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ABSTRACT 

Regulation of the immune response is necessary for protection of the host as well as 

the avoidance of autoimmune diseases. The regulation of macrophage function by 

myeloperoxidase is a previously unrecognized function of this enzyme. A recombinant 

form of myeloperoxidase, an enzyme commonly found in neutrophils, was used to study 

the effects of this enzyme on certain macrophage capacities and functions. Both 

neutrophils and macrophages are present at the site of either inflammation or infection. 

Stimulation of macrophages by pathogens such as bacteria and fungi, results in production 

of reactive oxygen intermediates. This study showed that myeloperoxidase induced the 

production of these reactive oxygen intermediates. Myeloperoxidase was shown to 

increase the uptake and subsequent killing of a common fungal pathogen, Candida 

albicans, demonstrating its ability to alter the macrophage response. In addition, these 

same intermediates act on surrounding tissue and cause damage observed with diseases 

such as rheumatoid arthritis. The interaction of myeloperoxidase and macrophages at the 

site of inflammation could result in the observed chronic inflammatory state seen in 

rheumatoid arthritis patients. Studies by other investigators have detected myeloperoxidase 

in the synovial fluids of patients with rheumatoid arthritis. Evidence for the establishment 

of macrophage-mediated chronic inflammation was provided by studies demonstrating the 

de novo synthesis and secretion of cytokines by macrophages after exposure to 

myeloperoxidase. The production of macrophage-derived cytokines, which are powerful 

mediators of inflammation as well as the immune system, provides further evidence for the 

macrophage myeloperoxidase interaction in chronic inflammation. The role of 

myeloperoxidase in mediating the immune response, both in a protective function as well as 

a potentially destructive role, is novel in the study of chronic inflammation. 
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CHAPTER I 

INTRODUCTION 

Macrophage Origin 

All blood cells are derived from continuously replicating stem cells in the bone 

marrow. Stem cells become progenitor cells for granulocytes, lymphocytes, platelets. 

erythrocytes, and monocytes. While still in the bone marrow, some progenitor cells 

differentiate into monoblasts and, given the proper stimuli, differentiate into promonocytes. 

Promonocytes become monocytes after a life span of 1-3 days ( 1 ). Monocytes enter 

circulation soon after maturation, remain there for up to 8 hr, and arrive in various tissues 

of the body where they differentiate into macrophages (M0). Depending upon the location 

where the M0 resides, they exhibit certain characteristics that distinguish them from other 

tissue M0. Because of these differences, M0 in different locations are given different 

names. Alveolar M0 are those found in the lungs, microglial cells are found in the central 

nervous system, Kupffer cells are found in the liver, and peritoneal M0 are located within 

the peritoneal cavity. Although they exhibit functional differences according to location, all 

M0 share some common characteristics. Some of the common characteristics are: ( 1) the 

ability to ingest foreign particles and cellular debris (phagocytosis), (2) the secretion of 

cytokines, enzymes, clotting factors, and growth factors, (3) antigen presentation, and (4) 

microbicidal and tumoricidal activities (2). 

Macrophages also express a myriad of different sutface receptors which may be either 

constitutive or inducible. Ligands for these receptors range from cytokines to hormones 

and polysaccharides. Characteristic changes in surface receptor expression occur as a M0 

differentiates through different levels of activation towards a more responsive cell (3). 
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Macrophage Activation 

The term "macrophage activation" was defined as enhanced non-specific resistance to 

pathogens, as well as the ability to directly kill these pathogens (4). Activated M0 have. 

morphological, phenotypic, functional and metabolic differences when compared to resting 

M0. Macrophages may be activated by cytokines which stimulate these cells to become 

cytocidal to both microbial pathogens as well as aberrant or neoplastic cells. Cytokines are 

low molecular weight peptides that may function in both an autocrine and paracrine 

manner. Cytokines work alone, or in conjunction with other cytokines, to provide signals 

which regulate the activation of M0 (4). Certain cytokines, such as interferon-gamma 

(IFN-y) and interleukin-4 (IL-4), are referred to as macrophage activating factors (MAF's), 

because they can potentiate the responsiveness of M0 in a variety of ways. 

A M0 that exhibits anti-microbial effects towards a particular organism is said to be 

activated; however, activation may not be specific for that particular organism. Activation 

is a function of the type of stimulatory factor (i.e., MAF/ cytokine) presented to the M0 as 

well as the site from which the M0 was obtained. Temporal effects on M0 activation are 

also seen. The conditions by which a cytotoxic state of M0 activation is obtained include 

duration of exposure to the inducer (or inducers), levels of inducer, culture conditions, and 

homogeneity of the M0 population (4). It should be noted that macrophage activation 

induced experimentally in vitro may not occur in the same manner in vivo (4). 

The interactions of M0 with other cells of the immune system, including lymphocytes 

and neutrophils, are pivotal to the their central role in the immune response. Substances 

secreted from various cell types (i.e., T-helper cells, B-cells, endothelial cells, neutrophil 

cells) can exert stimulatory or inhibitory effects on the M0. B-cells that are stimulated by 

antigen require costimulatory factors such as M0-derived interleukin- I (IL-1) to mature 

into antibody secreting cells (plasma cells). T-cell derived substances interact with M0 and 

promote responsiveness of the M0 such as antigen presentation, cytokine secretion, and 
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cytocidal activity. The reverse is also true in that M0-derived substances are required by 

T -cells to mature into functional effector cells. Thus, the initiation of both the afferent 

(antigen processing and presentation) and efferent (cytotoxicity) branch of immune 

responsiveness are attributable to functions of the M0 (4). 

Myeloperoxidase 

Myeloperoxidase (MPO) belongs to a group of heme-containing enzymes found in 

neutrophils that catalyze the oxidation of various compounds (5). Using hydrogen 

peroxide as the final electron acceptor, and a halide ion, MPO converts the peroxide into 

water concomitant with the production of hypochlorous acid, and singlet oxygen. The 

presence of halide ion, MPO, and hydrogen peroxide has been referred to as the "cytotoxic 

triad" (6). This cytotoxic triad is one of the mechanisms responsible for the cytopathic 

effects observed following M0 activation. Cooperatively, compounds of the cytotoxic 

triad, hypochlorous acid, and ROI produced, could have a number of beneficial effects in a 

host including destruction of bacteria, fungi, viruses, and aberrant cells (6). 

Although MPO is found in the primary (azurophilic) granules of neutrophils, it also 

exists in the cytoplasm of these cells and in the microenvironment surrounding the 

neutrophil. Naturally occurring MPO is also present in promyelocytes, but upon 

differentiation into M0, the enzyme is lost (7). At the site of inflammation or infection, 

neutrophils can provide an ample source of MPO for M0 via de granulation (8). 

Degranulation and recruitment of the neutrophil to the site of inflammation or infection is 

mediated by the secretion of M0-derived interleukin-8 {IL-8) and tumor necrosis factor

alpha (TNF-a) (8). 

Myeloperoxidase is a tetramer of two 15 kDa light chains and two 59 kDa heavy 

chains. In a human neutrophil cell line, HL-60, MPO also exists as a 89 kDa precursor 

which exhibits enzymatic activity. Fortunately, advances in molecular techniques have 
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enabled the cloning and expression of a recombinant form of human MPO (rec-MPO) that 

will facilitate elucidation of its effect on the immune system (9). The recombinant form of 

the enzyme is expressed in a Chinese hamster ovary (CHO) cell system which produces an 

84 kDa monomeric polypeptide similar to the precursor molecule in HL-60 cells. 

Similarities between the recombinant enzyme and the natural 1 y occurring f onn include 

characteristics such as pH sensitivity, and stability at high temperatures (rec-MPO being 

slightly more tolerant than natural MPO) (9). Although the rec-MPO is secreted from CHO 

cells as an active monomer, the functional characteristics of the rec-MPO are similar to the 

naturally occurring tetramer enzyme found in neutrophils with respect to enzymatic activity. 

There are, however, differences between the recombinant and the natural form of MPO. 

For instance, the glycosylation of the recombinant form differs from the naturally occurring 

enzyme. A greater mannose content is seen in the recombinant form (7.7 % ) as compared 

to the naturally occurring enzyme (4.6 %). This difference is largely due to the less 

efficient processing of the enzyme in the CHO system (9). The resulting terminal mannose 

structures found on the amino-terminal end of the rec-MPO may facilitate entry into the M0 

via various carbohydrate receptors such as the M0 mannose receptor (MMR). 

Among the biochemical responses characteristic ofM0 activation is the respiratory 

burst (RB) (4). The RB is a rapid consumption of oxygen by the M0 producing reactive 

oxygen intermediates (ROI). Production of ROI results from an interaction of receptors on 

the cell surf ace of the M0 with ligands inducing the activation of the membrane bound 

NADH( +) oxidase system. The origin of these ligands may be from the cell sutf ace of 

pathogenic organisms or from other macromolecules specific for a particular membrane 

receptor. Myeloperoxidase acts as a ligand for the macrophage mannose receptor (MMR) 

and induces ROI production (11). Increases in production of H202 and superoxide anion 

(0-2) by the M0, after exposure to rec-MPO, have been reported (11). One of the 

intermediates of the RB is(0-2) which either spontaneously, or via superoxide dismutase, 
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is converted to H2D2· Reactive oxygen intermediates, such as o-2 and H2C)i, have 

negative effects on cell membrane integrity and are powerful antimicrobial agents. 

Previous studies indicate that rec-MPO significantly enhances the RB in a dose dependent 

manner ( 11 ). Also, products of the cytotoxic triad (MPO + H2C>i + halide ion) are 

produced, exerting toxic effects on pathogens ( 11). In addition to the toxic substances 

produced during the RB, there is emission of light. The light originates from the various 

chemical reactions of the RB. Experimentally, luminol will react with o-2 and H20i from 

the RB. This interaction enhances the production of light ( 12). Therefore, the 

chemiluminescence observed can be used to assay the effects of certain receptor-ligand 

interactions. Phagocytosis by the M0 is closely coupled with the RB. The binding of 

certain receptors on the surf ace of the M0, with their appropriate ligands, not only induces 

the RB concomitant with ROI production, but also provides the stimulus for phagocytosis. 

Macrophages are known to secrete over 100 different substances that exert influences 

on other cells of the immune system, endothelial cells, and endocrine cells. Tumor 

necrosis factor-a (TNF-a) is a cytokine that is released from the M0 in response to certain 

stimuli. Effects of TNF-a on other cells include destruction of tumor cells, increased 

neutrophil chemotaxis and degranulation, and induction of fever (13). Often referred to as 

cachectin, TNF-a is implicated in the "wasting" associated with increased serum levels 

observed during neoplasia. Among the known inducers of TNF-a are lipopolysaccharide 

(LPS), a component of Gram(-) bacterial cell walls, and peroxidative enzymes such as 

horseradish peroxidase (HRP), microperoxidase and lactoperoxidase ( 14). In addition, 

both naturally occurring MPO and rec-MPO have been shown to induce secretion ofTNF

a by murine peritoneal M0 in vitro (15, 16). Serum TNF-a levels have been measured 

in mice given intravenous administration of either natural or rec-MPO ( 17). In one study, 

intravenous injection of rec-MPO induced serum levels of up to 800 units/ ml of TNF-a as 

compared to less than 2 units/ ml in saline controls (17). 
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Other studies using isolated murine peritoneal M0 have demonstrated the induction of 

interleukin-I (IL-1) and interferon alpha/ beta (IFN a/~) by M0 exposed to rec-MPO ( 15). 

Interleukin 1, also known as lymphocyte activating factor (LAF) is a cytokine secreted by 

M0. Functions of IL-1 include: costimulus for antigen presentation, induction of fever, 

chemotactant for neutrophils and monocytes, and synergistic action with other cytokines 

inducing immune cell proliferation and augmentation. Distinct from IL-1, IFN-a/~ has a 

suppressive effect on both normal and neoplastic cells. Because of their structural and 

functional similarities, interferon alpha and beta (a/~) are ref erred to as type- I interferon. 

Interferon-a/~ exhibits both anti viral and immunomodulatory effects on a wide variety of 

cells. 

Recently, MPO has been associated with certain autoimmune diseases such as 

vasculitis where ANCA (anti-neutrophil cytoplasmic antibody) antibodies are generated 

against MP0 (26). The presence of MPO, ROI, and M0-derrived cytokines (IL-1 and 

TNF-a) are also associated with RA (27, 28, 29). The precise role of MPO in these 

diseases has yet to be identified. 
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CHAPTER II 

A MODEL FOR MACROPHAGE-NElITROPHIL 

INTERACTION: THE ROLE OF MYELOPEROXIDASE 

AND REACTIVE OXYGEN INTERMEDIATES 

Introduction 

Reactive oxygen intermediates (ROI) have received increased attention for their effects 

on biological systems. Production of oxygen radicals in particular has proven to be both 

beneficial and deleterious to the host (1). The production of ROI results in several possible 

outcomes including the killing of microorganisms and host tissue damage. Microbicidal 

activities include production of superoxide (02-) radicals which cause peroxidation of 

membranes, resulting in cell lysis (1, 2). Conversely, the destructive effect of ROI is seen 

at the site of inflammation where overproduction of ROI is implicated in tissue damage (3). 

In addition to peroxidation of membranes, ROI have been shown to damage proteins and 

DNA. Reactive oxygen intermediates are also associated with several disease states such as 

reperfusion injury, stroke, certain cancers, neurodegenerative disorders, and immune

associated tissue damage observed with inflammation (3, 4). A balance between the 

production and "neutralization" of ROI is required to reduce their negative effects on the 

host. 

Oxidative stress results from an increase in the production of ROI by cells which is in 

excess of physi,ological levels (5). Overproduction of ROI can be induced following 

exposure to various stimuli including components of bacterial cells and certain membrane 

receptor-ligand interactions on immune cells (2). Oxidative stress can occur in phagocytic 

cells results in the rapid consumption of oxygen with concomitant overproduction of ROI. 

Neutrophils are often the first cells recruited to the site of infection (6). Phagocytosis 

of pathogens, such as bacteria and fungi, by the neutrophil results in a respiratory burst 
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(RB) which can be measured in vitro. In addition, the neutrophil undergoes degranulation 

both during and after phagocytosis where intracellular contents are released into the 

intercellular space (7). M0 are also recruited to the site of infection by the released 

products of neutrophil degranulation (8). Myeloperoxidase (MPO) is contained in the 

primary (azurophilic) granules of neutrophils and is released by degranulation (7). Other 

studies have reported that soluble MPO from the neutrophil binds to the mannose receptor 

on the M0 (MMR), resulting in an enhanced RB (9, 10). Concomitant with the RB is an 

increase in the levels of ROI at the site of infection. Although neutrophils are a major 

source of ROL macrophages (M0) also produce ROI in response to lipopolysaccharides 

(LPS) from Gram negative bacterial cell walls and interferon y ( 10). 

The present investigators have reported that peroxidases increased the RB, enhanced 

phagocytosis and intracellular pathogen killing, and stimulated cytokine secretion ( 11, 12). 

These investigators have suggested that chronic inflammation may be attributable, at least in 

part, to the release of MPO from the neutrophil resulting in subsequent activation of M0 

functions (i.e., RB and cytokine secretion) ( 13). The purpose of the present study was to 

investigate M0-neutrophil interactions through cell-cell communication rather than 

exposure to purified MPO as previously described. A cellular model for this interaction 

would provide further evidence that MPO has significant effects on M0 functions. The 

model for this interaction utilized murine peritoneal M0 and the human leukemia cell line 

HL-60 as the source of a naturally occurring MPO. 

Materials and Methods 

Experimental Animals 

Age matched male C57BU6 mice were obtained from Jackson Laboratories (Bar 

Harbor, ME). Animals were housed in facilities in the Department of Biological Sciences, 
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Texas Tech University, Lubbock, TX. Care was provided by departmental sources and 

was in accordance with the Animal Welfare Act. 

Media and Reagents 

Dulbecco's modified Eagle's medium (DMEM) and RPMI medium were obtained 

from GIBCO Laboratories (Santa Clara, CA). DMEM was supplemented with up to 10% 

fetal bovine serum (FBS) (lntergen, Purchase, NY), and RPMI medium, used for HL-60 

cell culture, was supplemented with 20% FBS. Both media contained 50 mg/ L gentamicin 

sulfate (Sigma, St. Louis, MO) and 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid) (Sigma). Enzymatically inactive horseradish peroxidase (dHRP) was 

also purchased from Sigma. Auto-POW medium was obtained from Row Laboratories 

Inc. (McLean, VA), bovine serum albumin (essentially globulin free, fraction IV) and o

dianisidine (3-3'-dimethoxybenzidine) were obtained from Sigma. Luminol (5-Amino-2,3-

dihydro 1,4-phthalazinedione) was purchased from Eastman Kodak (Rochester, NY). 

Sucrose and dimethyl sulfoxide (DMSO) were obtained from Fisher (Pittsburgh, PA). 

Zymosan A particles (Sigma) were opsonized with guinea pig complement (GIBCO). 

Recombinant MPO was provided by our colleagues Drs. Alex Bollen and Nicole 

Moguilevsky, Universite Libre de Bruxelles, Belgium, and exhibited 140 units of 

activity/ml. 

Macrophage Collection 

Resident peritoneal M0 were collected as described previously ( 12). Briefly, mice 

were sacrificed by cervical dislocation and a peritoneal lavage was performed using 8-10 ml 

cold phosphate buffered saline (PBS). Suspensions were centrifuged at 150 X g for 10 

min. at 4oC. The supematants were decanted and cells were suspended in appropriate 

media. Erythrocytes were lysed using 0.83% Nf4Cl. 
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HL-60 Promyelocyte Treatments 

The human cell line HL-60 was grown in suspension using RPMI, at 3 7°C under 5 % 

C()z. Cells were grown to a density of 0.5-1.0 X 106/ml. Some cells were exposed to 

1.25 % DMSO for at least 48 hr at 37°C, under 5 % COz prior to use. Cell homogenates 

were obtained by repeated freeze-thaw cycles from cultures grown in the presence or 

absence of DMSO. These homogenates were used directly or filtered through a low protein 

binding 0.88 µm filter, followed by a 0.22 µm low protein binding filter (Millex-GS, 

Millipore, Bedford, MA). 

HL-60 Granule Isolation 

Granules were isolated from HL-60 cells grown in the presence or absence of DMSO 

according to the method of Heifets et al. (14). Briefly, cells were centrifuged at 150 X g 

for 10 min. at 4°C from culture at a concentration of 1X107/ml, washed twice with 10 ml 

RPMI medium, without serum, and resuspended in 1 ml of 0.34 M sucrose. The 

remainder of the assay was done at 4°C. Cell suspensions were lysed by sonication to free 

the granules. Sonication was performed (Sonicator Cell Disrupter Model W-225-R, Heat 

Systems-Ultrasonics Inc., New York) using a horn cup adapter with a circulating ice

water bath. Cells were lysed by pulsing 3 X using 80 watts for 30 seconds allowing a one 

min. interval between pulses. Debris and nondisrupted cells were removed by 

centrifugation at 400 X g for 10 min. and the opalescent supernatant containing the 

granules was centrifuged at 800 X g for 20 min. Granules were resuspended in 1 ml of 

cold 0.34 M sucrose and stored at -800C until use. Enzymatic activity was measured from 

this sample using o-dianisidine as a substrate. 

13 



Enzymatic Activity 

0-dianisidine (m.w.244) was used as a substrate for reduction by MPO in the 

presence of peroxide as described by Moguilevsky et al. (15). Briefly, o-dianisidine 

solution (126 µg/ml) suspended in Sorensen buffer (l/15M KH2P04 and 1/15M 

Na2HP04, pH 5.5), and peroxide (10-2 M) were used as substrates. The colorometric 

change was measured in a DU-60 Spectrophotometer for one min. at 460 A. One unit of 

activity was defined as the amount degrading 1 µM of peroxide per min. at 25oC. 

Chemiluminescence Assay 

The chemiluminescence (CL) assay was a modification of that previously reported (9). 

Briefly, resident peritoneal M0 were collected and washed twice with Auto-POW media 

without phenol red, containing 1 % BSA, and supplemented with 0.6 g/ dL HEPES, and 

0.2 g/ dL sodium bicarbonate (Sigma). After washing, the M0 number was adjusted to 1 

X 106/ml and 100 µl of the cell suspension were added to 8 X 50 mm tubes (Evergreen 

Scientific, Los Angeles, CA). The cells were incubated for 30 min. at 37oC under 5% 

C02. Subsequently, the cells were washed twice to remove non-adherent cells and 

returned to the incubator for an additional 30 min. After incubation, the spent media were 

removed and 200 µl of Auto-POW medium, or 100 µl of media plus 100 µl of treatments 

(lysates, filtrates or granules) were added to each tube. Additionally, 100 µl of opsonized 

zymosan and 30 µl of luminol were added to each reaction tube. The tubes were agitated 

and immediately placed in a luminometer (Turner model 20e, Mountain View, CA). The 

results were plotted at 2 min. intervals. Counts of photo-emission from the luminometer 

were plotted on the Y-axis and time was plotted on the X-axis and the reaction was 

recorded for 10 min. All treatments were done in triplicate and each experiment was 

repeated at least three times. Each value represents the mean of triplicate cultures + 
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standard error of the mean (S.E.M). Statistical significance was determined using a 

Student-Neuman-Keuls t-test. 

Results 

The enzymatic activity ofMPO was measured using o-dianisidine for various HL-60 

cell treatments and for a recombinant form of MPO (rec-MPO) which was used as a 

reference standard (Fig. 2.1). Lysates from 1 X 107 HL-60 cells were obtained through 

three freeze-thaw cycles at -7f1JC. Filtrates were obtained by passage of the lysate through 

a 0.88 µM filter followed by a 0.22 µM filter. Enzymatic activities for the lysates and 

filtrates were 165 and 112 units/ml respectively. A lymphocyte cell line (EL-4), which 

does not contain MPO, was used to determine the effect of control cell lysates on the 

production of ROI by M0. 

Treatment with DMSO has been shown to enhance the differentiation of HL-60 cells 

into mature neutrophil-like cells. HL-60 cells treated for at least 48 hr with 1.25% DMSO 

lost 50% MPO activity (30 to 15 units/ml) (Fig. 2.2). Similar results were observed with 

granules isolated from HL-60 cells cultured either in the presence or absence of DMSO 

(Data not shown). 

Macrophages exhibited an enhancement of CL after exposure to HL-60 lysates. 

Increased counts correlated with the levels ofMPO activity in HL-60preparations. El-4 

control cell lysates did not enhance CL above control levels. Filtrates of HL-60 lysates 

induced a higher level of CL as compared to the control, but lower than the lysates (Fig. 

2.3). 

Lysates of HL-60 cells grown in the presence of DMSO were less effective in inducing 

ROI than cultures grown in the absence of DMSO (Fig. 2.4). However, CL from M0 

exposed to DMSO treated cells were greater than those exposed to the media control. 

Similar results were observed when granules from HL-60 cells, grown either in the 
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presence or absence of DMSO were added to M0 cultures. HL-60 cell granules from cells 

grown in the presence of DMSO induced a lower RB than HL-60 cell granules grown in 

the absence of DMSO (Fig. 2.5). 

Enzymatically inactive horseradish peroxidase ( dHRP) has been reported to bind the 

same receptor as MPO and was used as a competitor for MMR binding (Fig. 2.6). Using a 

luminol-dependent system, dHRP does not induce CL when incubated with M0. The 

addition of dHRP to M0 cultures exposed to HL-60 lysates significantly inhibited CL. 

Discussion 

One of the biochemical responses associated with M0 activation is the respiratory 

burst (RB). ROI production results from an interaction of receptors on the M0 cell surface 

with ligands activating the membrane bound NADPH-dependent oxidase system. The 

origin of these ligands may be from molecules on the cell surface of pathogenic organisms 

or soluble macromolecules specific for a membrane receptor. In this manner, MPO 

released from neutrophils acts as a ligand for the MMR on M0 and induces ROI 

production. 

Myeloperoxidase (MPO) belongs to a group of heme-containing enzymes found in 

neutrophils that catalyze the oxidation of various compounds. Although MPO is found in 

the primary (azurophilic) granules of neutrophils, it is also found in the micro-environment 

surrounding the neutrophil (7). Therefore, at the site of inflammation or infection, MPO 

would be present and could bind to M0 inducing activation of this cell. 

The human neutrophil cell line HL-60 was employed for studies involving the 

interaction of M0 with neutrophils. This cell line was derived from a human leukemia and 

provides an excellent source of MPO (16). Mouse lines which make MPO are not readily 

available. Enzymatic activity was determined for various HL-60 cell preparations (Fig. 

2.1 ). Levels of enzymatic activity were greater in the whole cell lysates than from filtrates 

16 



of HL-60 cells. The loss of enzymatic activity by filtration may represent the elimination of 

MPG-containing granules as well as membrane bound MPO from the preparations. Low 

levels of activity using the EL-4 preparation may be the result of hydrogen peroxide 

reduction by a different enzyme. Enzymatic activity is also found in the granules isolated 

from the HL-60 cells. Since neutrophil death occurs largely via apoptosis without the 

release of granular contents, degranulation at the site of infection/ inflammation should 

provide a sufficient amount of MPO to activate the M0 (7). 

Studies by Yamada and Kurahashi (17) using dimethyl sulfoxide (DMSO) have shown 

a decrease of 203 to 30% in intracellular levels of MPO from HL-60 cells similar to results 

seen in Fig. 2.2. In addition, a downregulation of MPO mRNA was also described in HL-

60 cells treated with DMSO (17). The present study also demonstrated a reduction in MPO 

activity following treatment with DMSO. Enzymatic activity was reduced in both HL-60 

cells as well as in the granules isolated from these cells (Fig. 2.2). Total and viable cell 

counts per ml did not differ after treatment with DMSO for 48 hr, indicating a reduction in 

MPO production and not the number of MPG-containing cells (data not shown). 

Chemiluminescence was used to measure the effect of HL-60 cell treatments on ROI 

production by M0. A common function of M0 is that of a scavenger of cellular debris, 

exposure to which could induce a RB. For this reason, EL-4 cells were utilized as controls 

for the HL-60 cells. Increases in CL by M0 were primarily attributable to MPO content in 

HL-60 and not cellular debris contained in all cell lysates (Fig. 2.3). M0 exposed in vitro 

to HL-60 cell lysates showed a significant increase in CL from that of control M0 cultures. 

At a site of infection, where the MPO would interact with the M0, production of ROI could 

lead to surrounding tissue damage. It has been reported that the amount of MPO released 

from the neutrophil by degranulation should be sufficient to activate M0 to release ROI 

( 18). Levels of ROI production, as measured through CL, decreased when HL-60 cells 

were treated with DMSO (Fig. 2.4). Similar results were obtained when M0 were 
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exposed to granules isolated from control HL-60 cell cultures as compared with those 

isolated from HL-60 cells treated with DMSO (Fig. 2.5). A strong correlation exists 

between the levels of enzymatic activity and the production of ROI by M0. Taken in their 

entirety, these data indicate the production of ROI is due primarily to the levels of MPO 

contained in the HL-60 cell preparations. 

The response to receptor-ligand interaction via the MMR has been well documented 

(9). Horseradish peroxidase (HRP) is a known high affinity ligand of the MMR ( 19). To 

show the specificity ofMPO in this system, an enzymatically inactive form of HRP 

( dHRP) was used. Alone, dHRP does not induce ROI by M0 (20). When dHRP was 

added to cultured M0, HL-60 cell lysate treatment showed a major reduction in CL (Fig. 

2.6), thus providing additional evidence for the observation that binding of MPO to the 

MMR induces the RB of M0. 

This study provides some evidence for the establishment of M0-mediated chronic 

inflammation as a result ofM0-neutrophil interaction at the site of an infection. Evidence 

for the role of MPO in the establishment and maintenance of inflammation has been 

reported (13). A possible model for tissue damage observed in diseases such as 

rheumatoid arthritis (RA) which may result from the overproduction of ROI by the M0 in 

response to MPO. Studies indicate that in RA patients, antibodies toward MP0 have been 

detected at the site of inflammation (21, 22). The results of the present study suggest that 

neutrophils at the site of infection/inflammation, release MPO which can stimulate the 

production of ROI from M0. Similar studies have demonstrated an association between 

the production of ROI and stimulation of cytokine secretion by M0 via activation of 

transcription factors for inflammatory cytokines (23, 24). These studies implicate ROI in 

the increased secretion ofTNF-a from M0. Increased inflammatory cytokine secretion 

(IL-1, IL-6, TNF-a) resulting from the production of ROI could enhance the inflammatory 

response, causing further tissue damage resulting in chronic inflammation (25). 
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Fig. 2.1. Enzymatic activity was measured for various cell cultures using the 
o-dianisidine method as well as for a recombinant MPO reference. MPO activity 
was compared to that of cultures containing HL-60 cell lysates, lysates filtered 
though a 0.88 µm filter, and EL-4 cell control lysates. 
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CELL CUL TURES * p<{).001 

Fig. 2.2. Enzymatic activity of HL-60 cells using>-dianisidine. HL-60 cells 
were cultured in media alone or in the presence of 1.25% dimethyl sulfoxide 
(DMSO). Samples from the cell cultures were exposed to o-dianisidine for a 
1 min. Subsequently, absorbance was measured at 460 nm. Values 
represent the means of 3 replicates ±SEM. 

20 



5000 

4000 
T 

Cf) 
3000 r z • Control media :::::> 

0 
0 -0- HL-60 Cells 

2000 
--0- EL-4 Cells 

1000 

Q-+--.--

0 5 10 15 20 

TIME (MIN) 

Fig. 2.3. Chemiluminescence by murine peritoneal macrophages. Macrophages 
were harvested from the peritoneum and incubated for 30 min., 37oc, 5% C02. 
After incubation, the cells were exposed to luminol, opsonized zymosan particles, 
and either media alone, media containing HL-60 cell lysates, or media containing 
EL-4 cell lysates. Chemiluminescence was measured in a Turner model 20e 
luminometer as counts per minute. Values indicate the replicates from 3 cultures, + 
SEM. 
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Fig. 2. 4. Chemiluminescence by murine peritoneal macrophages after 
exposure to HL-60 cells. Macrophages were harvested from the peritoneum 
and incubated for 30 min., at 37° C, under 5% C02. After incubation, the 
cells were exposed to luminol, opsonized zymosan, and either media alone, 
media containing HL-60 cell lysates, or media containing HL-60 cell lysates 
treated with 1.25% DMSO. Chemiluminescence was measured in a Turner 
model 20e luminometer as counts per minute. Values indicate the replicates 
from 3 cultures7 + S.E.M. 
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Fig. 2.5. Chemiluminescence by murine M0 after exposure to HL-60 cell 
granules. Macrophages were harvested fron the peritoneum and incubated for 30 
min, 37 OC,5% C02. After incubation, the cells were exposed to luminol, 
opsonized zymosan, and either media alone, or media containing various treatments 
including media alone, media containing granules isolated from HL-60 cells, and 
granules from cells treated with 1.25% DMSO. Chemilumunescence was 
measured in a Turner model 20e luminometer as counts per minute. Values indicate 
the replicates from 3 cultures, +SEM. 
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Fig. 2.6. Inhibition of chemiluminescence using enzymatically inactive 
horseradish peroxidase ( dHRP). Macrophages were harvested from the 
peritoneum and incubated for 30 min., 31>C, 5% C02. After incubation, 
the cells were exposed to luminol, opsinized zymosan, and either media 
alone, or media containing HL-60 cell lysates. Chemiluminescence was 
measured using a Turner model 20e luminometer as counts per minute. 
Some culture tubes recieved dHRP (lmg/ml). Data points indicate the 
replicates from 3 cultures, +SEM. 
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CHAPfERIII 

PHAGOCYTOSIS AND INTRACELLUl.AR KILLING OF 

CANDIDA ALB/CANS BY MACROPHAGES EXPOSED 

TO MYELOPEROXIDASE 

Introduction 

Candida albicans (£. albicans) is a component of the normal flora of the alimentary 

tract. This organism is also found on the mucocutaneous membranes of a healthy host. 

However, C. albicans can cause chronic superficial infections of the skin in individuals 

with defects in T cell function. Although penetration of the organism beyond this point is 

rare in these individuals, it is common in neutropenic patients or those which are severely 

immunocompromised. Recently, a renewed interest has developed in this potentially 

pathogenic organism because of the frequent complication of candidiasis associated with 

HIV infection. 

Phagocytosis and subsequent killing of pathogens represents one of the most 

important host defenses against disease. A number of studies have emphasized the 

essential role of the neutrophil in the elimination of C. albicans ( 1 ); however, the role of the 

macrophage (M0) in the control of this organism is uncertain. Although it is known that 

M0 are capable of ingesting and killing C. albicans, it is believed that these cells are not as 

competent as neutrophils in this process (1). 

Macrophages bind C. albicans via various receptors. In the host, C. albicans is 

probably opsonized either with complement or antibody. Opsinized yeast would therefore 

be bound to M0 via Fe or complement receptors. Complement receptor 3 (Mac-1) is an 

important receptor involved in binding C. albicans opsonized with the complement 

component, C3b. In the mouse, the IgG Fc2a receptor is the high affinity receptor for 
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opsonizing antibody. A receptor known to participate in the ingestion of un-0psonized 

yeast is the M0 mannose receptor (MMR). This receptor binds to terminal mannose or 

fucose residues present in the C. albicans cell wall (2). 

Peroxidases are heme containing enzymes which are ubiquitous in both plants and 

animals. Klebanoff et al. reported that myeloperoxidase (MPO) + halide + H202 form a 

cytotoxic triad which is toxic to bacteria, fungi, and mammalian cells (3). At a site of 

infection, the neutrophil is often the first cell to interact with a pathogen ( 4 ). During 

phagocytosis of the pathogen, the neutrophil releases MPO into the extracellular 

environment (5). Neutrophils die shortly after reaching a site of infection and these cells 

could, therefore, serve as a copious supply of this enzyme in the microenvironment of an 

infected area. 

Although the role of MPO is well documented in the cytotoxic triad, the present 

investigators have suggested another role of MPO: that of an immunoregulatory molecule. 

Studies completed in this laboratory have shown that M0 exposed to MPO exhibit an 

enhanced respiratory burst (RB), spreading, and secretion of cytokines such as tumor 

necrosis factor alpha (TNF-a), interleukin-I (IL-1), and interferon alpha/ beta (IFN a/f3) 

(6, 7, 8). The present study was undertaken to determine ifMPO could serve as a stimulus 

for increased phagocytosis and intracellular killing of C. albicans by murine peritoneal M0. 

Enhancement of these M0 functions by MPO would provide further evidence that MPO 

functions as an endogenous immunomodulator. 

Materials and Methods 

Experimental Animals 

C57BU6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). Both 

male and female mice, age matched, and between 18-24 g were used in this study. 
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Animals were housed in facilities in the Department of Biological Sciences, Texas Tech 

University, Lubbock, Texas. Care was provided by departmental sources and was in 

accordance with the Animal Welfare Act. 

Media and Reagents 

Candida albicans (strain 3153A) was generously supplied by Dr. L. Chaffin, Texas 

Tech University Health Sciences Center, Lubbock, Texas. Enzymatically active 

recombinant MPO was supplied by Drs. Alex Bollen and Nicole Moguilevsky of the 

Universire Libre de Bruxelles, Brussels, Belgium. This enzyme contained 280 µg/ml 

protein as determined by the Lowry method and 250 U/ml activity as determined by 

o-dianisidine assay (9, 10). Dulbecco's modified Eagle's medium (DMEM) and guinea pig 

complement were purchased from GIBCO (Long Island, NY). Phosphate buffered saline 

(PBS) pH 7.2 was prepared as described previously (11). The following reagents were 

purchased from Sigma (St Louis, MO): gentamicin sulfate, superoxide dismutase from 

bovine erythrocytes (SOD), HEPES, acridine orange (color index #46005, dye content 

90% ), catalase from bovine liver, and D-mannitol. Other reagents used included: Crystal 

violet (color index #42555, dye content 95%) Fisher (Pittsburgh, PA) and fetal bovine 

serum (FBS) Intergen (Purchase, NY). 

All reagents were tested for endotoxin contamination using the Limulus amebocyte 

lysate test (LAL) (Associates of Cape Cod, Woods Hole, MA). Preparations of MPO with 

a level of endotoxin higher than 1 ng/ml were adsorbed with END-X B15 beads 

(Associates of Cape Cod, Woods Hole, MA) and then retested for endotoxin. The MPO 

dilution employed in all studies contained ~ 0.2 ng/ml of endotoxin. 
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Macrophage Collection 

For induction of inflammatory M0 (TG-M0), mice were injected intraperitonealy 

(i.p.) with 1 ml of thioglycollate (TG) broth 4 days prior to M0 collection. Resident or 

TG-M0 were collected from the peritoneal cavity as previously described (11). Briefly, 

mice were sacrificed by cervical dislocation and M0 were extracted by peritoneal lavage. 

The cell suspension was removed and centrifuged 250 X g for 1 O min. at 4oc. The 

supernatants were decanted and the remaining cells were resuspended in DMEM containing 

HEPES and sodium bicarbonate but no gentamicin. Erythrocytes were lysed using 0.833 

NH4Cl. Resident murine M0 were cultured for 24 or 48 hr prior to use. Thioglycollate

induced M0 (TG-M0) were cultured for 2 hr prior to use. Cultures were ~ 993 M0 as 

determined by differential staining. 

Candida albicans Cell Culture 

C. albicans were cultured in 50 ml yeast extract-peptone-dextrose (YPD) broth (Diffco 

Laboratories, Detroit, Ml) at 300C with slight agitation. After 24 hours, a stationary 

growth phase was reached and the density of the culture was approximately 2.5 to 3.0 X 

108/ml. The culture yielded a pure yeast-phase population. The precise number and 

viability of the fungal cells were determined by plate count. Stock cultures of C. albicans 

were maintained on YPD agar plates at 4°C and were transferred every 4-6 weeks. After 

the stationary growth phase was reached, the fungal cell suspension was centrifuged at 

15,000 rpm for 15 min. at 4°C and washed in PBS. Cells were opsonized for 30 min. at 

3ooc with 400 µl guinea pig complement using slight agitation. The cells were 

centrifuged and the supernatant decanted. Four hundred µl of fresh guinea pig 

complement were added for a second opsonization. Yeast cells were washed twice and 

diluted in PBS to a concentration of 5 x 106/ml. 
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Phagocytosis Assay 

The procedure in the present study was similar that described by Lian et al. (12). 

After a 2 hr attachment, cultures were washed twice with warm media to remove non-

adherent cells. Resident M0 were incubated for an additional 24 or 48 hr prior to use. 

Subsequently, the monolayers were treated using one of the following protocols: ( 1) M0 

were exposed for 10 min. to either MPO or control media, washed vigorously and C. 

albicans added at a ratio of 5 yeast:M0 for 60 min. or (2) M0 were exposed to C. albicans 

for 60 min., washed extensively to remove uningested cells, and exposed to MPO or 

control media as above. After incubation, the cells were stained with acridine orange (0.1 

mg/ml) for 90 seconds, and counterstained for 40 sec with crystal violet ( 1 mg/ml). 

Crystal violet was used to quench the fluorescence of extracellular yeast (13). A total of 

400 cells were counted for each treatment using a fluorescence microscope at 1000 X 

magnification. C. albicans which fluoresced green were scored as live and those which 

fluoresced orange were scored as dead. Each experiment was repeated at least three times. 

Representative experiments are shown in the text. 

Statistical Analysis of Data 

One-way Analysis of Variance (ANOVA) and Student-Newman-Keuls Multiple 

Comparison Tests were performed to determine significance levels among the different 

treatment groups and controls. 

Flow Cytometry and 
Direct Immunofluorescence Analysis 

Fluorescein isothiocyanate conjugated (FITC) rat monoclonal antibody to mouse F4/80 

was purchased from Serotec, Harlan Bioproducts for Science, Indianapolis, IN. Anti

Mac-1 (FITC) and anti-Ia (RPE) were obtained from Boehringer Mannheim Co., 
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Indianapolis, IN. Mouse IgG2a RPE and mouse IgG-ia (unlabelled) were obtained from 

Southern Biotechnology Associates, Inc., Birmingham, AL. Mannosylated bovine serum 

albumin-ATC (mBSA-ATC) was obtained from EY Labs, Tampa, R... Chrompure rat 

IgG Fe fragments (2.2 mg/ml), used for blocking Fe receptors, was obtained from Jackson 

ImmunoResearch Lab Inc., Indianapolis, IN. Propidium iodide (Pl) for determining cell 

viability was purchased from Sigma (St. Louis, MO.) 

Peritoneal M0 were suspended in sheath fluid which consisted of PBS containing 1 % 

bovine serum albumen and 0.02% sodium azide (Sigma). Two ml containing 1 X lo6/ml 

were aliquoted into polymethylpentene (PMP) jars (Nalgene, Rochester, NY). The jars 

were placed at 37°C under 5% C02 to facilitate cell adherence. After 20 min., the cells 

were washed vigorously 3 - 4 X with sheath fluid to remove non-adherent cells. The jars 

were then kept on ice for another 20 min. and vortexed to remove attached M0. The cells 

were resuspended at 2.5-5 x 1 o5tml, dispensed into sterile polypropylene microtubes 

(Biorad Laboratories), then centrifuged at 1300 rpm for 6 min. at 4oC. The suspension 

medium was aspirated from all microtubes without disturbing the cell pellets. Ten µl of rat 

IgG Fe fragment (2.2 mg/ml) were added prior to direct staining of all reagents except Fe 

preparations and mBSA. Cell pellets were covered by the addition of 100 µl of one of the 

following: 1: 100 F4/80fluorescein conjugate; 1:200 Anti-Mac-1-fluorescein conjugate and 

Anti-Ia, 3: 100 mouse IgG2b-ATC and mouse IgGia-RPE; and 5: 100 mBSA-FITC. The 

cell pellets were resuspended by mild vortexing and incubated on ice for 30- 60 min. 

followed by vortexing every 15 min. Each microtube received 1 ml of sheath fluid and 

centrifuged as before. The washing procedure was repeated 2 X and the final antibody

labeled cell pellets were resuspended in 1 ml of sheath fluid. Propidium Iodide (Pl) was 

added to a single control microtube at a volume of 10 µl from a 50 µg/ml stock solution in 
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PBS. The cell suspensions were then transferred to 10 x 75 mm polystyrene sample tubes 

(Falcon) and maintained on ice. 

Macrophage cell monolayers prepared from peritoneal exudate cells were analyzed by 

flow cytometry using a FACStar Plus flow cytometer (Beckton Dickinson 

Immunocytometry Systems, Mountainview, CA). A single argon laser was employed for 

FITC and propidium iodide (Pl) excitation at a wavelength of 480 nm. Typically, 10,000 

cells were passed through the flow cytometer for each cell suspension. Cell viability was 

determined by PI uptake. Data analysis was completed using FACStar Plus Research 

Software Version 1.0 Menu 2.4.2. 

Results 

Previous studies done by the present investigators indicate that rec-MPO induces a 

dose-dependent increase in reactive oxygen intermediates (ROI) (14). Because the 

production of ROI is highly correlated with phagocytosis, studies were done to determine 

the effect of rec-MPO on phagocytosis of C. al bi cans. Resident murine peritoneal M0 

exposed to 0.84 µM rec-MPO prior to incubation with C. albicans exhibited a time

dependent enhancement of phagocytosis (Fig. 3.1). A small but reproducible increase in 

phagocytosis above control values was observed after incubation for either 30 min. or 60 

min. (Ps; 0.001). At 30 min., the increase was approximately 12% whereas at 60 min. it 

was approximately 20%. The percent phagocytosis was not only time-dependent but also 

dose-dependent. The higher dose of 0.84 µM of MPO induced significantly greater 

phagocytosis than the lower dose of 0.42 µM MPO (Fig. 3.2). 

At the site of infection, both neutrophils and inflammatory M0 would predominate. 

Because TG-M0 are considered to be the prototype of inflammatory M0 ( 15), M0-

mediated phagocytosis and intracellular killing of C. albicans were studied using this cell 
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type. Thioglycollate-induced M0 exposed to 0.84 µM rec-MPO also exhibited a time

dependent increase in phagocytosis. At 15 min. there were no differences in phagocytosis 

between the control and treated cultures. Significant increases in phagocytosis were noted 

at both 30 and 60 min. after exposure to rec-MPO ( ~ 0.0001). By 60 min., 

approximately 45% phagocytosis was observed in control cultures compared to 

approximately 70% in treated cultures (Fig. 3.3). 

The intracellular killing of C. albicans by TG-M0 was also time-dependent with the 

greatest differences between control and treated cultures occurring at 30 min. By 60 min., 

approximately 90% of the yeast were dead in both control and treated cultures (Fig. 3.4). 

For both resident and TG-M0 the mean number of yeast ingested was the same for the 

control and treated cultures (data not shown). In order to determine the effect of rec-MPO 

on intracellular killing of C. albicans, two different protocols were employed: With 

treatment A, rec-MPO was added prior to addition of yeast to M0 cultures; with treatment 

B, rec-MPO was added after phagocytosis of C. albicans. If resident M0 were exposed to 

the yeast prior to the addition of MPO, more killing of C. albicans was observed than if the 

cultures were initially exposed to MPO. These data indicate that rec-MPO significantly (~ 

0.01) enhanced candidicidal activity of resident M0 regardless of the order of exposure 

(Fig. 3.5). When 2 different dosages of MPO (0.28 µM and 0.84 µM) were used, 

candidicidal activity of treated cultures increased in a dose-dependent manner (Fig. 3.6). 

With 0.84 µM MPO, approximately 70% of yeast were killed in treated cultures compared 

to 15% in the controls. 

Similar work by the present investigators indicated that the RB was significantly 

enhanced by the presence of rec-MPO, therefore, studies were undertaken to determine if 

ROI were involved in rec-MPG-induced candidicidal activity. The radical scavengers, 
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catalase and SOD, significantly reduced MPG-induced M0-mediated candidicidal activity 

approximately 30% (Fig. 3.7). 

Since numerous receptors are involved in phagocytosis of yeast, flow cytometry was 

used to determine if rec-MPO modulated the expression of various receptors involved in the 

uptake of C. albicans. Ia expression was also examined to determine if MPO enhanced 

expression of processed C. albicans. The following time intervals of exposure to rec-MPO 

were employed to determine receptor modulation: 1, 3, 24, 48, and 72 hr. At 1 hr, there 

was a slight downshift of the receptors measured. By 3 hr there was a maximal down shift 

of Mac-1(Fig.3.8), M0 mannose receptor (MMR) (Fig. 3.9), Fe (data not shown), and Ia 

(data not shown) in the treated cultures compared to controls. By 48 hr receptor expression 

had shifted towards baseline and returned to control levels by 72 hr. 

Discussion 

The present study employed murine peritoneal M0 exposed to human rec-MPO. The 

use of a homologous system would have been preferable; however, it has been reported 

that murine neutrophils express low levels of MPO ( 16), and the difficulties of obtaining 

sufficient numbers of murine neutrophils also precludes the possibility of using the 

homologous system. Because of the availability of highly purified rec-MPO, utilization of 

a homologous system was not considered. 

Macrophage activation is a multistep process ( 15). Culturing of M0 induces a higher 

state of activation (17, 18). However, this level of activation is not equivalent to that of an 

inflammatory M0 as induced by TG. Therefore, culturing for 48 hr prior to use 

accomplished two objectives: (I) induction of a population of M0 which more closely 

represents a cell that has recently arrived at a infected site (i.e., partially activated M0) and 

(2) selection of a more homogeneous population of cells (i.e., devoid of lymphocytes). In 
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the present study, the increase in phagocytosis observed with resident M0 was less for 

cells exposed to C. albicans for 30 min. compared to cells exposed for 60 min. (Fig. 3.1 ). 

Thioglycollate-induced M0, however, exhibited a much higher percentage of phagocytosis 

for the 60 min time interval (Fig. 33). The enhanced phagocytic ability of the TG-M0 

over time could relate to their "elevated level" of activation which would ultimately enable 

these cells to phagocytize more C. albicans than an equivalent number of resident cells. It 

should be noted that the mean number of C. al bi cans per M0 was essentially the same for 

both treated and control cultures of both resident and TG-M0 populations. Therefore, 

these data indicate that although more cells within a population phagocytized C. albicans, 

individual M0 did not ingest greater numbers of cells. 

In order to determine if a significant number of C. albicans were being killed 

extracellularly and then ingested or if the organism was being killed intracellularly, two 

different experimental designs were employed. In one experimental design M0 were 

exposed to MPO first and subsequently exposed to C. albicans. In the other design, M0 

were exposed to C. albicans first and then exposed to MPO. Comparison of the results 

obtained employing the two protocols indicates that control values were the same for both 

methods but the percent phagocytosis was increased compared to controls only if MPO was 

added prior to the addition of yeast. This can be explained by the fact that with the latter 

protocol, M0 would not be stimulated by MPO until after the C. albicans had been 

removed. With respect to candidicidal activity, there was somewhat more killing observed 

if the latter design was employed (Fig. 3.5). Possible explanations for this are: ( 1) 

exposure to MPO first did not induce more killing than if the M0 were initially exposed to 

C. albicans, indicates that yeast were not killed externally and then ingested and (2) the 

increase in intracellular killing, which was observed when M0 were exposed to C. albicans 

first, could be that this design allows an additional 10 min. of C. albicans- M0 contact. 
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As anticipated, TG-M0 were more candidicidal than resident M0. By 60 min., both 

control and treated TG-M0 had killed approximately 90% of the C. albicans. Resident 

M0, however, had killed only 60% of the yeast by 60 min. This difference probably 

relates to the state ofM0 activation. It is well documented that the RB ofTG-M0 is 

significantly greater than that of resident cells ( 15). This increased RB would enable TG

M0 to kill more efficiently than resident cells (Figures. 3.1and3.4). 

Previous studies done by the present investigators have shown that MPO enhances 

the production of ROI (14). Generation of ROI is associated with an enhanced RB which, 

in tum, is associated with phagocytosis. MPO enhanced ROI production can be measured 

using luminol-dependentchemiluminescence (14). Chemiluminescence (CL) studies done 

by the present investigators have shown that MPO enhances ROI for the time periods used 

in this study (14). Scavengers for ROI, such as superoxide dismutase (SOD) and 

catalase, were employed to determine their role in MPO-stimulated M0-mediated 

candidicidal activity (Fig. 3.7). Although the concentrations of SOD and catalase did not 

reduce killing to that of control cultures, these scavengers did significantly reduce 

candidicidal activity. Thus, both H2~ and superoxide anion play major roles in the 

candidicidal activity induced by MPO. However, the results described in this study do not 

answer the question whether ROI are directly or indirectly responsible for the killing 

observed. Myeloperoxidase is internalized by the M0 with the concomitant production of 

ROI (14, 16, 19). The ROI, ingested MPO, and halide present in the medium could form 

the cytotoxic triad which would result in the formation of hypochlorous acid (3). The 

hypochlorous acid, rather than ROI, could be the culprit with respect to C. albicans 

killing. Conversely, the presence of SOD converts superoxide anion to H2~ and high 

levels of H2~ can inactivate MPO. Therefore, the enzyme would be incapable of 

38 



participating in the cytotoxic triad and the radicals themselves would be responsible for the 

killing observed. 

Since it has been reported that the MPO binds to the M0 via the MMR (20), 

modulation of a number of receptors was investigated following exposure to MPO. The 

prolonged production of ROI for several hours, as determined by cherniluminesence (data 

not shown), could explain the downshift of receptors examined using FACS. The ROI 

produced could interact with the receptor proteins/glycoproteins so that their binding 

capacity would be altered. Others have reported an alteration of receptors in the presence 

of ROI (21, 22). This interaction appears to be non-specific and, therefore, explain the 

downshift in all the receptors studied. Over time, the RB would diminish and the cells 

would regenerate their receptors. Thus reduction of ROI would explain a shift towards 

baseline over time and the complete return to baseline by 48 to 72 hr (Figures. 3.8 and 

3.9). These results indicate that the production of ROI is beneficial to the host in the sense 

that C. albicans are killed in the presence of ROI; however, the alteration of surf ace 

receptors involved in binding the C. albicans could theoretically give the pathogen an 

advantage with respect to evading the immune response. 

It has been reported by others that neutrophils are one of the first cells at a site of 

inflammation. During the process of neutrophil phagocytosis, MPO is released into the 

microenvironment prior to closure of the phagolysosome (19, 23). It has been reported 

that at the site of inflammation as much as 150 nM of MPO could be present in the 

microenvironment ( 19). In the present study, 280 nM and 840 nM of MPO were 

employed for phagocytosis and intracellular killing of C. albicans. Chemiluminescence 

studies employed much lower concentrations of MPO (i.e., 17 nM to 140 nM). Since 

these values are within the range of those reported at a site of inflammation, these data 

indicate the microenvironment in an area of infection contains enough MPO to initiate a 
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RB. The fact that these low concentrations were not sufficient to induce phagocytosis and 

intracellular killing can be explained by ( 1) these functions being more complex than the 

RB and (2) the assays used to measure these functions being less sensitive than the CL 

assay. In addition, interpretation of in vitro data must always be made with the mind set 

that it is not possible to truly imitate in vivo conditions. It is possible that other factors 

which would be present in the microenvironment (i.e., cytokines), would enable the M0 

to respond to lower levels of MPO in vivo than those employed in this in vitro study. 

One can also interpret the data presented as follows. Other investigators have 

reported that there are 20-45 U/ml of MPO in the extracellular environment in an inflamed 

area (24). Using the same assay for the determination of a unit of activity, 0.5-35 U/ml of 

active enzyme were employed in the present study. On the basis of activity, the present 

study utilized MPO at physiological levels for both phagocytosis and intracellular killing 

of C. albicans. 

Considering the above data, as well as other data presented by these same 

investigators, it becomes clear that there is a dynamic cell-cell interaction occurring between 

the neutrophil and M0. During phagocytosis by neutrophils, MPO is released into the 

microenvironment. Once in this mileu, the enzyme can bind to the M0 and initiate a RB. 

In addition to an increase in phagocytosis and intracellular killing of C. albicans, MPO 

stimulates M0 to secrete cytokines such as TNF-a. This cytokine is known to cause 

neutrophils to degranulate releasing more MPO into the microenvironment. Hence, a 

feedback loop is established until the pathogen is removed and the influx of neutrophils is 

terminated. This dynamic cell-cell interaction between neutrophils and M0 has not been 

previously recognized and needs more study to fully appreciate its implications with respect 

to host defense mechanisms. 
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Figure 3.1. Effect of recombinant myeloperoxidase (rec-MPO) on phagocytosis of 
Candida albicans. Resident M0 were cultured on 16-well slides for 48 hr, washed, and 
exposed to 0.84 µM rec-MPO for 10 min. Subsequently, the monolayers were washed 
and C. albicans were added at a ratio of 5 yeast: M0. After either 30 min. or()(} min. 
incubation with C. albicans, the cells were stained with acridine orange and the number of 
M0 with ingested yeast were counted using a fluorescence microscope. Each experiment 
was repeated at least 3 times, and each value represents the mean ± S.E.M. off our 100 cell 
counts. 
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Figure 3.2. Effect of different concentrations of recombinant myeloperoxidase (rec-MPO) 
on phagocytosis of Candida albicans. Resident M0 were cultured on 16-well slides for 48 
hr, washed, and exposed to either 0.28 µMor 0.84 µM rec-MPO for 10 min. 
Subsequently, the monolayers were washed and C. albicans were added at a ratio of 5 
yeast: M0. After 30 min. incubation, the cells were stained with acridine orange and the 
number of M0 with ingested yeast were counted using a fluorescence microscope. Each 
experiment was repeated at least 3 times, and each value represents the mean+ S.E.M. of 
four 100 cell counts. 
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Figure 3.3. Effect of recombinant myeloperoxidase (rec-MPG) on phagocytosis of 
Candida albicans. Thioglycollate-induced M0 were cultured on 16-well slides for 2 hr, 
washed, and exposed to 0.84 µM rec-MPO for 10 min. Subsequently, the monolayers 
were washed and C. albicans were added at a ratio of 5 yeast: M0. After either 15, 30, or 
60 min. incubation, the cells were stained with acridine orange and the number M0 with 
ingested yeast were counted using a fluorescence microscope. Each experiment was 
repeated at least 3 times, and each value represents the mean + S.E.M. of four 100 cell 
counts. P ~ 0.05 for 15 min.; P ~ 0.001for30 and 60 min. intervals. 
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Figure 3.4. Candidicidal activity of thioglycollate-induced macrophages exposed to 
recombinant myeloperoxidase (rec-MPO). Thioglycollate-induced M0 were cultured on 
16-well slides for 2 hr, washed, and exposed to 0.84 µM rec-MPO for 10 min. 
Subsequently, the monolayers were washed and C. albicans were added at a ratio of 5 
yeast:M0. After 15min., 30 min., or 60 min. incubation, the cells were stained with 
acridine orange. Intracellular C.albicans which fluoresced green were scored as live 
whereas yeast fluorescing orange were scored as dead. Each experiment was repeated at 
least 3 times, and each value represents the mean± S.E.M. of four 100 cell counts. 
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Figure 3.5. Candidicidal activity ofM0 exposed to recombinant myeloperoxidase (rec
MPO) either prior to or after exposure to Candida albicans. 

Treatment A: Resident M0 were cultured on 16-well slides for 48 hr, washed, and 
exposed to 0.84 µM rec-MPO for 10 min. Subsequently, the monolayers were washed 
and Candida albicans were added at a ratio of 5 yeastJM0. After 30 min. incubation, the 
cells were stained with acridine orange. Intracellular Candida which fluoresced green were 
scored as live whereas those fluorescing orange were scored as dead. Each experiment 
was repeated at least 3 times, and each value represents the mean+ S.E.M. of four 100 cell 
counts. P s; 0.001. 

Treatment B: Resident M0, cultured on 16 well chamber slides, were exposed to 
Candida albicans at a ratio of 5 yeast:M0 for 30 min. Subsequently, the monolayres were 
washed to remove uningested yeast. M0 with ingested yeast were exposed to rec-MPO for 
10 min., followed by staining with acridine orange. Intracellular Candida which fluoresced 
green were scored as live whereas those which fluoresced orange were scored as dead. 
Each experiment was repeated at least 3 times, and each value represents the mean + 
S.E.M. of four l 00 cell counts. P~.001. 
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Figure 3.6. Candidicidal activity of resident macrophages exposed to different 
concentrations of recombinant myeloperoxidase (rec-MPO). Resident M0 were cultured 
on 16-well slides for 48 hr, washed, and exposed to either 0.28 µMor 0.84 µM rec-MPO 
for 10 min. Subsequently, the monolayers were washed and Candida albicans were added 
at a ratio of 5 yeast: M0. After 30 min. incubation, the cells were stained with acridine 
orange. Intracellular Candida albicans which fluoresced green were scored as live whereas 
yeast fluorescing orange were scored as dead. Each experiment was repeated at least 3 
times, and each value represents the mean± S.E.M. of four 100 cell counts. 
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Figure 3.7. Role of reactive oxygen intermediates (ROI) in killing of Candida albicans. 
Resident M0 were cultured on 16-well slides for 48 hr, washed, and exposed to 0.84 µM 
rec-MPO for 10 min. Subsequently, the monolayers were washed and one of the 
following treatments were added: Candida albicans alone, 0.2 µM catalase plus Candida 
albicans, 100 µg/ml of SOD plus Candida albicans. Candida albicans were added at a ratio 
of 5 yeast: M0. After 30 min. incubation, the cells were stained with acridine orange. 
Intracellular Candida which fluoresced orange were scored as dead whereas yeast 
fluorescing green were scored as live. Each experiment was repeated at least 3 times, and 
each value represents the mean+ S.E.M. of four 100 cell counts. 
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INTENSITY 

Figure 3.8. Modulation of mac-1 receptor expression on macrophages exposed to 
recombinant myeloperoxidase (rec-MPO). Macrophages were cultured for 20 min. in 
polymethylpentane jars. After attachment, cells were washed extensively and removed by 
cold shock treatment and vortexing. Subsequently, cells were stained with appropriate 
antibody, washed, and counted using a FAC STAR fluorescent cell sorter. Fig "a" is 
exposure for 1 hr. Fig. "b" is exposure for 3 hr. The darker line represents cells exposed 
torec-MPO. 
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INTENSITY INTENSITY 

Figure 3.9. Modulation of macrophage mannose receptor expression on macrophages 
exposed to recombinant myeloperoxidase (rec-MPO). Macrophages were cultured for 20 
min. in polymethylpentane jars. After attachment, cells were washed extensively and 
removed by cold shock treatment and vortexing. Subsequently, cells were stained with 
me-conjugated mannosylated bovine serum albumin and counted using a FAC STAR 
fluorescent cell sorter. Fig. "a" is exposure for l hr. Fig "b" is exposure for 3 hr. The 
darker line represents control cells w heras the lighter line represents cells exposed to rec
MPO. 

49 



References 

l. Domer J._ ~., ~· I. Lehrer. 1993. Introduction to Candida. Systemic 
cand1d1as1s.ln: Murphy JW, Friedman H, Bendinelli M. Fungal infections 
and immune responses. New York: Plenum Press. p.49. 

2. Stahl P.D. 1992. The macrophage mannose receptor and other macrophage 
lectins. Cur. Opin. Immunol. 4:49. 

3. Klebanoff S.J., R. A. Clark. 1978. The neutrophil: function and clinical 
disorders. Amsterdam: North-Holland. p.283. 

4. Savill J.S., A. H. Wyllie, J. E. Henson, M.J. Walport, P. M. Henson, Haslett 
C. 1989. Macrophage phagocytosis of aging neutrophils in inflammation. 
Am. Soc. Clin. Invest. 83:865. 

5. El-Hag A., P.E. Lipsky, M. Bennett, R. A. Clark. 1986. Immunomodulation 
by neutrophil myeloperoxidase and hydrogen peroxide: differential 
susceptibility of human lymphocyte functions. J. Immunol. 
136:3420. 

6. Lefkowitz D.L., K. Mills, A. Castro, S.S. Lefkowitz. 1991. Induction of 
tumor necrosis factor and macrophage-mediated cytotoxicity by 
horseradish peroxidase and other glycosylated proteins. J. Leuk. Biol. 50: 
615. 

7. Mills K.C., D.L. Lefkowitz, C. D. Morgan, S. S. Lefkowitz. 1992. Induction 
of cytokines by peroxidases in vivo. lmmunol. Infect. Dis. 2:45. 

8. Lefkowitz D.L., K. C. Mills, N. Moguilevsky, A. Bollen, A. Vaz, S.S. 
Lefkowitz. 1993. Regulation of macrophage function by human 
recombinant myeloperoxidase. Immunol. Lett. 36:43. 

9. Krawisz J. E., P. Sharon, W. F. Stenson. 1984. Quantitative assay for acute 
intestinal inflammation based on myeloperoxidase activity. Gastroenterol. 
87:1322. 

10. Moguilevsky N. , L. Garcia-Quintana, A. Jacquet, C. Toumay, F. Luc, P. 
Laurent, A. Bollen. 1991. Secretion of enzynatically active human 
recombinant myeloperoxidase by chinese hamster ovary cells. Eur. J. 
Biochem. 197:605. 

11. Lefkowitz D. L., S. S. Lefkowitz, R. Q. Wei, J. Everse. 1986. Activation 
of macrophages with oxidative enzymes. In: DiSabato G, Everse J. 
Methods in enzymology. Orlando: Academic Press Inc. p. 537. 

12. Lian C-J., W. S. Hwang, C.H. Pai. 1987. Plasmid-mediated resistance to 
phagocytosis in Yersiniaenlerolitica.. Infect. lmmun. 55: 1176. 

50 



13. Sasada M. and R. B. Johnston. 1980. Macrophage microbicidal activity. J. 
Exp. Med. 152:85. 

14. Lincoln J., D. L. Lefkowitz, T. Cain, A. Castro, K. Mills, S. S. Lefkowitz, N. 
Moquilevsky, and A. Bollen. 1995. Exogenous myeloperoxidase enhances 
bacterial cell phagocytosis and intracellular killing by macrophages. Inf ec. 
Immun. 63:3042. 

15. Adams D.O., and P.A. Marino. 1984. Activation of mononuclear 
phagocytes for destruction of tumor cells as a model for study of 
macrophage development. In: S. Gordon, J. Lobue, R. Silber. 
Contemporary hematology and oncology. New York: Plenum Press. p. 69. 

16. Hashimoto T. 1991. In vitro study of contact-mediated killing of Candida 
albicans hyphae by activated murine peritoneal macrophages in a serum free 
medium. Am. Soc. Microbiol. 59:3555. 

17. Stewart C.C. 1981. Obtaining and culturing murine monocytes. In: P. 0. 
Adams, P. J. Edelson, H. Koren. Methods for studying mononuclear 
phagocytes. New York: Academic Press Inc. p. 29. 

18. Leung K-P., M. B. Goren. 1989. Uptake and utilization of human 
polymorphonuclear leukocyte granule myeloperoxidase by mouse 
peritoneal macrophages. Cell. Tiss. Res. 257:653. 

19. Zabucchi G., M. R. Soranzo, R. Menegazzi, P. Bertocin, E. Nardon, P. 
Patriarca. 1989. Uptake of human eosinophil peroxidase and 
myeloperoxidase by cells involved by cells involved in the inflammatory 
process. J. Histochem. 4:499. 

20. Pryzwansky K. B., E. K. MacRae, J. K. Spitznagel, M. H. Cooney. 
1979. Early degranulation of human neutrophils: Immunocytochemical 
studies of surface and intracellular phagocytic events. Cell. 18: 1025. 

21. Bradley P. P., R. D. Christensen, G. Rothstein. 1982. Cellular and 
myeloperoxidase in pyogenic inflammation. Blood. 60:618. 

51 



CHAPTER IV 

CYTOKINE INDUCTION BY PERITONEAL 

MACROPHAGES EXPOSED TO RECOMBINANT 

MYELOPEROXIDASE 

Introduction 

The macrophage (M0) is part of the host's innate immune system. These cells are 

involved in diverse functions such as antigen presentation and target cell killing. One of the 

principal functions of the M0 is that of a secretory cell secreting over 100 different 

substances. Because of their numerous functions, the interactions of M0 with other cells 

of the immune system are essential for an appropriate immune response. 

Immunoregulation is mediated, in part, by cytokines. These substances are low 

molecular weight peptides exhibiting regulatory effects that participate in host defense, 

repair processes, and communication among cells (1). An imbalance in the production of 

cytokines has been implicated in various disease states from autoimmunity to mental illness 

(2, 3, 4, 5). Although cytokines are secreted by most nucleated cells, the M0 is seen as a 

"cytokine factory" since it is the major source for many of these peptides (6). 

Myeloperoxidase (MPO) is normally found in the primary (azurophilic) granules of 

neutrophils and may constitute up to 5% of the cells dry weight (7). Its usual function 

involves catalyzing the oxidation of various compounds and the destruction of pathogens 

(7). The immunoregulatory role of MPO has recently drawn interest for its possible 

participation in various autoimmune diseases and its potential for maintaining chronic 

inflammation (8). Studies have shown that both enzymatically active and inactive forms of 

MPO were found in the joints of rheumatoid arthritis (RA) patients (8). Previous studies 

by the present investigators have shown that both naturally occurring MPO, and a 

recombinant form of the enzyme (rec-MPO) have significant effects on M0 capacities and 
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functions. These effects include : enhanced production of reactive oxygen intermediates 

(ROI) (9), increased phagocytosis of bacteria and fungi (10), and enhanced intracellular 

killing of these pathogens (10, 11). The present study was undertaken to elucidate the role 

of MPO on the induction of cytokines by M0. This study focuses on the sequential 

induction of cytokine genes by measurement of both transcripts and secreted gene 

products. Of particular interest was the induction of the pro-inflammatory cytokines, 

interleukin-I (IL-1), tumor necrosis factor- alpha (TNF-a), and interleukin-6 (IL-6), which 

are associated with both inflammation and autoimmune diseases ( 12). 

Materials and Methods 

Experimental Animals 

Age matched male C57BIJ6 mice were obtained from Jackson Laboratories (Bar 

Harbor, ME). Animals were housed in facilities in the Department of Biological Sciences, 

Texas Tech University, Lubbock, TX. Care was provided by departmental sources in 

accordance with the Animal Welfare Act. 

Media and Reagents 

Dulbecco's modified Eagle's medium (DMEM) was purchased from GIBCO 

Laboratories (Santa Clara, CA). DMEM was supplemented with up to 10% fetal bovine 

serum (FBS) (lntergen, Purchase, NY), 50 mg! L gentamicin sulfate (Sigma, St. Louis, 

MO) and 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (Sigma). 

Recombinant MPO was isolated and characterized in the laboratory of Drs. Alex Bollen and 

Nicole Moguilevsky at the Universite Libre de Bruxelles, Brussels, Belgium. They 

generously donated the rec-MPO used in these studies. Enzymatically active preparations of 

rec-MPO utilized in the present study contained 1.9 mg/ ml protein as determined by the 

Lowry method, and 714 units/ ml of activity as determined by the o-dianisidine method. 
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Enzymatically inactive MPO (iMPO) was 0.28 mg/ ml and no units of activity. One unit of 

MPO activity was defined as that amount degrading 1 µM peroxide per minute at 25°C. 

Endotoxin contamination in the preparations was determined using the Limulus 

amoebocyte lysate assay (LAL) (Associates of Cape Cod, Woods Hole, MA). Working 

concentrations of MPO contained a maximum of ~0.2 ng of endotoxin per ml. Stock 

preparations which contained greater than 1 ng/ ml of endotoxin were adsorbed with END

X B 15 beads (Associates of Cape Cod) and retested for endotoxin using LAL. 

Macrophage Collection 

Resident peritoneal M0 were collected as reported previously (13). Briefly, mice 

were sacrificed by cervical dislocation and a peritoneal lavage was performed using 8-10 ml 

cold phosphate buffered saline (PBS). Cell suspensions were centrifuged at 150 X g for 

10 min. at 4°C. The supematants were decanted and cells resuspended in appropriate 

media. Erythrocytes were lysed using 0.83% NJ4Cl. 

Enzyme Linked Immunosorbent Assay (ELISA) 

Peritoneal exudate cells were cultured at 1X10 6/ml for 2 hr on Costar 96-well 

microtiter plates (Cambridge, MA) in DMEM (without serum) at 37°C, under 5% C(h. 

After attachment, cells were washed 2 X with 200 µl DMEM to remove non-adherent cells. 

The remaining cell monolayer was >95 % M0 as determined by Wright's stain. Cells were 

cultured either in the presence or absence of 0.84 µM rec-MPO at 37°C, under 5% C(h. 

After a one hour incubation, supematants were removed and 200 µl fresh media were 

added to the monolayers. At various time intervals, supernatants were collected and stored 

at -7Q<>C until tested ELISA kits purchased from the following manufacturers were used 

according to the manufacturers specifications: Interleukin-1, IL-6 and transforming growth 

factor-beta (TGF-f3 ), Genzyme (Cambridge, MA); IL-10, BioSource (Camarillo, CA); 
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granulocyte-macrophage colony stimulating factor (GM-CSP), Endogen (Qunbridge, 

MA). 

Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) 

Peritoneal exudate cells were cultured at 1X107/ml for 1 hr on Costar 96-well 

microtiter plates in DMEM (without serum) at 37°C, under 53 C{h. After attachment, 

cells were washed 2 X with 200 µl DMEM to remove non-adherent cells. The remaining 

cell monolayer was >95 3 M0 as determined by Wright's stain. Macrophages were 

cultured either in the presence or absence of rec-MPO for various time intervals. 

Dependent on peak cytok:ine secretion as determined by ELISA, times were chosen for the 

collection of total mRNA. After incubation, cells were lysed with SDS and EDT A and total 

mRNA was extracted using phenol/chloroform. The mRNA was precipitated in 

isopropanol at -200C overnight. Primers (specific for the cytokines) were purchased 

commercially (Genzyme). Cloned Murine Leukemia Virus (MuLV) reverse transcriptase, 

and all reagents necessary to amplify the cDNA, were included in the GeneAmp kit 

purchased from Perkin Elmer (Branchburg, NJ). Agarose gel electrophoresis was used to 

determine the base pairs of the cDNA amplified using AmpliSize DNA size standard (Bio

Rad, Hercules, CA) in the presence of ethidium bromide. Gels were subsequently 

photographed under ultraviolet light using Polaroid 667 film (Qunbridge, MA). 

Photographs were then scanned with a Microteck HR II scanner using Photoshop software 

version 2.5.2 LE (Adobe Systems, Inc., Mountain View, CA). Densitometer readings 

were obtained from the photographs using Sigma Suite software (Jandel Scientific, San 

Rafael, CA) for determination of cDNA band intensities. 
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Tumor Necrosis Factor Assay 

Tumor necrosis factor-a (TNF-a) was assayed using murine WEHI 164 cells as 

described previously (14). Briefly, 100 µl of DMEM (10% FBS) containing 1X1()5 cells 

were added to each well of a 96-well Falcon tissue culture plate (Becton Dickinson, Lincoln 

Park, NJ) and incubated for 6 hr at 37°C, under 5% COi. The media were remove4 and 

100 µl of the samples to be tested were added to the first well of a column and serially 

diluted down the plate. After dilution of the samples, 100 µl of actinomycin D (2 µg/ ml) 

(Sigma) were added to each well. The cells were incubated 18 hr at 37°C, under 53 COi, 

followed by staining with 75 µl of 0.033% neutral red (w/v) stain in PBS for an additional 

1.5 hr at 37°C, under 5% COi. Monolayers were washed twice with 200 µl of PBS, and 

200 µl of 50% ethanol in 100 mM NaH2P04 were used to lyse the cells. Absorbency of 

the solutions was measured at 550 nm using a Dynatech MR500 microtiter plate reader 

(Cambridge, MA). The TNF titers were calculated as follows. The percent cytotoxicity 

was determined using the following formula: two simultaneous equations of the form y = 

ax +b were solved where y = % cytotoxicity above and below the theoretical 50% point and 

x = the reciprocal of the corresponding dilution. Then 0.50 was substituted for y and the 

TNF titer was calculated and expressed as units/ 100 µI. Using a known concentration of 

recombinant TNF-a, a standard curve was constructed and it was determined that 1 unit of 

TNF-a was equivalent to approximately 7.5 pg. 

Results 

Secretion of Cytokines 

Supernatants from M0 were assayed using ELISA for the presence of IL-1, IL-6, IL-

10, GM-CSF and TGF-t}. Peak titers (548 pg/ml) of IL-1 were detected after 9 hr 

exposure to rec-MPO (Fig. 4.1), and for IL-6 after 6 hr (563 pg/ml) (Fig. 4.2). It should 

be noted that of the pro-inflammatory cytokines, IL-6 titers were detected earlier than IL-1 
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titers. Approximately 2 1/2 hr after the detection of IL-6, titers of GM-CSF were 

measured. GM-CSF titers increased in a time dependent manner to 103 pg/ ml at 18 hr 

(Fig. 4.3). Subsequently, 1 hr after detection of GM-CSF, measurable amounts of IL-10 

were observed. Interleukin-10 titers increased in a time dependent manner up to 72 hr (111 

pg/ml) (Fig 4.4). Transforming growth factor-f3 titers were not detected until 6 hr after the 

induction of IL-10. At 72 hr, a titer of 700 pg/ml of TGF-B was measured (Fig. 4.5). All 

of the above titers were significantly greater than those obtained from control cultures 

measured at comparable times. A composite of cytokine secretion by M0 exposed to rec

MPO can be seen in Fig. 4.6. 

It has been reported that most of the MPO secreted by neutrophils into the micro

environment is rapidly inactivated. Therefore, it was important to determine if the inactive 

form was biologically active. Due to the limited supply of a mutated rec-MPO which 

exhibited no enzymatic activity, extensive studies of cytokine induction were not possible. 

However, using iMPO, significant titers ofTNF-a, IL-6, and GM-CSF were detected 

(Fig. 4.7). 

Reverse-Transcriptase Polymerase Chain Reaction 

Total mRNA from M0 exposed either to media containing rec-MPO, or control media, 

were assayed for cytokine gene transcripts using the reverse-transcriptase polymerase chain 

reaction (RT-PCR) at specific time intervals. Selected cell mRNA samples were included 

here to illustrate enhanced cytokine gene induction. Densitometer charts were created from 

agar gel photographs for the detection and analysis of gene expression (Figs. 4.8, 4.9, 

4.10). For each cytokine transcript, the amounts of RT-PCR products (cDNA) amplified 

from mRNA extracted from M0 cultures exposed to rec-MPO were compared to products 

from cultures exposed to control media For IL-1 cDNA, amplified after a one hour 

exposure to rec-MPO, band intensities showed a greater densitometer peak than control 
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cultures. Similar results were obtained after 30 min. exposure to rec-MPO for IL-6 cDNA. 

After 6 hr incubation with rec-MPO, increased band intensities were seen for GM-CSF 

cDNA as compared to control. Also after 6 hr exposure, increased cDNA for IL-10 and 

TGF-B were detected. Prior to these times, little or no amplification of mRNA was 

detected for the latter two primer sets. 

Discussion 

Recombinant MPO was used at a concentration of 0.84 µM corresponding to 100 units 

of activity as reported previously (9). This amount was based on titration experiments 

using rec-MPO for the production of reactive oxygen intermediates (ROD and the induction 

of TNF-a (14). Reactive oxygen intermediates have been implicated in the induction of 

cytokine transcripts through activation of transcription factors such as NF-KB ( 15). 

Specifically, ROI activation of NF-KB has been associated with the release ofTNF-a, 

which in tum, could induce the secretion of other cytokines (15). 

Macrophages (M0) are known to secrete over 100 different substances that exert 

influences on other cells of the immune system (6). Previous studies using isolated murine 

peritoneal M0 have demonstrated the induction of TNF-a, IL-1 and interferon alpha/beta 

(IFN-a/f3) by rec-MPO (9, 13). Studies have shown that up-regulation oflNF-a and IL-

1 transcripts is not always followed by secretion of the cytokine and that IL-1 may 

accumulate within the M0 without release form the cell (16). RT-PCR analysis indicated 

de novo synthesis of mRNA specific for IL-1, while ELISA studies showed enhanced 

secretion. The observation that MPO was able to both induce the synthesis of new gene 

transcripts and stimulate the secretion of IL-1 indicates the potential for this enzyme to 

enhance the inflammatory responses at the site of infection where MPO would interact with 

the M0. Consequences of IL-1 production include the induction of fever and enhanced 

TNF-a production by M0. Tumor necrosis factor-a functions as a chemotactant for 
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neutrophils and induces their degranulation resulting in the continuing presence of MPO. 

In addition, IL-6 is produced by the M0 in response to both IL-1and1NF-a, indicating a 

cascade effect initiated by the interaction of MPO with M0. 

Interleukin-6 is a cytokine that is important in the acute phase response as well as in a 

systemic inflammatory response (17). Inflammation can have numerous effects on the host 

including tissue damage and synovial joint impairment such as seen in rheumatoid arthritis 

(RA) ( 12). The early appearance of IL-6 in our study indicates secretion as a consequence 

of M0 culture alone. However, cultures exposed to MPO exhibited a significant increase 

in IL-6 above that induced by culturing alone. The present study indicates that an increase 

in transcripts occurred after 30 min. exposure to rec-MPO with the secreted product 

observed thereafter. The interaction and redundancy of the effects of IL-1, TNF-a and IL-

6 categorize this group of cytokines as pro-inflammatory cytokines. 

Granulocyte/monocyte colony stimulating factor GM-CSF is a cytokine involved in 

proliferation and differentiation of various cells which are associated with the immune 

response (25). Other functions of GM-CSF include M0 activation and neutrophil 

degranulation. Granulocyte colony stimulating factor production can result in a generalized 

increase in the number of mature M0 and can potentially lead to the continued secretion of 

proinflammatory cytokines by the M0. After exposure to rec-MPO, up-regulation of GM

CSF transcripts by the M0 appeared after a 3 hr exposure and peak titers were measured at 

18 hr. The later presence of GM-CSF indicated the potential to perpetuate the inflammatory 

response. 

Interleukin-! O inhibits T-helper 1 subsets via suppression of M0 secretion of the 

costimulatory signal IL-12 (26). In addition, IL-10 can down-regulate the production of 

cytokines from M0 (26). Up-regulation of mRNA for IL-10 occurred later than that for 

the acute pro-inflammatory cytokines. Secretion of IL-10 appeared to increase in a time 

dependent manner, indicating that the secretion of this cytokine may be for the purpose of 
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down-regulating a normal immune response. (However, this cytokine has recently been 

implicated in RA (27). Interleukin-IO has the immunostimulatory capacity of inducing B

cell proliferation and differentiation into lg-secreting cells (26). Additionally, there is a 

strong correlation between IL-10 and rheumatoid factor (RF) production (27). In this 

context, what normally would be a antiinflammatory cytokine could augment the 

inflammatory process initiated by MPO. 

Transforming growth factor-beta (TGF- J3) inhibits both T -cell and B-cell 

proliferation. Due to its anti.proliferative effects, TGF-J3 has a negative feedback effect on 

the immune response (28). Transforming growth factor-beta-beta levels increased later 

than the pro-inflammatory cytokines which was similar to the pattern of mRNA synthesis 

and secretion of IL-10. Together with, IL-10, TGF-J3 could reverse the potential negative 

effects of acute inflammation. Thus, the immune response is abated and may not result in 

the negative effects of inflammation. However, if the stimulus (in this case MPO) was 

continuously present, a possible outcome would be the establishment of a chronic state of 

inflammation. 

It is well documented that M0 exposed to lipopolysaccharide (LPS) secrete a specific 

profile of cytokines (6). Taken in their entirety, the data indicate that MPO induces a 

similar pattern (i.e., the pro-inflammatory cytokines are first to appear, followed by 

downregulatory cytokines). As seen in Fig. 4.6, the composite release of cytokines 

follows a well instituted pattern of cytokine secretion, further supporting the role of MPO 

as a potent immunoregulator of the immune response. 

Edwards et al. (8) have shown that a large percentage of the MPO released from the 

neutrophils into the microenvironment is enzymatically inactive. A recombinant form of 

inactive MPO which was mutated so that the histidine was not bound to the iron moiety of 

the molecule was used in this study (29). To determine the effect of enzymatically inactive 

MPO (iMPO) at the site of inflammation/infection, M0 were exposed to iMPO and assayed 
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for the secretion of 'INF-a, IL-6, GM-CSP. Since active and inactive forms of MPO are 

present at inflammatory sites, the effects of iMPO on M0 further the evidence of the ability 

of this enzyme to be immunoregulatory. 

The view of the M0 as a cytokine factory holds true with response to rec-MPO. This 

study describes a pattern of synthesis and secretion of both pro-inflammatory cytokines, 

and those involved in the down-regulation of the immune response during a normal 

response the later appearance of IL-10 ant TGF-B, observed in this study would help to 

terminate the response so that the system could return to the baseline values. However, if 

there is a stimulus which causes a continual influx of neutrophils, another possible scenario 

involving chronic inflammation could occur. 

Up-regulation and secretion of pro-inflammatory cytokines by M0 has been well 

documented in disease states (6, 18, 19, 20). For example, it is known that there is a 

recruitment of neutrophils into the joints of patients with RA (21). Along with the presence 

of M0, other investigators have reported the presence of the pro-inflammatory cytokines in 

the joints of these patients (3, 8, 22, 23). Finally, the presence of MPO in synovial fluids 

of patients with RA has also been documented (8). The results of the present study indicate 

that MPO induces a rapid increase in the production of the above three cytokines. The 

interaction of the neutrophilic MPO and the M0 may represent a pivotal aspect of the 

inflammatory process. In addition to RA, pro-inflammatory cytokines have been linked to 

primary pulmonary diseases establishing a relationship between the production of these 

cytokine and other ·disease states (20, 24). 

A model for the interaction between neutrophil MPO and M0 has recently been 

proposed (Fig. 4.11) (30). During an inflammatory response, or a response to a pathogen, 

the neutrophil (PMN) is frequently the first cell to arrive. During phagocytosis by the 

neutrophil, MPO is released into the microenvironment prior to closure of the 

phagolysosome (8). Immune complexes such as rheumatoid factor-IgG or anti neutrophil 
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However, if there is a stimulus which causes a continual influx of neutrophils, another 

possible scenario involving chronic inflammation could occur. 

Up-regulation and secretion of pro-inflammatory cytokines by M0 has been well 

documented in disease states (6, 18, 19, 20). For example, it is known that there is a 

recruitment of neutrophils into the joints of patients with RA (21 ). Along with the 

presence of M0, other investigators have reported the presence of the pro-inflammatory 

cytokines in the joints of these patients (3, 8, 22, 23). Finally, the presence of MPO in 

synovial fluids of patients with RA has also been documented (8). The results of the 

present study indicate that MPO induces a rapid increase in the production of the above 

three cytokines. The interaction of the neutrophilic MP0 and the M0 may represent a 

pivotal aspect of the inflammatory process. In addition to RA, pro-inflammatory 

cytokines have been linked to primary pulmonary diseases establishing a relationship 

between the production of these cytokine and other disease states (20, 24). 

A model for the interaction between neutrophil MPO and M0 has recently been 

proposed (Fig. 4.11) (30). During an inflammatory response, or a response to a 

pathogen, the neutrophil (PMN) is frequently the first cell to arrive. During 

phagocytosis by the neutrophil, MPO is released into the microenvironment prior to 

closure of the phagolysosome (8). Immune complexes such as rheumatoid f actor-IgG 

or anti neutrophil cytoplasmic antibodies (ANCA) against MPO could induce "frustrated 

phagocytosis" which would also cause the release of additional MPO. Resident M0, 

which are recruited into the site of infection/ inflammation, bind both enzymatically 

active and enzymatically inactive MPO, resulting in the secretion of ROI, induction of 

cytokines, and activation of M0. Radicals produced during the RB can induce both 

tissue damage and enhanced secretion of certain cytokines. From the present study, 

MPO induces a rapid increase in TNF-a, IL-1, and IL-6 gene transcripts as well as 
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secretion of their gene products. These cytokines can subsequently induce the release of 

additional cytokines by the M0. For example TNF-a and IL-1 can induce the M0 to 

secrete IL-8, a chemotactant for neutrophils ( 17). Studies by Metinko (31) have shown 

that M0 can be stimulated to secrete IL-8, a chemotactant for neutrophils, in response to 

oxygen stress. Cooperatively, IL-8, GM-CSF, and TNF-a cause neutrophil 

degranulation. In vivo, the production of IL-10 and TGF-~ could reverse the negative 

effects of acute inflammation; however, since IL-10 induces differentiation of Ig

secreting cells, it can also participate in the amplification of the inflammatory response. 

Effects on T-cell subsets are also seen from cytokines (IL-1, IL-8, IL-10, and IL-12) 

produced by M0. Conversely, cytokines produced by T-cells (i.e. IFN-gamma) can 

activate M0. Therefore, in the presence of a continuous stimulus which insures 

neutrophil involvement, the interaction between MPO and the M0 can explain the 

continuity of the inflammatory response. 
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Fig. 4.1. Induction of Interleukin-1 secretion by murine peritoneal 
macrophages exposed to recombinant myeloperoxidase (rec-MPO). 
Macrophages were collected from the peritoneum and exposed to rec-MPO 
at a concentration of 0.84 µM for one hour and washed 2 X. Samples were 
subsequently collected at various time periods and measured for the 
presence of IL-1 using ELISA. Values represent replicate cultures and are 
based on a standard curve generated from a recombinant standard. 
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Fig. 4.2. Induction of Interleukin-6 secretion by murine peritoneal 
macrophages exposed to recombinant myeloperoxidase (rec-MPO). 
Macrophages were collected from the peritoneum and exposed to MPO at a 
concentration of 0.84 µM for one hour and washed 2 X. Samples were 
subsequently collected at various time periods and measured for the 
presence of IL-6 using ELISA. Values represent replicate cultures and are 
based on a standard curve generated from a recombinant standard. 
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Fig. 4.3. Induction of granulocyte monocyte colony stimulating factor 
(GM-CSF) secretion by murine peritoneal macrophages exposed to 
recombinant myeloperoxidase (rec-MPO). Macrophages were collected 
from the peritoneum and exposed to rec-MPO at a concentration of 0.84 µM 
for one hour and washed 2 X. Samples were subsequently collected at 
various time periods and measured for the presence of GM-CSF using 
ELISA. Values represent replicate cultures and are based on a standard 
curve generated from a recombinant standard. 
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Fig. 4.4. Induction of Interleukin-IO secretion by murine peritoneal 
macrophages exposed to recombinant myeloperoxidase (rec-MPO). 
Macrophages were collected from the peritoneum and exposed to rec-MPO 
at a concentration of 0.84 µM for one hour and washed 2 X. Samples were 
subsequently collected at various time periods and measured for the 
presence of IL-10 using ELISA. Values represent replicate cultures and are 
based on a standard curve generated from a recombinant standard. 
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Fig. 4.5. Induction of transforming growth factor- beta (TGF~) secretion 
by murine peritoneal macrophages exposed to recombinant myeloperoxidase 
(rec-MPO). Macrophages were collected from the peritoneum and exposed 
to rec-MPO at a concentration of 0.84 µM for one hour and washed 2 X. 
Samples were subsequently collected at various time periods and measured 
for the presence of TGF~ using ELISA. Values represent replicate cultures 
and are based on a standard curve generated from a recombinant standard. 
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Fig. 4.6. Induction of cytokine secretion by murine peritoneal macrophages exposed to recombinant 
myeloperoxidase (rec-MPO). Macrophages were collected from the peritoneum and exposed to rec-MPO 
at a concentration of 0.84 µM for one hour and washed 2 X. Samples were subsequently collected at 

various time periods and measured for the presence of cytokines using ELISA, excluding TN&. TNF-a 
was measured using a WEHI 164 bioassay. After a 6 hr incubation, supematants were transfered onto 
WEHI 164 cells for 18 hr. Cells were then stained with neutral red and viable, intact cells, incorporated 
the stain. Following lysis with ethanol, absorbency was taken at 550 nm as a measure of cel l death. 
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Fig. 4.7. Induction of cytokines by murine peritoneal macrophages 
exposed to inactive recombinant myeloperoxidase (iMPO). Murine 
peritoneal macrophages were incubated in 96-well microtiter plates for 2 hr 
for attachment. Subsequently, monolayers were exposed to iMPO for 6 hr 
and samples collected. Measurement for Interleukin-6 and granulocyte 
monocyte colony stimulating factor was done using ELISA. Tumor 
necrosis factor-alpha was measured using a WEHI 164 bioassay. Samples 
were incubated along with Tumor necrosis -alpha sensitive WEHI 164 
target cells. After a 18 hr incubation, cells were stained with neutral red for 
viability. Values represent replicate cultures and are based on a standard 
curve generated from a recombinant standard. 
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Fig. 4.8. Densitometer charts for interleukin-6 generated from gel photographs of reverse 
transcriptase polymerase chain reaction (RT-PCR) products. Resident peritoneal 
macrophages were exposed to either media containing MPO, or control media, for 30 min. 
Subsequently, total mRNA was collected for IL-6 primer-specific RT-PCR (see text). 
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Fig. 4.9. Densitometer charts for granulocyte monocyte colony stimulating factor 
generated from gel photographs of reverse transcriptase polymerase chain reaction (RT
PCR) products. Resident peritoneal macrophages were exposed to either media 
containing MPO, or control media, for 3 hr Subsequently, total mRNA was collected 
for GM-CSF primer-specific RT-PCR (see text). 
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Fig. 4.10. Densitometer charts for interleukin-IO generated from gel photographs of 
reverse transcriptase polymerase chain reaction (RT-PCR) products. Resident peritoneal 
macrophages were exposed to either media containing MPO, or control medi~ for 6 hr 
Subsequently, total mRNA was collected for IL-10 primer-specific RT-PCR (see text). 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

The present study evaluated the effect of enzymatically active and enzymatically 

inactive myeloperoxidase on certain macrophage functions. Cell lysates from HL-60 cells 

(a promyelocytic cell line), which contain myeloperoxidase, induced an enhanced 

macrophage respiratory burst. Control cells, which were devoid of myeloperoxidase, did 

not enhance the respiratory burst Granules obtained from HL-60 cells enhanced the 

respiratory burst by the macrophage; however, granules obtained from HL-60 cells grown 

in the presence of dimethyl sulphoxide, which is known to interfere with myeloperoxidase 

synthesis, caused a reduced respiratory burst An enzymatically inactive competitive ligand 

for the macrophage mannose receptor, inactive horseradish peroxidase, inhibited the 

respiratory burst by macrophages exposed to HL-60 cell lysates, thus indicating that this 

receptor was essential for induction of the respiratory burst. This study provided a cell 

model for enhancement of the macrophage respiratory burst. 

Studies were performed to determine the effect of a recombinant form of 

myeloperoxidase on the phagocytosis and killing of Candida albicans by macrophages. 

Both resident peritoneal and thioglycollate induced macrophages exposed to recombinant 

myeloperoxidase exhibited enhanced phagocytosis of Candida albicans in a dose dependent 

and time dependent manner. Both types of macrophages demonstrated enhanced 

candidicidal activity after exposure to recombinant myeloperoxidase. Exposure of 

macrophages to Candida albicans prior to exposure to recombinant myeloperoxidase 

induced greater killing than if macrophages were exposed to recombinant myeloperoxidase 

first; however, both procedures resulted in enhanced dose-dependent candidicidal activity. 

Scavengers of reactive oxygen intermediates significantly reduced intracellular killing of 

Candida albicans indicating their role in killing. Flow cytometry studies demonstrated a 

78 



dose-dependent candidicidal activity. Scavengers of reactive oxygen intermediates 

significantly reduced intracellular killing of Candida al bi cans indicating their role in 

killing. Aow cytometry studies demonstrated a downshift of the Mac-1 and the 

macrophage mannose receptor after macrophages were exposed to recombinant 

myeloperoxidase; however, the reduction was only temporary and occurred after the 

increases in phagocytosis and killing were observed. 

Furthermore, studies were conducted to evaluate the effect of recombinant 

myeloperoxidase on the secretion of cytokines by macrophages. Recombinant 

myeloperoxidase induced enhanced secretion of the following macrophage-derived 

cytok.ines: interleukin- I, interleukin-6, interleukin- I 0, granulocyte-monocyte colony 

stimulating factor, and transforming growth factor-beta. Exposure of macrophages to 

inactive recombinant myeloperoxidase induced the secretion of tumor necrosis factor

alpha, interleukin-6, and granulocyte-monocyte colony stimulating factor. Messenger 

ribonucleic acid extracted from cultured macrophages exposed to recombinant 

myeloperoxidase exhibited the enhancement of all cytokine transcripts described. 

Finally, a model for the relevance and consequences of macrophage activation by 

myeloperoxidase is presented. 
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APPENDIX A 

ISOLATION AND CHARACTERIZATION OF 

RECOMBINANT HUMAN 

MYELOPEROXIDASE 

(REC-MPO) 

A system for gene expression of human MPO has been developed (1). 

Electroporation (Gene Pulser, Bio-Rad, Hercules, CA) was used to introduce the gene 

construct for human MPO into Chinese hamster ovary (CHO) cells. Transfected cells 

with a chimeric gene encoding MPO and methotrexate resistance were cultured for 

extended periods of time. Cells were grown in alpha-minimal essential media (Gibco, 

Grand Island, NY) containing methotrexate, 2% fetal calf serum, and L-glutamine at 

37<>C. Culture conditions were modified to exclude C02 (metabolic stress occurs on 

CHO cells in the presence of C02) and phenol red. Phenol red interferes with 

subsequent isolation procedures involving adsorption chromatography. Cells were 

cultured in 75 cm2 Falcon flasks (Fisher Biotech, Pittsburgh, PA) until a sufficient 

density for transfer to Nunc Cell Factory units (Naperville, IL). A ten stack cell factory 

provides a large surf ace area for attachment of CHO cells as well as a method for 

collecting supematants from the cultures. After 2-4 days, the media containing the 

secreted rec-MPO were removed and stored at -200C. Subsequently media were 

replaced in the cell factories for another round of secretion. Four to five liters of 

supematants were collected each time and centrifuged at 3000-40(X) RPM to remove 

cellular debris. In some cases, the supematants were filtered through a Whatman #1 

filter to remove excess cellular debris. 
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Anion exchange chromatography (adsorption chromatography) was used to isolate 

proteins exhibiting certain charge-associated properties. Dependent upon the charge of 

the protein, different resins were used in columns to bind the protein of interest. A 

column containing Q-Sepharose (Pharmacia, Piscataway, NJ), an anion exchange 

column, binds negatively charged proteins allowing positively charged proteins to pass 

through. Along with MPO, the culture supematants contained fetal calf serum (FCS) 

which contains bovine serum albumen (BSA). The latter protein commonly interferes 

with certain immunological assays for characterization of proteins. Passage through the 

Q-Sepharose column bound the negatively charged BSA while positively charged 

proteins (MPO) flowed though the column. The flow-through from the first column 

was routed through a second column containing the cation exchange residue, CM 

Sepharose (Pharmacia). Positively charged MP0 bound to the column. Elution from 

the CM-Sepharose column was performed on a linear gradient using Nao-. As NaCl 

was passed over the column, the effiuent was routed through a UV light source and a 

linear recorder which plotted the elution of protein out of the column. At determined 

intervals, fractions, or pre-determined volumes of the effiuent, were collected using a 

fraction collector. Absorption from the UV source was plotted to determine in which 

fraction the MP0 was present. Peak absorbency was at 428 nm (Sorel Peak) 

characteristic for all MPO containing a methionine residue at the heme binding region. 

Fractions within this peak of absorbency contained rec-MPO and were therefore 

collected and pooled. 

Collected fractions from the CM-Sepharose column were concentrated on an 

Ami con model 202 concentrator using a YM nitrocellulose filter (Amicon, Beverly, MA) 

with a molecular weight cut-off of 10,000. Under denaturing conditions, the molecular 

weight of the protein isolated was determined using polyacrylamide gel electrophoresis 
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(PAGE). Protein immobilization, or western blotting, was used to transfer the protein 

from the PAGE gel onto nitrocellulose paper for immunoblotting with monoclonal 

antibodies (m-Ab) specific for MPO. A second antibody conjugated with alkaline 

phosphatase was added and incubation with a phosphate developing buffer revealed 

bands on the nitrocellulose. Thus, proteins were characterized by molecular weight 

using PAGE and specificity was determined using western blotting. 

Enzyme linked immunosorbant assays (ELISA) are used to detect specific 

substances based on the affinity of an antibody for the test substance. Rabbit anti

human MPO was adsorbed onto Falcon-MaxiSorp 96-well tissue culture plates and 

incubated with different dilution's of the concentrated rec-MPO. A murine anti-MPO 

antibody was added followed by incubation with an anti-mouse IgG (the murine anti

MPO antibody used in the ELISA was an IgG). The anti-IgG antibody was conjugated 

with alkaline phosphatase and paranitrophenol phosphate was utilized as the substrate. 

Spectrophotometric analysis using a microplate reader was performed on diluted 

samples and on a series of known concentrations of MPO. The concentration of rec

MPO was determined using the standard curve plotted from the absorbance values of the 

known concentration of rec-MPO. 

Enzymatic activity of the rec-MPO was determined as described previously (2). 

Using two different compounds, o-dianisidine and o-phenyldiamine. Both are oxidized 

by MPO in the presence of H2Q2 resulting in a measurable colorimetric change. In 

general, o-phenydiamine was added to dilutions from samples taken during the 

isolation/ characterization phases of rec-MPO purification to test for the presence of 

active enzyme. Samples, along with known concentrations of MPO, were developed in 

a microtiter plate followed by absorbency readings at fixed wavelengths ( 492/620 nm). 

Determining the efficiency of the purification process by enzymatic activity was required 
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for the process to continue to subsequent steps. Measurement of enzymatic activity by 

the o-dianisidine method followed the progression of the oxidation/color change in a 

spectrophotometer over 1 min. and over a range of wavelengths. At the end of this 

period, the enzymatic activity was determined for the enzyme at initial velocity of the 

reaction. Preparations were standardized according to protein and enzymatic activity for 

the studies on MPO. 

Amounts of total protein were measured for rec-MPO solutions by the Lowery 

(Folin Reagent) Assay (1). Determination of protein concentration was necessary to 

establish a ratio of active enzyme to total protein. Although some protein did not exhibit 

enzymatic activity, all inactive protein was antigenically similar as determined by ELISA 

and demonstrated biological activities as noted. Therefore, this constituent of the rec

MPO preparation added to M0 cultures must be considered when evaluating the effects 

of receptor-ligand (MMR-MPO) binding mechanisms on M0 activation. 

Endotoxin (LPS) is a strong inducer of M0 activation (3). In laboratory 

environments, endotoxin is ubiquitous and must be considered when working with M0 

due to their sensitivity to this substance. Trace amounts (ng quantities) have been 

shown to alter M0 functions. The Limulus amoebocyte lysate (LAL) assay, or gel 

clotting assay, was used for quantitation of endotoxin (Associates of Cape Cod, Woods 

Hole, MA). The amount of LPS acquired during protein purification/isolation of rec

MPO was determined using a LAL. Endpoint titrations were done to determine the 

amount of LPS in a given sample of rec-MPO. Finally, if more than 1 ng/ml of LPS 

was present in the samples, an endotoxin removal device (ERD) (END-X 815 beads, 

Associates of Cape Cod) was used to remove LPS from the sample. The ERD is a 

pyrogen free polystyrene tube containing endotoxin binding beads. Incubation for 2-4 

hr of the rec-MPO in the presence of these beads under low speed rotation removes up 
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to 50 ng of LPS. The LAL assay was then repeated after treatment in the ERD to certify 

the amount ofLPS contained in a working dilution was below levels capable of 

inducing M0 activation(~ 2 ng/ ml) . 
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APPENDIXB 

SUPPORTING DAT A 

The role of reactive oxygen intermediate scavengers 
on tumor necrosis factor- alpha secretion 

by murine peritoneal macrophages 

Studies were performed to evaluate the effect of oxygen radical scavengers on 

the secretion of TNF-a (see Chapter N). Briefly, murine peritoneal M0 were exposed 

to rec-MPO for 6 hr. Subsequently, culture supematants were incubated with WEHI 

164 cells. (These cells are sensitive to apoptosis by TNF-a.) In addition to rec-MPO, 

superoxide dismutase (SOD) was added to some cultures during induction of TNF-a 

(Fig. B. l). Superoxide dismutase rapidly converts superoxide to hydrogen peroxide, 

effectively decreasing the amount of superoxide available for induction of cytokines. 

Butylated hydroxyanisol (BHA), a chelator of hydroxyl radicals, was also used in M0 

cultures in addition to rec-MPO (Fig. B.2). Results indicate that both SOD and BHA 

significantly reduced the levels of TNF-a from M0 exposed to rec-MPO from that of 

control cultures, indicating that scavengers for reactive oxygen intermediates (ROI) 

reduce TNF-a secretion. 

Effect of recombinant myeloperoxidase on 
cytokine gene expression 

Studies were done to evaluate the effect of recombinant myeloperoxidase (rec

MPO) on cytokiti.e gene expression (see Chapter N). In addition to the cytokine gene 

expression reported in the preceding chapters, TNF-a (Fig. B.3, B.4), IL-1 (Fig. B.5, 

B.6), IL-6 (Fig. B.7), GM-CSF (Fig. B.8), IL-10 (Fig. B.9), TGF-B (Figures B.10 

and B.11 ), and IFN-f3 (Figures B.12 and B.13) data is presented here. Gene 

expression was increased in cultures exposed to rec-MPO compared to control cultures 
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for all of the gene products evaluated. Data is provided to give a broader picture of the 

studies presented in this dissertation. 
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Fig. B.1. Effect of superoxide dismutase on tumor necrosis factor-alpha 
secretion by macrophages exposed to recombinant myeloperoxidase 
(rec-MPO). Resident peritoneal macrophages were exposed to media 
containing 0.57 µg/ ml of rec-MPO and media suplemented with SOD ( 1.1 
µg or 3.3 µg) for 6 hr. Subsequently, supernatants were collected and 
incubated with WEHI 164 target cells. After 18 hr incubation, WE!Il 
cells were stained with neutral red for viability. Data represent means of 
replicate cultures, +S.E.M. 
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Fig. B.2. Effect of butylated hydroxyanisol on tumor necrosis factor-alpha 
secretion by macrophages exposed to recombinant myeloperoxidase 
(rec-MPO). Resident peritoneal macrophages were exposed to media 
containing 0.57 µg/ ml of rec-MPO and media suplemented with BHA 400 
µMor 134 µM) for 6 hr. Subsequently, supematants were collected and 
incubated with WEHI 164 target cells. After 18 hr incubation, WEHI cells 
were stained with neutral red for viability. Data represent means of replicate 
cultures, +S.E.M. 
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Fig. B.3. Agarose gel scan and densitometer chart for TNF-alpha Reverse 
transcriptase polymerase chain reaction was used to produce cDNA from 
specific primers for TNF-a. Agar gels were photographed in the presence 
of ethidium bromide under ultraviolet light Photographs were then scanned 
and analyzed for band intensities using Jandel Sigma Suite software. 
Graphs represent the band intensities versus the relative distance down the 
gel. 
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Fig. B.4. Desitometer charts for tumor necrosis factor- alpha generated from gel 
photographs of reverse transcriptase polymerase chain reaction (RT-PCR) products. 
Resident peritoneal macrophages were exposed to either media containing MPO, or 
control media, for 30 min. Subsequently, total mRNA was collected for 1NF-a 
primer-specific RT-PCR (see text). 
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Fig. B.5. Agarose gel scan and densitometer chart for interleukin- I. 
Reverse transcriptase polymerase chain reaction was used to produce 
cDNA from specific primers for IL-1. Agar gels were photographed in 
the presence of ethidium bromide under ultraviolet light Photographs 
were then scanned and analyzed for band intensities using Jandel Sigma 
Suite software. Graphs represent the band intensities versus the relative 
distance down the gel. 
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Fig. B.6. Desitometer charts for interleukin- I generated from gel photographs of 
reverse transcriptase polymerase chain reaction (RT-PCR) products. Resident peritoneal 
macrophages were exposed to either media containing MPO, or control media, for 30 
min. Subsequently, total mRNA was collected for IL-1 primer-specific RT-PCR (see 
text). 
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Fig. B.7. Agarose gel scan for interleukin-6. Reverse transcriptase 
polymerase chain reaction was used to produce cDNA from 
specific primers for IL-6. Agar gels were photographed in the 
presence of ethidium bromide underultraviolet ligh and scanned on 
a Microtek full page scanner. 

94 



200 ... 

Base Pair CTR 
STD 

MPO mRNA 
STD 

Fig. B.8. Agarose gel scan for granulocyte monocyte stimulating 
factor. Reverse transcriptase polymerase chain reaction was used 
to produce cDNA from specific primers for GM-CSF. Agar gels 
were photographed in the presence of ethidium bromide under 
ultraviolet light. Photographs were then scanned and analyzed 
for band intensities using Jandel Sigma Suite software. Graphs 
represent the band intensities versus the relative distance down 
the gel. 
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Fig. B.9. Agarose gel scan for interleukin-IO. Reverse 
transcriptase polymerase chain reaction was used to producecDNA 
from specific primers for IL-10. Agar gels were photographed in 
the presence of ethidium bromide under ultraviolet ligh and 
scanned on a Microtek full page scanner. 
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Fig. B.10. Agarose gel scan and densitometer chart for 
transforming growth factor- beta. Reverse transcriptase 
polymerase chain reaction was used to produce cDNA from 
specific primers for TGF-f3. Agar gels were photographed in 
the presence of ethidium bromide under ultraviolet light. 
Photographs were then scanned and analyzed for band 
intensities using Jandel Sigma Suite software. Graphs 
represent the band intensities versus the relative distance 
down the gel. 
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Fig. B.11. Desitometer charts for transfonning growth factor- beta generated from gel 
photographs of reverse transcriptase polymerase chain reaction (RT-PCR) products. 
Resident peritoneal macrophages were exposed to either media containing MPO, or control 

media, for 30 min. Subsequently, total mRNA was collected for TGF-f3 primer-specific 
RT-PCR (see text). 
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Fig. B.12. Agarose gel scan and densitometer chart for 
interferon-beta. Reverse transcriptase polymerase chain 
reaction was used to produce cDNA from specific primers 
for IFN-f). Agar gels were photographed in the presence of 
ethidium bromide under ultraviolet light. Photographs were 
then scanned and analyzed for band intensities using Jandel 
Sigma Suite software. Graphs represent the band intensities 
versus the relative distance down the gel. 
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Fig. B.13. Desitometer charts for interferon- beta generated from gel photographs of 
reverse transcriptase polymerase chain reaction (RT-PCR) products. Resident peritoneal 
macrophages were exposed to either media containing MPO, or control media, for 30 min. 

Subsequently, total mRNA was collected for IFN-f3 primer-specific RT-PCR (see text). 
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Fig. B.14. Photomicrograph of macrophages injesting Candida albicans. 
Dead yeast appear red, while live appear green. 
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