TNF inducer. Perhaps peroxidase 

activates the complement cascade which then induces TNF. Therefore, 

addition of fresh complement via the media may offer a higher 

concentration of a TNF inducer. 

The studies reported here suggest a possible role for 

peroxidases as immunomodulators. Based on these studies, the 

immunomodulation is via macrophage function. The effects of 

peroxidases on other cells of the immune system remain to be 

determined. 

Summary 

The present studies were concerned with the effect of various 

peroxidases on certain macrophage functions. The results of these 

studies indicate the following: 

1. horseradish peroxidase, lactoperoxidase, and microperoxidase 

induce macrophage-mediated cytotoxicity 

2. horseradish peroxidase, lactoperoxidase, microperoxidase, and 

myeloperoxidase induce secretion of tumor necrosis factor 

3. peroxidase-induced tumor necrosis factor activity was abrogated 

by anti-tumor necrosis factor 

4. peak secretion of tumor necrosis factor occurs approximately 6 

hrs. after exposure to peroxidase 

5. tumor necrosis factor is necessary for peroxidase-induced 

macrophage-mediated cytotoxicity 
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6. replacement of media after exposure to peroxidase enhanced 

macrophage-mediated cytotoxicity. 
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GLOSSARY 

Activated macrophages: Mature macrophages in a metabolic state 
i^nhi?^^ various stimuli, especially phagocytosis or lymphokine activity. J *- ^ J 

Antibody: A protein which is produced as a result of the introduction 
or an antigen and which has the ability to combine with the 
antigen that stimulated its production. 

Complement: A system of serum proteins that is the primary humoral 
mediator of antigen-antibody reactions. 

Granulocytes: A myeloid leukocyte containing extensive cytoplasmic 
granules, which include neutrophils, eosinophils, and basophils. 

Interferon: A heterogeneous group of low molecular weight proteins 
elaborated by infected host cells that protect noninfected cells 
from viral infection. 

Interleukin-1: Macrophage-derived factor that promotes short-term 
proliferation of T cells. 

Lipopolysaccharide: A compound derived from a variety of gram-
negative enteric bacteria that have various biologic functions 
including mitogenic activity for B lymphocytes. 

Lymphokines: Soluble products of lymphocytes that are responsible 
for the multiple effects of a cellular immune reaction. 

Macrophages: Phagocytic mononuclear cells that derive from bone 
marrow monocytes and subserve accessory roles in cellular 
immunity. 

Monokines: Glycoproteins derived from macrophages that exert a 
regulatory effect on other cells. 

Peroxidase: A group of heme containing enzymes found in plant, milk, 
and animal. 

Phagocytosis: The engulfment of microorganisms or other particles by 
leukocytes. 

Pinocytosis: The ingestion of soluble materials by cells. 

Respiratory burst: Increased hexose monophosphate shunt activity 
occurring in cells undertaking a phagocytic event. 

Tumor necrosis factor: One kind of monokines is secreted by 
macrophages. 
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