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ABSTRACT 

Bacterial cell wall fragments play important roles in various 
inflammatory diseases. Little is known regarding the interaction of 
streptococcal cell walls (SeW) wit.h Kupffer cells in SeW-induced hepatic 
granuloma in Lewis rats. To investigate this, in vitro functional assays 
were used to determine the extent of Kupffer cell involvement in this 
process. Isolated Kupffer cells cultured with various concentrations of 
sew were found to exhibit normal phagocytic function. Kupffer cells were 
found to have reduced chemotactic activity and which was suppressed by 
sew. However, sew did suppress the secondary stimulus of oxidative 
burst in Kupffer cells, but not in peritoneal macrophages. Kupffer cells 
cultured with sew remained in an activated state over 24 hours as 
measured by MTT. In comparison, LPS treated cell were activated early, 

but this activation was lost by 24h. 
Activation by sew induced a different cytokine profile than that seen 

with other bacterial components. Kupffer cells from non-sensitized rats 
cultured with sew were found to produce high levels ofTNF-a. and IL-6. 

In addition, low concentrations of sew (OAJlg/ml) induced expression of 
IL-l~ and IL-6 mRNA. In ex vivo experiments, Kupffer cells isolated from 
sew injected animals were found to secrete TNF -0: and IL-6. Induction of 

TNF was best seen at 48 - 72 hours post sew injection. The IL-6 production 
was transient until 72 hours post sew injection. Cell surface expression of 
class II MHe (Ia) and macrophage marker (ED2) on isolated Kupffer cells 

was significantly increased in sew injected rats as measured by flow 
cytometry. 

These studies show that Kupffer cells maintain their overall 
phagocytic function but exhibit reduced respiratory burst activity in 
response to sew. Upon activation by sew they express and release 
proinflammatory monokines and exhibit upregulated surface markers, all 
of which are important in the development of hepatic granuloma. These 

wide range of effects emphasize the multifunctional involvement of Kupffer 



cells and a need to understand the triggering mechanisms they use to 
respond against poorly degradable antigens. 

10 
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CHAPTER I 

INTRODUCTION 

Hepatic Granuloma 
Granuloma are produced by chronic, complex inflammatory 

reactions brought about by the presence of undigestible substances or 

organisms (Fanburg 1983). Although much progress has been made in 

understanding these tissue reactions, basic problems regarding the etiology 

and the dual protective and destructive role of granulomas are still 

unresolved (Boros 1980). In the past, several attempts were made to classify 

the granulomatous responses. It was once believed that the presence of 

epithelioid cells and macrophages and their arrangement within the 

lesions were criteria for distinguishing granulomas resulting from 

hypersensitivity reactions and those produced by the presence of foreign 

body lesions (Epstein 1967). This view is no longer tenable because 

muramyl peptides can also elicit the formation of epitheloid cells and 

macrophages in non-sensitized animals (van der Rhee 1979). 

Because macrophages are major components of all granulomatous 

responses, their multiplication, longevity and death in a given lesion was 

also taken as a basis for classifying the granulomas into those with low and 

high macrophage turnover. This functional approach was unfortunately 

applicable mainly to experimental systems. It lumped together such widely 

divergent lesions as mycobacteria tubercles and silica granulomas (Spector 

1974). 

A third approach emphasized the amount of the macrophages within 

the granulomata as means of classification (Adams 1976). The fourth 

classification emphasized the cell-mediated or foreign body etiology of the 

lesion. This helped to conceptualize the granuloma formation as it relates 

to cell-mediated immunity (Boros 1978). 

Granulomatous reactions are mounted in response to 

irritants/agents that persist in the tissues and are surrounded and 
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phagocytized. Their slow degradability is the major factor in the chronicity 

of the inflammatory response. On the basis of the inducing agent, 

granulomas are broadly classified into non-immunological (foreign body) 

and immunological (hypersensitivity). Non-antigenic, inanimate agents 

such as metal salts, sutures, sponges, and plastic beads, produce 

granuloma that are simpler in composition and less intense. The induced 

tissue inflammation is limited to reaction of cell mediated immunity (Boros 

1978). A notable exception is silica, an inanimate particle that elicits a 

highly intense inflammatory response accompanied by pronounced tissue 

destruction (Boros 1978). The immune granulomas are induced by the 

prolonged antigenic stimulus of slowly degradable substances which 

results in the induction of delayed hypersensitivity (Spector 1969). Such 

lesions have a complex histology and may last for a long period of time. The 

intense inflammatory reaction results in tissue damage eventually leads to 

fibrous repair, which often contributes to the pathology of the disease 

(Spector 1969). 

Granuloma formation is a common histological 

characteristic of many granulomatous diseases such as tuberculosis, 

leprosy, syphilis and schistosomiasis. Whereas, these diseases are caused 

by well-defined etiologic agents, other clinically important granulomatous 

diseases, including sarcoidosis, Crohn's disease, Wegner's 

granulomatosis and primary biliary cirrhosis have no known causative 

agent(s) (Fanburg 1983). 

Cellular Composition of Granulomas. 

The foreign body-type granulomas are composed chiefly of 

macrophages and fibroblasts (Boros 1978). In contrast, the hypersensitivity

type granulomas are more complex and consist of lymphocytes, 

macrophages, epithelioid giant cells and, at times, eosinophils, mast cells 

and fibroblasts (Boros 1981). 

T cells, B cells and plasma cells have been identified in certain 

lesions (Tannenbaum 1976). Analysis of the cellular composition of some 

hypersensitivity lesions shows the presence of T cells (Chensue 1979). B 

lymphocytes and plasma cells have been found within the sarcoid, 
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hypersensitive pneumonitis, schistosome egg-induced, and lepromatous 

leprosy type granulomas (Chensue 1979) . Local production of antibodies 

(Ab) may contribute significantly to the complexity of the granulomatous 

inflammatory response. Antibodies may participate in antigen 

neutralization and, depending on the size of the immune complexes formed 

within the lesion, they may further amplify the inflammatory response by 

complement binding and activation resulting in the recruitment of other 

cells (Spector 1969). The bulk of the hypersensitivity lesions are made up of 

macrophages (Spector 197 4). The rate of influx of cells from the circulation 

particularly monocytes, can be attributed to inflammatory signals released 

by T cells (Fanburg 1983). The heterogeneity of the macrophages, the rate of 

monocyte influx into the lesion, local multiplication, and longevity all 

contribute to the complexity of these lesions (Spector 1976). In active 

granulomas, macrophages intensely express high amounts of Fe and C3 

receptors, whereas in the involuting lesions receptor expression is 

considerably diminished (Amsden 1980; Mariano 1976; Spector 1976). These 

receptors may act as signals that participate in phagocytosis and antigen 

presentation of the granulomatous agents (Montarroso 1978). Under 

certain circumstances, usually the more mature macrophages fuse and 

generate the giant cells. Fusion often occurs in both foreign body and 

hypersensitivity lesions (Galindo 1974). 

The protective role of the granulomatous response against a variety of 

injurious agents has been well established (Fanburg 1983). Sequestration, 

killing and elimination of the causative agents are major functions of this 

inflammatory process (Boros 1978). Clinically, when there is a feeble or 

inefficient granulomatous reaction, rapid multiplication and 

dissemination of intracellular invaders results. This is evident in cases of 

miliary tuberculosis, disseminated histoplasmosis, lesishmaniasis and 

lepromatous leprosy. Histological examination reveals diffuse, ill

developed granulomas containing of foamy looking macrophages, plasma 

cells and many polymorphonuclear cells (PMN). Many of these patients 

suffer from defects in T cell-mediated response (Boros 1980). 
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Inflammatory Mediators in Granuloma. 
Efficient mobilization and activation of the macrophages within 

hypersensitivity lesions is dependent on antigen-stimulated T lymphocytes 
which secrete several lymphokines. Their subsequent effects include 
chemotaxis, inhibition of migration, cellular aggregation, multiplication 
and activation of a variety of inflammatory cells. The ultimate end results 
are the efficient killing or removal of foreign substance that leads to 
resolution of an infection. The protective role of the granuloma is less 
evident in the response to such irritants as silicon and beryllium (Boros 
1981). These materials are often contained with some detrimental 
consequences which have been attributed to the stereotyped responses of the 
host to chronic irritation. 

Regardless of the nature of the irritant, once the macrophages 
undergo activation, they produce various hydrolytic enzymes required for 
the degradation of the phagocytized particles. Such enzymes, as well as 
oxygen breakdown products, can cause extensive tissue damage (Gordon 
1978). Eventually, secretory products from phagocytic cells such as 
lysozyme and various proteases generate other inflammatory products by 

activating the alternate complement pathway (Schorlemmer 1977). Tissue 
damage, in turn, triggers fibroblast activity, which leads to fibrosis, the 
final stage of the granulomatous response (Zisldnd 1976). 

The factors that induce fibroblasts to migrate, (Posrlethwaite 1976), 
proliferate and synthesize collagen (Johnson 1976), may be derived from 
serum (Holley 1974), or from platelets (Ross 1974), macrophages and 
lymphocytes already present in the inflammatory focus. In vitro 

observations on experimental silicosis indicate that macrophages playa 
major role in fibroblast activation and fibrogenesis (Ziskind 1976). 
Fibroblast activity in hypersensitivity and foreign body granulomas has 
been linked to signals originating from macrophages and lymphocytes. In 
addition, activated macrophages secrete elastase and collagenase which 

may contribute to local tissue destruction, as well as to the breakdown of 
freshly synthesized collagen. This may playa major role in tissue 

remodeling leading to irreversibility of fibrosis within the affected organ 
(Boros 1980). 
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Foreign Body Granulomas Induced by Streptococcal Peptidoglycan. 
Although tuberculosis is used as the prototype of granulomatous 

disease, several gram-negative (Brucella, Salmonella) and gram-positive 
(Corynebacterium, Streptococcus) bacteria are capable of inducing 
granulomas (Fanburg 1983). Streptococci play important roles in the 
pathogenesis of many human diseases such as arthritis, endocarditis, 
myocarditis and peridontal gingivitis. A major component of the 
pathogenesis induced in these processes is the chronic granulomatous 
inflammatory response directed against components of the streptococcal 
cell wall (Ginsburg 1972). Because of the clinical importance of group A 
Streptococcal-induced chronic diseases, much attention has been given to 
experimental animal models that might have similarities to the clinical 
and histological manifestations of the chronic inflammatory lesions seen in 

humans. 
Rabbits, mice and rats injected intradermally, intravenously, or 

intraarticularly with group A Streptococci develop chronic granulomatous 
lesions at the site of injection or in organs in which they are sequestered 
(Ohanian 1967; Sellin 1970). Within days, macrophages become numerous 

and subsequently comprise the major cellular component of the lesions. 
The macrophages become enlarged and develop a foamy cytoplasm. 

Occasionally, giant cells are present but epithelioid cells are not detectable. 
Granulomatous lesions appear only after the intact bacteria have been 

broken down over a 2-3 week period. What is left after the breakdown of 
intact cells are the peptidoglycan-polysaccharide portion of the cell wall. 
This has been shown by using labeled antibody to the streptococcal 

peptidoglycan-polysaccharide (Ohanian 1967; Sellin 1970). The persistence 
of this cell wall component has been confirmed in rat macrophages grown 
up to 40 days in culture (Smialowicz 1977). 

The pathogenesis of the streptococcal granulomatous reaction has 
been attributed to group C polysaccharide of the microbe (Abdulla 1966; 

Krause 1961). It has been postulated that the polysaccharide moiety of this 
peptidoglycan may protect the cell wall from degradation by macrophages 

(Schwab 1968). The exact mode of cellular recruitment, activation and 

multiplication that takes place within the peptidoglycan-induced 
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granuloma is unknown. There is some evidence that the activation of the 

alternate pathway of complement by peptidoglycans is one of the possible 

avenues of cell recruitment. Once the lesion is formed, the inflammatory 

lesions may persist as a result of the monokines secreted by macrophages 

(Schwab 1982). 

Structure of Streptoooooal Cell wan 
Group A Streptococcal cell walls (SeW) are associated with 

inflammatory lesions in both animals and man (Forkner 1928). The 

component responsible for bacterial cell wall-induced arthritis is the 

peptidoglycan-polysaccharide (PG-PS) complex. The peptidoglycan is 

composed of N-acetylmuramic acid (3-0-lactyl-N-acetylglucosamine) and an 

amino acid side chain (Krause 1961). Group A streptococci contains a 

pentapeptide (L-Ala-D-Glu-L-Lys-D-Ala-D-Ala), common to staphylococcal 

and streptococcal PG (Schleifer 1972). The polysaccharide is the group 

specific e-polysaccharide, a branched chain polymer containing two 

residues of L-rhamnose for one of N-acetylglucosomine (Fig. 1-1). The e

polysaccharide is covalently bound to peptidoglycan by phosphate bridges 

between N-acetylglucosomine of the polysaccharide and muramic acid of 

the peptidoglycan (Abdulla 1966; Krause 1961). This binding to muramic 

acid is thought to hinder the attack of lysozyme on the 8-1, 4-glycosidic 

bounds between the monosaccharide of the peptidoglycan backbone, thus 

allowing the peptidoglycan to persist in tissues (Schwab 1968). For this 

reason, the pathogenesis of streptococcal induced granulomas has been 

attributed to the e-polysaccharide (Leong 1984). 

Several pro-inflammatory properties are associated with sew 

in vitro. PG and PG-PS are mitogenic for B cells in the absence of T cells 

(Eisenberg 1986; Heymer and Schmidt 1971). sew has also been shown to 

activate both classical and alternate complement pathways along with the 

formation of complement-cell wall complexes in the presence of Ab specific 

for cell wall epitopes (Eisenberg 1986). sew inhibits human 

polymorphonuclear leukocyte-mediated killing of Staphylococcus aureus by 

interfering with phagocytosis (Leong 1984). These effects of PG-PS were not 

due to cytotoxic effect on PMNs or the inhibit PMN metabolism required for 
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the formation of microbicidal oxygen reduction products (Leong 1984). PG 

also stimulates monocytes and macrophages to release IL-1 and colony 

stimulating factor (Gold 1985). In vivo, SCW induces neutrophilia and 

monocytosis, thus providing a source of monocytes and polymorphonuclear 

cells which are probably recruited to aid in the clearance of bacterial cell 

walls and tissue debris. Once recruited, however, these-cells produce 

inflammatory mediators which exacerbate the chronic lesions produced by 

SCW (Dalldorf 1980). 

Peptidoglycan linked with polysaccharide is a common feature of 

most bacteria, and the ability to cause inflammation is not confined to the 

cell walls from Streptococci. Cell walls of Streptococcus sanguis are 

responsible for inflammatory lesions in peridontitis (Leong 1984), and the 

PG subunits from the cell walls of Staphylococcus aureus and Lactobacillus 

casei have strong immunoadjuvant activities (Kohashi 1976; Lehman 

1983). 

Strepi;ororeus-Induced Hepatic Granuloma, 
The injection of soluble cell walls isolated from group A streptococcal 

cell walls into female Lewis rats results in the formation of non-caseating 

hepatic and splenic granulomas. SCW can be identified in what appear to 

be hepatic Kupffer cells within hours after injection. After an acute 

reaction involving primarily polymorphonuclear leukocytes (PMN s), 

mononuclear cell infiltration occurs at approximately 2-3 days. These cells 

initially infiltrate the liver in the periportal areas and parenchymal tissue. 

The infiltration of mononuclear cells and fibroblasts is thought to be under 

the influence of chemotactic factors derived from macrophages and T cells 

(Allen 1985). Immunohistological evidence shows that T lymphocytes and 

macrophages are initially the primary cells in the granulomatous lesions. 

Within 3 weeks, aggregates of T cells and macrophages appear into mature 

granulomas (Evequoz 1985). 

The formation of granulomas is a T-dependent process (Cromartie 

1977; Wahl 1986). Although Kupffer cells and macrophages are important 

in producing proinflammatory monokines and growth factors, including 
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IL-1, the activation of these cells is dependent upon T cells (Schmidt 1982; 

Wahl 1979). Two to three weeks after the SCW injection granulomatous 

lesions develop within the liver. Using cell-specific monoclonal antibody, 

cellular constituents of the granuloma reveals aggregates of T lymphocytes 

(W3/13) of the helper/inducer subset (W3/25), with few suppressor/cytotoxic 

(OX8+). Monocyte/macrophage (Ia+) are especially prominent at all stages 

of granuloma evolution (Wahl 1979). In the absence of T cells, 

macrophages are unable to independently mediate SCW-induced 

granuloma development and fibrosis (Wahl 1979). Congenitally athymic 

(mu/rnu) rats and rats treated with cyclosporin A, a fungal metabolite that 

blocks T cell proliferation and lymphokine production, develop only an 

acute inflammatory reaction which resolves completely (Ridge 1985; Yocum 

1986). Intact granulomas and mononuclear cells derived from granulomas 

spontaneously elaborate soluble factors that stimulate fibroblast 

proliferation. Characterization of these granulomas revealed monokines 

and lymphokines including IL-1, IL-2, CSF, and fibroblast activating factor 

(FAF). CsA treatment inhibited the production of IL-2 and F AF but not IL-

1, CSF, and the macrophage-derived FAF (Evequoz 1985). 

Macrophages have been shown to produce a variety of mediators in 

response to bacterial products and other agents (Hunter 1984). The 

production of pro-inflammatory molecules such as IL-1 and PGE2 by 

macrophages are directly related to activation by such agents (Gilman and 

Lewis 1984; Hunter 1984; Jie 1991; Seitz 1982). Manthey et. al. found that 

0.03 µg/ml of SCW induced IL-lp and TNF-a mRNA produced by Kupffer 

(Manthey 1992). In addition to the mononuclear cells, granulomas also 

include a large number of mast cells and fibroblasts (Claman 1985). 

During maturation, granulomas progress to fibrotic nodules secondary to 

the fibroblasts which proliferate and make collagen (Wahl 1986). 

Processing of the SCW by Macrophages, 
Macrophages are derived from blood monocytes, which originate 

from the myeloid system of the bone marrow. Macrophage processing of 

the poorly degradable SCW provokes a chronic condition that leads to the 

development of inflammatory lesions and tissue destruction within the 
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organs in which sew is deposited (Yocum 1986). In lesions with low cell 
turnover, the. number of resident macrophages may suffice, but in lesions 
of high turnover rates, monocytes are recruited from the blood (Ryan 1969). 

Macrophage processing of bacteria and/or their products is associated with 
the releases of IL-1, TNF, and leukocyte endogenous mediators (Hunter 
1984). Macrophages also release lysosomal hydrolases and neutral 
proteases, all of which promote inflammation and tissue degradation 
(Hunter 1984). 

As already pointed out, group A sew localized within macrophages 
in the inflammatory lesions. The persistence of sew within these cells is a 

critical element in the chronic inflammation and granuloma formation 
(Smialowicz 1977). In contrast, cell walls from group D streptococci are 
rapidly eliminated from tissue and do not induce chronic and recurrent 
lesions (Schwab 1967). Group D organisms are readily degraded by 

macrophages. In vitro studies indicate that the inability of macrophages to 
degrade sew is not due to a lack of phagosome-lysosome fusion. 
Phagocytosis of group A and group D sew by macrophages was found to be 
similar (Smialowicz 1977). 

Macrophages are important in wound healing and repair of tissues 
damaged by inflammation. Yet, some of the cytotoxic products of activated 

macrophages may damage the endothelium, fibroblasts, smooth muscle 
and parenchymal cells. Macrophage activation and respiratory burst are 

suppressed by TGF-B1 and TGF-B2. These opposing effects necessitate a 
coordinate response in wound healing, in which macrophages are 

recruited to scavenge debris and stimulate the growth of fibroblasts and 
endothelial cells but are suppressed in their activities which could be 
detrimental these cells (Tsunawaki 1988). 
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CM9Jriues, 
Kupffer cells (liver macrophages) in Lewis rats play a key role in the 

initial inflammatory process by producing a host of monokines and growth 

factors responsible for the perpetuation of the inflammatory process and 

ultimately granuloma formation in the liver (Wahl 1986). Some of the 

cytokines that may be involved in this process include IL-6, TNF-a, TGF-P, 

and IL-lp. 

Interleukin 6 (IL-6). 

IL-6 is also known as B cell stimulating factor 2 (Hirano 1985), INF

p2, plasmacytoma/hybridoma growth factor (Zilberstein 1986), and 

hepatocyte-stimulating factor (Gauldie 1987). IL-6 stimulates 

immunoglobulin synthesis (Hirano 1985), enhances myeloma cell growth 

(Van Damme 1987), and stimulates T lymphocyte growth and 

differentiation (Takai 1988). It also regulates acute phase protein synthesis 

by hepatocytes (Baumann 1984). IL-6 is synthesized by a variety of cells 

including fibroblasts, macrophages, T cells, B cells, synovial cells, 

endothelial cells and keratinocytes (Astaldi 1981; Tosato 1988). 

The expression of the IL-6 gene is enhanced by many different 

cytokines such as IL-1, TNF, platelet growth factor, and INF-P (Kohase 

1987; Tosato 1988; Van Damme 1987). IL-1 also induces IL-6 production in 

fibroblasts, endothelial cells, keratinocytes and human monocytes (Tosato 

1988). Peripheral blood monocytes can also be stimulated by LPS and IL-1 to 

produce IL-6 (Tosato 1990). In human myelomas, IL-6 is produced 

constitutively and functions as an autocrine growth factor (Tanabe 1988). 

IL-6 may interact with IL-1 and TNF and it has been found in chronic 

arthritis in humans (Walsh 1992). The role of IL-6 in various inflammatory 

sites and its production by a variety of cells suggested that it may play a key 

role in SCW-induced hepatic granuloma. Especially, important was the 

relationship between its production and that of IL-1, TNF, and TGF. 

Tumor Necrosis Factor (TNF). 

Tumor necrosis factor (TNF) has been associated with in vitro and in 

vivo killing of tumor cells. This activity was found originally in the sera of 
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mice and rats injected with either the Mycobacterium bovis strain 
Calmette-Guerin (BCG) or other immunoregulatory agents, and 
subsequent challenged with endotoxin (Pennica 1984). TNF is also known 

as cachetin. Lymphotoxin (LT) a product of activated T cells is another form 
of TNF. Both factors share some functional similarities including 
competition for the same cellular receptors. In humans TNF is 32% 

homologous to human LT. Based on their tight genetic linkage to major 
histocompatibility and other functional similarities a different 
nomenclature has been adapted. Cachetin is now referred to as TNF-a , 
and lymphotoxin is referred to TNF-P (Ruddle 1987). 

Initial findings on TNF-a drew attention to its anti-tumor activities, a 

necrotic effect on certain transplantable tumors of mice, and a cytocidal 
activity against tumor cells in culture (Carswell and Williamson 1975). The 
cidal activity was demonstrated in shock and tissue injury produced by 

lipopolysaccharide (LPS) and has been associated with in vitro and in vivo 
killing of tumor cells (Tracey 1986). The major source of TNF is activated 
macrophages (Pennica 1984). TNF induces IL-1 production in human 
mononuclear cells (Dinarello 1986), which in turn stimulates collagenase 
and prostaglandin E2 production (Dayer 1985), growth of human 

fibroblasts, and expression of c-myc mRNA in Rela cells and expression of 
certain HLA- antigens in tumor cells (Mawatari 1989). TNF also 

stimulates T cells (Rosenwasser 1979), increases acute phase protein 
hepatic synthesis (Kishimoto 1989), activates neutrophils (Klempner 1978), 
and stimulates prostaglandin E2 synthesis (Dinarello 1981). 

TNF is a pleitropic cytokine with diverse effects on many cell types 

which is dependent on concentration, presence of other cytokines, and end 
organ response. It has been identified in many inflammatory lesions and it 
could be an important mediator in granuloma formation in the rat SCW 
model. Previous data using Kupffer cells stimulated in vitro has 
demonstrated the production ofTNF-a mRNA and secretion ofTNF 

(Manthey, 1992). However, this work did not address the ex vivo production 
or relationship, if any to IL-6. 
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Transforming Growth Factor·~ (TGF·~). 
Macrophages are important in wound healing and repair of tissues 

damaged by inflammation. Yet, some of the cytotoxic products of activated 

macrophages may damage the endothelium, fibroblasts, smooth muscle 
and parenchymal cells. Macrophage activation and respiratory burst are 
suppressed by TGF-B. These opposing effects necessitate a coordinate 
response in wound healing, in which macro phages are recruited to 

scavenge debris and stimulate the growth of fibroblasts and endothelial 
cells but are suppressed in their activities which could be detrimental to 
these cells (Tsunawaki 1988). 

TGF-~ is a 25-kDa multifunctional peptide which exists in 3 forms; 

TGF-B 1, 2, 3 (Sporn 1983). TGF-B is a potent chemoattractant for human 
peripheral monocytes, an important factor in monocyte recruitment. It 
also plays a role in the synthesis of mediators of fibroblasts growth and 
activity in wound healing (Wahl 1987). TGF-~ appears to play an important 

role in rheumatoid arthritis and SeW-induced rat arthritis by inhibiting 
anchorage-independent growth of synoviocytes (Lafyattis 1989; Roberts 
1986). In vitro observations suggest that several cell types in rheumatoid 
synovial tissue may secrete TGF-~, including activated macrophages, 

lymphocytes and fibroblast-like cells (Assoian 1987; Kehrl1986; Lyons 1988). 
TGF-B induces fibrosis, angiogenesis, and collagen formation in vivo 

(Roberts 1986). TGF-~ inhibits IL-l production, IL-2- dependent T cell 

proliferation (Assoian 1987; Wahl 1986), and cytotoxic T cell generation 
(Mule 1988), and proliferation of macrophage and hemopoietic precursor 

cells (Strassmann 1988). TGF-B is a chemoattractant for monocytes and 
stimulates IL-l mRNA expression and secretion. It also deactivates 
macrophages and inhibits macrophage precursor cell proliferation 
(Tsunawaki 1988). TGF-~ may promote scarring and reparative processes 

in arthritic synovial tissue and inhibit cartilage and bone destruction in the 
surrounding tissue. Its release by synoviocytes may serve as a regulatory 
factor which elevates destruction induced by infiltrating inflammatory cells 

on bone and cartilage (Lafyattis 1989). 
The unique ability ofTGF-~ to augment certain aspects of the 

immune response while at the same time suppressing others suggests an 



important role for this factor in the immuno-regulation of chronic 

inflammatory disorders. TGF-P may be involved in regulating several 
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aspects of the inflammatory process in rheumatoid arthritis and in SCW 

injected arthritis. Expression and secretion of TGF-P has been 

demonstrated in the supernatant of SCW-stimulate Kupffer cells (Manthey 

1992). 

Interleukin-I (IL-1). 

IL-1 has two distinct but structurally similar forms (IL-la, IL-lp). 

In addition to its production by macrophages and synovial fibroblasts, IL-1 

is also made by B cells (Scala 1984), T cells (Tartakovsky 1986), large 

granular lymphocytes (Scala 1984), endothelial cells (Libby 1986), astrocytes 

(Fontana 1982), muscle cells (Libby 1986), keratinocytes (Kupper 1986), and 

several types of fibroblasts (Le 1987). 

IL-1 has pleitropic effects on a variety of cells. IL-1 directly activates 

T cells to produce IL-2. Both IL-1 and IL-2 stimulate the production of other 

inflammatory mediators, such as arachidonic acid metabolites, from a 

variety of cell types (Oppenheim 1986). Regulatory signals that induce IL-1 

production may therefore contribute to the maintenance, amplification and 

perpetuation of the inflammatory response, leading to the pathologic 

changes within arthritic joints (Dalton 1989). IL-1 produced by 

macrophages stimulates collagenase and PGE2 production by rheumatoid 

synoviocytes (Mizel 1981). In addition, it stimulates collagenase gene 

expression and proliferation of dermal fibroblasts (Kumkumian 1989). IL-1 

plays a key role in immune activation and various inflammatory responses 

by continuous production at the site of inflammation (Dalton 1989). IL-1 is 

also involved in fibroblast proliferation, and its production by infiltrating 

mononuclear cells may contribute to the fibrosis seen in the chronic 

inflammatory disease state (Schmidt 1982). 

IL-1 has been shown to be important in triggering various 

inflammatory events of collagen-induced arthritis, and thereby contributes 

to the pathogenesis of this form of murine arthritis. TNF induction results 

in the appearance of IL-la mRNA and a significant increase in IL-1~ 

mRNA in human fibroblasts (Le 1987). It was of interest therefore, to 
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determine the extent of IL-1 expression in the livers of SCW-injected rats, 

as well as by isolated Kupffer cells. The relationship to TNF-a, TGF-~ and 

IL-6 production was also of interest. 

The development of hepatic granuloma by bacterial cell wall 

antigens is a model of inflammation that lead to tissue injury. A variety of 

peptide signaling molecules are induced in leukocytes by streptococcal cell 

wall in a complex pattern, resulting in the development of hepatic 

granuloma in Lewis rats. Deposition of this poorly degradable bacterial cell 

wall results in a chronic inflammatory state. This process is accompanied 

by cellular infiltration, matrix synthesis and fibrosis. Kupffer cell 

involvement and contribution is of importance because of sequestration of 

sew within these cells during the development of chronic inflammatory 

lesions in the liver. The identification of mediators of inflammation 

released by Kupffer cells for continual mechanism of recruitment and 

activation is important during the development of hepatic granuloma. 

Aiws of this research, 
The purpose of this research was based on the hypothesis that the 

interaction of SCW with Kupff er cells plays a key role in the development of 

SCW-induced hepatic granuloma. To test this, the following specific aims 

were done. 1) The isolation and identification of highly purified (> 90%) 

population of Kupffer cells. 2) Characterization of various functional 

activities of Kupffer cells (phagocytosis, chemotaxis, respiratory burst) in 

the absence and presence of SCW. 3) Transcriptional and secretion of the 

key monokines IL-6, IL-1~ and TNF-a. 4) Evaluation of cell surface marker 

changes in response to sew. 
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(MurNAc-GLcNAc) 

MUrNAc= N-acetylmuramic acid 

GLcNAc= N-acetylglucosamine 

Rh= rhamnose 

Fig. 1-1. Schematic representation of group A streptococcal cell wall. 
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CHAPTER II 

METHODS AND MATERIALS 

Preparation of Streptococcal Cell Wall (SCW). 
Group A Streptococcus pyogenes type 3 was grown in Todd-Hewitt 

media at 370 C in a 10 liter fermenter under aerobic conditions. Cell 
suspensions were heat-killed at 600 C for 4-5h. The cells were collected in 
500 ml bottles and centrifuged at 10,000 rpm for 20 min. The pellets were 

resuspended in 4% SDS and sonicated (W-385 model, Heat System 
Ultrasonics, Farmingdale, New York) for 3 min to disrupt the cell walls. 
This suspension was incubated at room temperature (RT) for 18h. The SDS 
was removed by a series of washes with PBS. SDS-free pellets were 
resuspended in 100 ml of PBS containing 30 mg each of DNase (Sigma) and 
RNase (Sigma) and incubated at 370 C for 4h. The suspension was 
centrifuged and washed twice with PBS and resuspended in 100 ml of PBS 

containing 30 mg of trypsin (Sigma). This mixture was incubated at 370C 
for 18h centrifuged, washed twice with PBS, and sonicated for 1h at full 
power. The sonicate was centrifuged at 10,000 rpm for 20 min, and a 

sample of the supernatant was used to determine rhamnose concentration 
(Cromartie 1977). 

Rhamnose Assay. 
Rhamnose assays were used to determine the concentration of SCW 

(Krause 1961). Standard concentrations of rhamnose (50 Ilg/ml) and the 

SCW preparation were set up in triplicate. Serial dilutions of SCW from 
1:10-1:50 were used and standard.s were diluted 1:4, 2:3, 3:2 and 4:1. To each 
tube, 4.5 ml of diluted (6:1 in water) sulfuric acid was added, and the 
contents were mixed by vortexing. The tubes were placed in boiling water 
for 10 min and allowed to cool to room temperature. To all tubes, except for 

a blank, cysteine was added to a final concentration of 0.3%, the tubes were 
vortexed and incubated on ice for 2h. Optical density was measure at 396 



nm and 430 nm, and concentration of rhamnose was estimated from a 

standard curve. 

Animals. 
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Pathogen-free, inbred female LEWIN rats (150-175 gram weight) were 

obtained from Harlan Sprague Dawley (Indianapolis, IN), and housed in 
University Animal Care, University of Arizona health Science Center 
(Tucson, AZ.). 

Induction of Hepatic Granuloma 
Hepatic granuloma were induced as previously described (Cromartie 

1977). Sonicated SCW was injected illtraperitoneally into female LEWIN 
rats. The dose of SCW was 50 flg cell wall rhamnose/gram of body weight. 

Five female LEWIN rats were injected with 50 flg of SCW rhamnose and the 
degree of granuloma was scored on a scale of 0 to +4 by an indenpendent 
observer and further confirmed by liver sections stained with haematoxylin 
and eosin. A score of 0 represents liver tissue closely resembling the 
normal liver. A score of +4 represents liver with extensive fibrosis and 
numerous granuloma lesions. 

Kupffer Cell Isolation. 
The procedure for isolation and purification of Kupffer cells was 

based on methods described by Knock and revised in our laboratory (Fig. 2-
1) (Knook 1976). Anesthetized (pentobarbital 50 mg/kg) rats were prepared 
for liver perfusion by inserting an indwelling catheter in the portal vein. 
The indwelling catheter was tied in place by tightening a ligature placed 

around the vein. The vena cava was located and severed to allow an outlet 
during perfusion. The liver was perfused with Gey's buffer (Gibco, Grand 
Island, New York) for 3 min, excised, and post-perfused with 0.2% pronase 

followed by 0.05% pronase and 0.05% collagenase. The liver was then 

chopped with a sterile blade and incubated at 370 C with 0.2% pronase and 

0.05% collagenase. The resulting cell suspension was filtered through 

sterile nylon gauze and centrifuged at 300 x g for 10 min. The pellet was 
resuspended in Gey's buffer and placed on 30% metrizamide for 
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centrifugation at 600 x g for 20 min. The interface was collected and 
injected slowly into the precooled (40 C) mixing chamber of an elutriator 
(Beckman, JE-6B Elutriator, Palo Alto, CA). Four 150-ml fractions were 
collected in 50-ml polypropylene tubes by varying the flow rate and 

maintaining the rotor speed at 3250 rpm. Flow I'ates were: Fraction I, 18 
mllmin (lymphocytes); Fraction II, 32 ml/min (endothelial cells); Fraction 

III, 48 ml/min.-55 mllmin. (Kupffer cells). Cells were recovered by 
centrifugation of the collected fractions at 300 X g for 10 min (Garvey 1984). 
After cell recovery, viability was determined using 0.2% eosin Y. 

Peroxidase Cytochemistry. 
Peroxidase staining was performed with a peroxidase, 

myeloperoxidase kit from Sigma (Sigma Diagnostics, ST. Louis MO). 
Briefly, a sample of the elutriator fraction of Kupffer cells was added to 

slides and fixed in glutaraldehyde-acetone and placed in diaminobezidine
hydrogen peroxide solution. The slides were then placed in copper nitrate 

solution and subsequently in hematoxylin solution. After a series of 
ethanol dehydrations, the slides were treated with xylene and mounted for 
the detection of peroxidase positive cells by light microscopy. 

Immunoperoxidase Staining. 
Immunoperoxidase staining of Kupffer cells was carried out 

according to Green et al (Green 1989). Briefly, slides were fixed in 100% 
acetone and blocked with goat serum. Primary antibody, ED2 (Bioproducts 

for Science, Indianapolis, Indiana) was added to the slides and incubated 

for Ih, rinsed and incubated in biotinylated secondary antibody goat-anti 
mouse. Slides were washed and avidin-biotin complex was added for 30 
min. After several washes, slides were subjected to nickel cobalt enhanced 
solutions. The localization of Kupffer cells was indicated by the deposition 
of a black precipitate. 

Phagocytosis of Latex Beads. 

Elutriator fractions corresponding to Kupffer cells were mixed with 
2.0 micron diameter fluoresbrite platin red latex beads (Polysciences, 



29 

Warrington, PA) at a ratio of 100 beads per one cell for 30 min at 370C. 
Fluorescence was observed with a fluorescence microscopy for the presence 
of fluorescing intracellular beads. 

Phagocytosis of sew by Kupffer Cells. 
The elutriator fractions corresponding to Kupffer cells were analyzed for 

morphological characteristics and phagocytosis on a J eol 100 CX2 transmission 
electron microscope (TEM). Isolated elutriator fractions (5 x 106 /ml suspension) 
were mixed with opsonized staphylococci for one hour at 370 C for phagocytosis. 
The cells were pelleted, washed and fixed in 1% buffered glutaraldehyde at 40 C for 
1h. Cells were washed and post-fixed in buffered osmium tetraoxide (Os04) for 

another hour. The pellets were treated with a series of ethanol dehydrations, 
placed in fresh embedding media (Epoxy resins), and polymerized over night at 
600 C. The pellets were thin-sectioned using a diamond knife, stained with uranyl 
acetate and lead citrate, and examined under TEM for the presence of 
intracellular S. aureus within the Kupffer cells (Weakley 1981). 

Determination ofKupffer Cell Phenotype by Flow Cytometric Analysis. 

The markers examined were Ia (MCA 45F, mouse monoclonal Ab to rat 
class II MHC), ED2 (antibody to rat macrophages), and antibody to total rat T cell 
surface markers (Bioproducts for Science Indianapolis, Indiana). Briefly, 200 JlI 
of 1 x 106 cells were added to 1 Jlg of specific antibody. The cells were mixed and 
incubated on ice for 30 min. The mixture was washed twice with cold PBS, 
resuspended in secondary FITC-Iabeled goat anti-mouse antibody (F(Ab)2 IgG), 

and incubated on ice for 20 min. The labeled cells were washed and examined by 

flow cytometry (FACScan, Becton Dickinson, San Jose, CA). Viable cells were 
counted and analyzed with the software package consort 30 (Becton Dickinson, 

San Jose, CA). 

Phagocytosis ofSCW by Kupffer Cells 

Kupffer cells were incubated with various concentrations of SCW for 1h. 
The cells were washed twice with PBS and fixed in absolute acetone for 10 min. 

2% heat inactivated goat serum (blocking sera) was added and the slides were 

incubated for 20 min in a humidified chamber. The slides were rinsed and 
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incubated in primary Ab, rabbit anti-streptococcus Ab (Difco Laboratories, Detroit, 
Michigan) for 30 min. The slides were washed with PBS three times and 
incubated with secondary Ab (FITC labels goat anti rabbit) for 30 min and 
examined by fluorescence microscopy for the detection of phagocytosed SCW 

within the Kupffer cells. 

Peritoneal Macrophage IsolatioJL 

Peritoneal macrophages were prepared as described previously (Mannel 
1980). The cells were collected by I.P. injection of 20 to 25 ml of RPMI 1640 
medium (Gibco, Grand Island, NY) and subsequent aspiration of the cell 
suspension with a syringe. The cells were washed several times and adjusted to 
1-2 x 106 cells/ml. 

Chemotaxis. 
Isolated Kupffer cells or peritoneal macrophages were adjusted to 1 x 

106/ml in Gey's balance salt solution containing 2% BSA, 100 U/ml 
penicillin, 100J..lg/ml streptomycin, and 0.015 M Hepes. These cells were 
treated with various concentrations of SCW for 1h at 370 C, washed and 
placed in the top well of the 48-well Boyden chamber. The bottom well of the 
chamber contained zymosan activated C5a chemotactic fraction (5 mg/ml of 

normal rat serum was incubated at 370 C for 1h and heat inactivated at 560 C 

for 30 min. The supernatants were collected by centrifugation at 1100 x g, 
and a 5% solution was used in all experiments). The upper and lower 
chambers were separated by a 5 micron polycarbonate membrane 
(Nuclepore Corp., Pleasanton, CA) (Snyderman 1972). The chamber was 

incubated for 5h at 370 C, the polycarbonate filters were removed, fixed in 
methanol and stained with Diff-Quick. The cells which migrated through 
the membrane were counted under high power light microscopy. 

Chemotactic activity was defined as the standard mean (± SEM) of the 
number of cells that migrated through the pores field for each of triplicate 
filters (Snyderman 1972). 
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Phagocytic Ability of Kupffer Cells Treated with sew. 
Freshly isolated Kupffer cells and peritoneal macrophages (P.M0) 

were incubated in the presence of media control or various concentrations 

of sew for lh, washed, and incubated with fluorescein isothiocyanate 

labeled Staphylococcus aureus (Polysciences, INC. Warrington, PA) for 15 

min. A phagocytosis ratio of 60 bacteria to 1 Kupff er celt or P .M0 was used. 

Flow cytometric analysis was performed on the Becton-Dickinson FACScan 

analyzer. The data analysis was done on a Hewlett Packared 9000 series 

computer (model 310) with the consort 30 version E program. A gate was 

set using Kupffer cells without any bacteria to eliminate collection of events 

from clumps of bacteria, debris, or dead cells. Ten thousand events per 

sample were collected to determine the percent P.M0 with cell-associated 

FITC-labeled bacteria. An equal volume of trypan blue (2 mg/ml in 0.02 M 

citrate buffer) was added to each sample prior to re-collection. The 

percentage of macrophages with intracellular FITC-labeled bacteria was 

calculated from statistical analysis with the software package consort 30. 

Respiratory Burst Activity of Kupffer Cells. 

Respiratory burst assays were performed according to the Fc-

Oxy Burst method (Molecular Probe, Eugene OR) (Ryan 1990). This assay 

incorporates a fluorogenic substrate for the measurement of oxidative burst 

of viable leukocytes. An initial base line reading for Kupffer cells alone was 

taken with the FACScan analyzer. 120 µg /ml of immune complex 

(Dichlorodihyrofluorescein covalently bound to zymosan (zym), 

incorporated in the Ag-Ab complex (zym anti zym Ab)) was added to 

1 x 106 Kupffer cells, and fluorescence intensity was measured every 10 

seconds for 7 min. In all experiments, Kupffer cells were incubated with or 

without various concentrations of SCW for lh, washed, and assayed for 

respiratory burst. 

MTI' Colorometric Assay. 

MTT colorometric assays were used to measure cell activation in 

Kupffer cells treated with SCW. A stock solution of MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide, Sigma, St. Louis) 
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was prepared by dissolving 7.5 mg MTT/ml in DMEM media (Gibco, Grand 
Island NY) pH 7.5 and filtered through a 0.22 Ilm filter. The colorimetric 
MTT assay to measure cellular activation has been previously described 
(Gerlier 1986). Kupffer cells (1 x 106 cells/ml) in the microtiter plate were 

combined with 50 III of MTT solution and incubated at 370C for 2h. The 
plate was centrifuged (2 min, 1500 rpm) and the supernatants were 
carefully discarded by vacuum aspiration. 100 III of 0.04 N HCL in 
isopropanol were added to each well and mixed. The plate was read on a 

Titertek Multiskan ELISA reader at wavelength of 570 nm and a reference 
wavelength of 630 nm. 

TNF-a. Production by Kupffer Cells. 
The enzyme linked immunoassay (ELISA) for rat TNF-a. has been 

previously described (Jie 1991). The 96-well plates (Dynatech Immulon 2) 

were coated with 50 III of hamster anti-murine TNF monoclonal antibody 
(Genzyme, Boston, MA) diluted 1:500 in carbonate buffer, pH 9.6 and 
incubated at 40C overnight. The plates were washed, and 100 III of 2% 

bovine serum albumin (BSA) in PBS was added to each well. After 

incubation at 370 C for 1h, the plates were washed, and 50 III of diluted 
standard in PBS-Tween 20 (recombinant murine TNF, Genzyme) or cell 

culture supernatants were added. Mter washing, 50 III of rabbit anti
murine TNF-a. polyclonal antibody was added to each well, and incubated at 

370 C for 1h. The plates were washed and 50 III of goat-anti-rabbit IgG
horseradish peroxidase-conjugated (diluted 1:5,000 in PBS-Tween 20) was 
added to the wells. After incubation at 370 C for 1h, the plates were washed 
3 times in PBS-Tween and (30% H202 in 10 ml of ABTS was added) followed 

by the addition of 100 III of ABTS CO.54g of2.2' -Azino-bis(3-

ethylbenthiazoline-6-sulfuric acid) and 21.0 g citric acid in 1 liter of water, 
pH 4.2). Mter 30 min incubation at room temperature the plates were read 
on a Titertek Mutilskan plus at 405 nm. 

IL-6 Bioassay. 
IL-6 activity in Kupffer cell supernatants were measured in a 

proliferation assay using IL-6-dependent B9.9 hybridoma cells. B9.9 cells 
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were maintained in Iscoves's Modified Dulbecco's Medium, 5% fetal calf 
serum and 1% penicillin and streptomycin. B9.9 is an IL-6 dependent 
murine B cell hybridoma established in the laboratory of Lucien Aarden 
(Aarden 1987). B9.9 cells were maintained in culture by addition of purified 

IL-6 (1 ng/ml) (R & D system, Minneapolis, MN), every three days. Prior to 

use, cells were washed five times in phosphate buffered saline, 
resuspended in complete medium, and plated at 5000 cells/well in 96-well 
flat-bottom microtiter plate. After 44 hr incubation in the presence of 
various concentrations of Kupffer cell supernatants, the B9.9 cells were 
pulsed overnight with 3H-thymidine, harvested on glass fiber filters, and 
radioactivity measured in a scintillation counter (LS 3801, Beckman, 

Fullerton, CA) (Callery 1990). The TNF concentrations were expressed as 
pg/ml based on a standard curve derived using recombinant IL-6. 

RNA Isolation. 
Isolated and purified Kupffer cells were culture at 4 x 106 cells/ml in 

60 x 15 mm flasks (Falcon 3002, Becton Dickinson, Lincoin Park, New 
Jersey). The cells were lysed in guanidine isothiocyanate (GITC) lysis 

buffer for total RNA extraction as has been previously described 
(Chomczyski 1987). For each 50 million cells (approximately 35-50 million 
Kupffer cells per isolation),l ml of GITC solution was added, and the 

solution was thoroughly vortexed. To reduce viscosity, the lysate was 
passed through an 18-gauge needle 5-7 times. To the sheared mixture, 0.5 
ml of a solution containing 0.1 M Na acetate, 1 mM EDTA, and 10 mM Tris 
was added. Phenol was added and the suspension was sheared again. An 

equal volume of chloroform:isoamyl alcohol was added and the entire 
solution subjected to further shearing for 10 min. The aqueous phase was 
harvested, and the phenol-chloroform extraction was repeated until the 
protein interface was negligible. A final extraction with chloroform
isoamyl alcohol (24:1) was performed and the aqueous phase was 
precipitated with 2.5 volumes of absolute ethanol. RNA concentrations 
were determined by spectrophotometric analysis at wavelengths of 260 nm 

and 280 nm (Maniatis 1982). 
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Northern Blot 
Isolated RNA was fractionated on the basis of size by formaldehyde

agarose gel electrophoresis (Lehrach 1977). Gel preparation was as follows. 
To 0.75 g of agarose, 54.1 ml water was added and the mixture was boiled to 

dissolve the agarose. The solution was cooled to 600 C, and 13.42 ml of 37% 
formaldehyde and 0.75 ml of 10 X MOPs were added. RNA samples were 
heated to 550C for 15 min and immediately placed on ice. RNA loading 
buffer (50% glycerol, 1 mM EDTA, 0.4% bromophenol blue, 0.4% xylene 
cyanol) was added, and the RNA samples were loaded into the gel. The gel 
was run at 4 V/cm length of the gel for 3h in buffered 1 X MOPs. 

The transfer apparatus was pre-cooled to 40 0 and the apparatus 
sponges presoaked in 1 X MOPs buffer. A piece of Biotran nylon membrane 
(lCN, East Hills, New York) about the size of the gel was cut and placed in 
1 X buffer for presoaking. Two pieces of 3-mm filter paper slightly larger 

than the gel were also soaked in MOPs buffer. The nylon membrane was 
put on the gel and placed between a filter paper sandwich so that the nylon 
membrane is toward the anode. Transfer at 40 0, was completed 10 V for 30 
min, followed by 2h transfer at 40 V. The membrane was then placed 

between 2 dry filter papers and dried at 70-8000 for 2h (Maniatis 1982). 
The Biotran nylon membrane containing fractionated RNA was 

soaked in prehybridizing solution (50% formamide, 5 X Denharts (Sigma, 

St. Louis, MO), 5 X SSPE, 0.1% SDS and 100 flg/ml denatured salmon sperm 
DNA). The filter was placed in a 4200 water bath in a sealed plastic bag. 
The probe was boiled for 10 min and snapcooled. Probe was added to a . 

concentration of 1-2 X 106 cpm/ml in prehybridization buffer. Bags 

containing the radioactive probe and membrane were incubated overnight 
at 420 C in a shaking water bath. The nylon membrane filters were washed 
in 2 X SSO + 0.1 % SDS at 50-550 0 twice, wrapped in Saran wrap and 
exposed to X-ray film with an intensifying screen (Schibler 1978). 

eDNA Probes and Labeling for Northern Analysis 
pBR322-derived vector containing murine TNF-a. cDNA insert 

encoding the 1100 BP EeoRI fragment was obtained from Genentech (San 

Franciscio, OA) (Penniea 1984). The eDNA probe for rat IL-6 was a gift 
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from Dr. Northemann (Freiburg, Germany) (Northemann 1989). The 

mature rat IL-6 insert (901 bp, PstIlBamHI fragment) was isolated from the 
Bluescript plasmid. The ~-actin cDNA probe, a 600 bp XbaI fragment, was 

a gift of Dr. B. Komm (University of Pennsylvania, Philadelphia, PA). The 
IL-~ was a gift from Dr. Tsutomu Nishida (Otsuka pharmaceutical, 
Tokushima, Japan). A BarnHI fragment encoding a 648 bp IL-~ insert was 

isolated from pGEM-3Z plasmid DNA. 
The random priming oligolabelling kit (Pharmacia LKB) was used to 

radioactively tag DNA with 32P-Iabeled dCTP. In this protocol as little as 

25-50 ng of DNA gave 1-2 x 109 cpm/Ilg. Twenty five ng of DNA was 
dissolved in 34 III of water, denatured by heating for 2-3 min in boiling 
water, and placed on ice for 2 min In a separate tube, 10 ~ll of reagent 
mixture, denatured DNA, 5 III of 32p_ dCTP (3000 CiJmmol) and 1 III of 
Klenow fragment were mixed and incubated at 370 C for 1h (Maniatis 1982). 
Sephadex Quick spin G-25 colums (Boehringer Mannheim Biochemicals, 
Indianapolis, IN) were used to separate an-incorporated nuc1eotides from 
the labelled DNA probe. 

Transformation and Plasmid Preparation. 
TNF-a, IL-6, IL-l~ and ~-actin plasmids were transformed into 

competent E. coli bacteria by the calcium chloride method (Maniatis 1982). 

These plasmid were isolated using a mini-plasmid and or large scale 
plasmid isolation kits (Promega , Madison WI). The purified plasmids (5 
Ilg) were cut with the appropriate restriction endonucleases and run in a 
preparative ultra pure agarose gel, (BRL, Gaithersburg, MD) in 0.5 - lX 

Tris-borate-EDTA (TBE) buffer (Maniatis 1982). Submarine-horizontal 
gels were cast and run with a DNA Sub Cell Bio RAD (Richmond, CA). 
DNA was recovered from an agrose gel with the Gene Clean purification 
system (Bio 101, La Jolla, CA). 
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CHAPTER III 

RESUL1S 

Part I: Characterization of Kupfi'er Cells. 
The liver contains multiple cell types including lymphocytes, 

endothelial cells, red blood cells, Kupffer cells and hepatocytes. Kupffer 

cells were isolated and purified according to Knook's procedure (Knook 

1990), as modified in our laboratory. Elutriator-purified fractions 

corresponding to Kupffer cells were identified by several methods based on 
phenotypic morphology, adherence properties, phagocytic ability, 

peroxidase staining, forward scatter and side scatter dot blot analysis, and 

immunohistochemistry. 

a) Forward Scatter and Side Scatter Analysis by flow cytometry. 
The overall homogeneity of a population of cells can be determined 

using forward and side scatter measurements obtained with a flow 

cytometer (Bijman 1986). Side scatter measures the granularity of the 

cells analyzed while forward scatter measures the cell size. Side scatter is 

plotted on the Y axis and forward scatter is plotted on the X axis of a dot 
plot. Macrophages are large cells with a high degree of granularity and 

appear in the upper right portion of the dot plot. The elutriator fraction 

corresponding to Kupffer cells was examined in the flow cytometer 

(FACScan) by measuring side scatter (SSC) and forward scatter (FSC) 

appears to contain a 85 % homogenous population of cells with similar size 

and granularity as shown in Fig 3-1. 

A single gate was established to set the upper and lower boundaries 

for FSC intensity to restrict the population of cells analyzed and minimize 

the effect of doublets and debris (Fig. 3-1). These gates were set to ensure 

pure populations of Kupffer cells for analysis of cell surface markers. 
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b) Uptake of Staphylococcus aureus. 
Kupffer cells can be distinguished from other sinusoidal cells by their 

ability to phagocytize large particles. On the basis of well described 
morphological criteria, Kupffer cells can also be identified with electron 
microscopy (Widmann 1972). Isolated Kupffer cell morphological 
characteristics include extended pseudopodia, kidney shaped nuclei, 
lysosomal structures and large phagocytic vacuoles (Knook 1977). To 

determine the ability of the elutriator isolated cells to phagocytize S. aureus, 
the cells were incubated with the bacteria and analyzed by transmission 
electron microscopy. Electron micrographs of the elutriator fraction 
demonstrate phagocytosed bacteria (Fig. 3-2B) as well as morphological 

characteristics of Kupffer cells including pseudopodia, kidney shaped 
nuclei, lysosomes and large phagocytic vacuoles (Fig. 3-2A). In this 
elutriator fraction, greater than 90% of the cells contained intracellular 

S. aureus . 

c) Phagocytosis of Latex Beads. 
The ability of the elutriator isolated Kupffer cells to phagocytose large 

particles was also demonstrated with fluorescent beads (Dunn 1981). 
Isolated elutriator fraction cells were allowed to phagocytize fluoresbrite 
platin red latex particles (2.0 micron diameter). The presence of these latex 
particles in isolated Kupffer cells was easily detected by fluorescence 
microscopy as shown in Fig 3-3.. More than 95% of isolated Kupffer cells 
phagocytized the fluorescent beads as evidenced by the presence of latex 
beads in the cytoplasm of these cells (Fig. 3-3) . 

d) Peroxidase Staining. 

Kupffer cells are the only cell type resident in the liver that 
demonstrates endogenous peroxidase activity (Pilaro 1986). Peroxidase 
staining was performed on the elutriator fraction to determine the purity of 
Kupffer cells in the isolated fraction. Kupffer cells are positive for the 
peroxidase and peroxidase staining determines the presence of endogenous 

peroxides within the Kupffer cells (Hanker 1978). 
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Kupffer cells were visualized with light microscopy by examining 
small samples of cells for peroxidase histochemical staining. Peroxidase
positive cells demonstrated a gray-black intracellular granulation. 
Lymphocytes and other sinusoidal cells are negative for peroxidase. 

Greater than 85% of the isolated Kupffer cells are positive for endogenous 
peroxidase (Fig. 3-4). This data indicate that the isolation technique 
employed generated a population of cells that were> 90% Kupffer cells. 

e) Immunoperoxidase St.aining with Monoclonal Antibody to Kupffer Cells. 
Kupffer cell are an adherent cell population and express surface 

markers identified by the mouse monoclonal Ab ED2 (Barbe 1990). Using a 
specific monoclonal antibody (mouse anti rat ED2) to rat Kupffer cells, 
further evaluation of purity and isolation techniques can be determined. 

Cells were cultured overnight and stained with ED2 monoclonal antibody 
and are shown in Fig 3-5 to be positive for ED2. The presence ofED2 
positive, brown intracellular granulation within the isolated cells can was 
visualized microscopically. Greater than 85% of the cells were positive for 
the ED2 monoclonal antibody. Fig. 3-5 also demonstrates that the isolated 

elutriator fraction are adherent and spread morphology suggest 
macrophage cell type. 

Summary of Kupffer Cell Characteristics. 

The isolation procedure of liver Kupffer cell produced a homogenous 
population of cells as demonstrated by forward and side scatter analysis. 

Further characterization of the functional ability of these cells as 

determined by phagocytosis assay. These cells were found to phagocytose S. 
aureus and latex beads. The resident cells of the liver responsible for 
primarily phagocytic activity are resident Kupffer cells. I further 

demonstrated that the elutriator fraction are Kupffer cells by peroxidase 
staining and detection of the surface marker ED2. 
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Part IT: Kupffer Cells Functions in Response to SCW. 
To further elucidate the role of Kupffer cells in SCW mediated 

granuloma formation, the effect of sew pretreatment on various Kupffer 
cell functional abilities was analyzed. Kupffer cell functions were analyzed 

in the presence and absence of sew and compared to P.Mf/.I in the presence 
and absence of sew. P. Mf/.I were used as a control to assess if the response 
of Kupffer cell is similar to other types of macrophages. 

a) Phagocytosis of sew by Kupffer Cells. 
Studies of granuloma formation induced by sew have inferred that 

Kupffer cells sequester sew (Yocum 1986). In vitro analysis of Kupffer 

cells required the demonstration of Kupffer cell mediated phagocytosis of 
sew. Further functional analysis of sew on Kupffer cells hinges upon the 
internalization of sew. Polyclonal Ab to sew was employed to 
demonstrate the phagocytosis of sew by Kupffer cells. 

Increasing concentrations of sew (0.4-100 Ilg) were added to Kupffer 
cells. The cells were stained with polyclonal anti-SeW using 
immunofluorescence microscopy as shown in Fig. 3-6. Secondary antibody, 

in the absence of primary antibody was used as negative control. Using a 
fluorescent microscope, sew were visualized within Kupffer cells as 
fluorescent green particles within the cells (Fig. 3-6A). Secondary Ab 
staining is shown in Fig. 3-6B and is negative. The higher the 

concentration of sew the greater the amount of positive fluorescence was 

seen. 

b) Chemotactic Ability of Kupffer Cells and Peritoneal Macrophages in 
Response to SCW. 

The response of Kupffer cells to chemotactic agents is an important 
mechanism for the infiltration of these cells to an inflammatory site. A 
chemotactic assay was used to determine whether internalization of sew 
by Kupffer cells had any effect on their response to e5a chemoattractant. 
Chemotactic responsiveness of Kupffer cells and peritoneal macrophages 

in response to zymosan activated chemotactic factor (ZAeF) was performed 

using a Boyden chamber. Kupffer cells exhibited a reduced chemotactic 
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response in comparison to peritoneal macrophages (Fig. 3-7). Chemotaxis 
of Kupffer cells was inhibited by concentrations of SCW as low as 0.04 
~g/m1. Conversely, peritoneal macrophages were more chemotactic even 
when exposed to concentrations of 4 ~g/ml of SCW (Fig. 3-8). 

c) Phagocytic Ability ofKupffer Cells and Peritoneal Macrophages 

Subsequent to Incubation with sew 
One of the primary roles of macrophages is the phagocytosis of 

antigens. In order to determine the effect of SCW pretreatment on the 
ability of Kupffer cells to phagocytize a subsequent antigen, a phagocytosis 
assay was performed. A phagocytosis assay using trypan blue-quenching 

of extracellular fluorescence bacteria (FITC-S. aureus ) and the 
measurement of percent intracellular phagocytosed bacteria by flow 
cytometric analysis has been previously described (Hed 1986). 

Direct examination of Giemsa-stained smears can not distinguish 

between bacteria attached to the surface of Kupffer cells and those which 
are intracellular. U sing a flow cytometric phagocytic assay, intracellular 

and extracellular bacteria can be distinguished and the effect of SCW on 

phagocytic function can be determined. This technique has been used to 
monitor phagocytosis of Candida albicans (Bjerknes 1984; Hed 1986; Knook 
1990), red blood cells (Loike 1983), E. coli (Ohman 1982), and S. aureus 
(Bassoe 1984). The fluorescence associated with macrophages was derived 

from the fluorescence of the total number of FITC-Iabelled bacteria, both 
adhered and intracellular. The addition of trypan blue, which does not 
penetrate living Kupffer cells, chemically quenches the fluorescence of only 

extracellular FITC-Iabeled staphylococci but not the intracellular bacteria. 
Consequently, the unquenched fluorescence measured was derived only 
from the internalized FITC-staphylococci. 

Peritoneal macrophages and Kupffer cells were incubated with 

various concentrations of media control or SCW, and mixed with FITC
labeled staphylococci added at the ratio of 60 bacteria to 1 macrophage. Fig 
3-9 shows FITC-Iabeled S. aureus gives substantial positive fluorescence 

which can be chemically quenched by the addition of trypan blue. This 

demonstrated that this technique can be used to measure intracellular 
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phagocytic particles only. The flow cytometry analysis of the phagocytosis 

of FITC-staphylococci indicated that the previous phagocytosis of SCW did 

not compromise the ability of either macrophage population to further 

phagocytize other particles. In both populations, the percentage of 

phagocytosis (The percent Kupffer cells or P. M0 with intracellular FITe

labelled bacteria) was around 60-70% (Fig. 3-10, 3-11). The reduction of 

phagocytosis in both macrophage populations when a high concentrations 

of sew (200 µg/ml) was used were found to be statistically insignificant 

(Fig. 3-10, 3-11) . 

d) Oxidative Burst (Fc-OxyBurst) Activity of Kupffer Cells and Peritoneal 

Macrophages in Response to sew. 
The ability of macrophages to phagocytose bacteria is the first step in 

the removal of antigens and involves oxidative burst. To examine the effect 

of sew pretreatment on the ability of Kupffer cell to generate molecules 

associated with the respiratory burst, the Fc-OxyBurst technique was 

utilized. 

The oxidative metabolic burst of stimulated phagocytic cells can be 

monitored by oxygen consumption assays, hexose monophosphate shunt 

activity, chemiluminescence, generation of reactive oxygen derivatives 

(hydrogen peroxide, superoxides, hydroxyl radicals), or formation of 

products of redox reactions (protein iodination, tetrazolium dye reduction) 

(Dechatelet 1987). There assays are not sensitive when applied to 

macrophages. Using flow cytometry and a receptor-mediated phagocytosis 

technique developed by Molecular Probes (Fc-OxyBurst), studies were done 

to quantitatively monitor the oxidative burst (H202 production) in 

phagocytic vacuoles (Ryan 1990). Nonfluorescent 2', 7'-dichlorofluorescein 

(DCFH) was incubated with Kupffer cells or P. M0 and diffused into the 

phagocytic cells where it was oxidized to the highly fluorescent 2', 7'

dichlorofluorescein (DCF) by H202 and oxygen derivatives generated by 

glucose oxidase, glucose or xanthine oxidase and acetaldehyde (Bass 1983). 

The nonfluorescent DeFH molecule was covalently linked to zymosan to 

form an immune complex with anti-zymosan immunoglobulin which 

allows for Fe receptor mediated phagocytosis. DCFH molecules was 
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converted to the fluorescent fonn (DeF) which can be detected by flow 
cytometry. The amount of fluorescence detected was proportional to the 
degree of oxidative burst activity. 

Peritoneal macrophages were very efficient in superoxide production 
even when exposed to high concentrations of sew (200 flg/ml) (Fig. 3-12). 

High concentrations of sew (1000 flg/ml) initially delayed the superoxide 
production in these cells. However; sew suppressed the oxidative burst in 
Kupffer cells in a concentration dependent manner, not only in peak 

response, but also in the overall amount of oxidative burst over time as 
compared to control (Fig 3-13). 

e) MIT Colorometric Assay for Testing Macrophage Activation 

One of the possible mechanisms by which sew is sequestered and 
not digested in macrophages of the liver is by the suppression of activation 
of Kupffer cells. A consequence of such a suppression might be the inability 
of Kupffer cells to clear the insulting antigen. The MTT assay was 
employed to determine the activation capacity of Kupffer cells after 
exposure to sew. 

'rhe MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium 
bromide) colorimetric assay has been previously described (Mosmann 1983) 
for the measurement of cell survival and proliferation. It also has been 
used successfully to quantitate macrophage-mediated cytotoxicity (Ferrari 

1990; Mosmann 1983). The amount of MTT reduced by cellular 
mitochondrial dehydrogenases to its blue formazan derivative during a 2h 
culture in microtiter plates was dependent upon the internal redox 

potential within Kupffer cell, and this potential was increased upon 
stimulation (Mosmann 1983). The stimulation of Kupffer cells in response 
to various concentrations of sew as well as LPS as a control was 
measured. Mter 2h incubation of Kupffer with LPS (1.2 flg/ml), there was a 
significant rise in activation. However, the apparent stepwise increase in 
activation of Kupffer cells treated with sew was not statistically significant 
(Fig. 3-14). The overnight incubation ofLPS with Kupffer cells was not 

stimulatory, whereas 40 Ilg/ml of sew had a maximum stimulatory 
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influence on Kupffer cells (Fig. 3-15). SCW at other concentrations was also 

stimulatory, but these values were found not to be significant. 

f) Tumor Necrosis Factor and IL-6 Production by Kupffer Cells. 

To examine whether the phagocytosis of SCW by Kupffer cells 

stimulated the production of key cytokines important in 1nflammation and 

granuloma formation Il-6 and TNF were measured. Kupffer cells isolated 

from Lewis rats were plated at 1 x 106 cells/ml in 16-well plates, and 

cultured overnight in the presence of various concentrations of SCW, LPS 

(0.1-lµg/ml) or media control. Supernatants were removed 24h later for 

measurement of TNF-a by ELISA and IL-6 by bioassay. Moderate 

concentrations of SCW (0.4-4 µg/ml) were not sufficient to induce Kupffer 

cells to produce soluble TNF-a (Fig. 3-16). Higher concentrations of TNF-a 

were induced when greater concentrations of SCW ( 40-100 µg/ml) were 

used (Fig. 2-16). Kupffer cells cultured with low concentrations of LPS 

showed high levels of TNF-a (Fig. 3-16). Supernatants from Kupffer cells 

treated with SCW (or LPS as a positive control) were also examined for the 

production of IL-6. Cells cultured with LPS or SCW expressed high levels of 

IL-6. SCW in low to moderate concentrations ( 4-40 µg/ml) was a powerful 

inducer of IL-6 expression, whereas at high concentrations (100 µg/ml) it 

was not stimulatory (Fig. 3-17). High levels of IL-6 were also detected using 

as little as 0.1 µg/ml of LPS (Fig. 3-17). 

g) Ex vivo production of 'INF and IL-6 by Kupffer Cells 

Kupffer cells were isolated from rats (100-150 g) 2 to 72h post 

intraperitoneal injection with either saline or sterile aqueous SCW and 

cultured overnight. The supernatants were collected and analyzed for 

levels of TNF-a and IL-6. The production of TNF-a by Kupffer cells isolated 

at 2h, 6h, 12h, 24h, post SCW injection was comparable to normal cells. By 

48-72h post SCW injection, TNF-a production had significantly increased 

(Fig. 2-17). 

On the other hand, the IL-6 production was transient. High levels of 

IL-6 were found at 2h post SCW injection. IL-6 levels dropped to untreated 
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control levels at 6 to 48h. But by 72h post sew injection levels increased 
dramatically (Fig.-19). 

h) Kupffer Cell Surface Antigen Expression After sew h\jection. 

To determine the effect of exposure to sew on surface markers, 

Kupffer cells were isolated from rats that had and had not been injected 

with sew, and their markers were compared by flow cytometry. 

Kupffer cells were collected from normal or rats injected 2-72h after 

the sew injection. Purified Kupffer cells were immediately analyzed via 

flow cytometry for the expression of pan T cell markers (T), MHe class II 

(Ia) antigen, and the rat macrophage marker ED2. Ia and ED2 positive 

cells were present in high percentages as early as 6h post sew injection 

(Fig. 3-20). This increase in cell surface expression correlated with 
increased infiltration of cells into the liver as characterized by increased 
liver size and 2 to 3 fold increase in cells recoverable from the liver (Fig. 3-
20). 

i) Kupffer Cell mRNA Expression ofMonokines in Response to sew In 

Vitro. 
Kupffer cells express monokines in response to antigens (Manthey, 

1992). To evaluate the effect of sew on the monokine gene expression of 
Kupffer cells Northern blot analysis of total RNA was performed. 

Purified Kupffer cells were cultured overnight and then stimulated 

with various concentrations of sew (or O.l~g/ml LPS as a comparison) for 

3h. RNA was isolated from these cells and subjected to Northern blot 
analysis for IL-1~, and IL-6 mRNA expression. While the expression of 

both IL-1~ and IL-6 mRNA in untreated cells was low, it was markedly 

induced by treatment with sew or LPS (Fig. 2-21). The concentration of 
sew required for maximum induction of IL-1~ and IL-6 mRNA was 
comparable to that required for the expression of soluble TNF-a and IL-6 

(Fig. 3-16, 3-18). 
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j) Kupffer cell m.RNA expression of monokines from granulomatous liver. 

In an effort to determine the key inflammatory monokines expressed 

in granulomatous lesions, northern blot was performed. 

Kupffer cells from granulomatous livers were examined for the 

mRNA expression of TNF-a and IL-1~. Kupffer cells were isolated from 6 

weeks post-SCW injected animals. mRNA was extracted immediately and 

examined by northern blot analysis. In these particular experiments in 

addition to Kupffer cells another fraction containing both endothelial and 

Kupff er cells were also examined. While cells from uninjected animals 

expressed low levels of TNF-a and IL-1~, northern hybridization 

demonstrated high level expression of TNF-a and IL-1~ in Kupffer cells 

purified from rats six weeks after SCW injection (Fig. 3-22). 
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Fig. 3-1. Dot plot representing distribution of cells from isolated Kupffer 
cells analyzed on a flow cytometer. Forward (FSC) and side scatter (SSC) 
analysis indicates that there is only one homogeneous population of cells 
present. The square represents a gate for analysis of cell surface markers 
within the gated area. 
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B 

Fig. 3-2. Transmission electron micrograph of isolated Kupffer cells. 
These cells have a low nucleus to cytoplasm ratio, cytoplasmic protrusions 
such as pseudopodia and numerous phagocytic vacuoles. Transmission 
electron microscopy also revealed the phagocytosis of several 
staphylococcus i.e. (arrow), a functional characteristic of macrophages. A) 
represents magnification of 4,000X, of Kupffer cells and B) represents the 
magnification of 5.8,000X of Kupffer cells and phagocytosed Staphlococcus. 
The arrow indicates internalized bacteria 
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Fig. 3-3. Phagocytosis of latex beads by Kupffer cells. Photomicrograph 
( 400X) of isolated Kupffer cells containing numerous latex beads observed 
with a combination of fluorescence and conventional bright light 
microscopy. 
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Fig. 3-4. Peroxidase stained Kupffer cells. Photomicrograph ( 400X) of 
isolated Kupff er cells stained for endogenous peroxidase. A peroxidase
positive stain is indicated by a dense reaction product in the cytoplasm. 
Greater than 85% of the isolated Kupffer cells were peroxidase-positive. 
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Fig. 3-5. Characterization of Kupffer cell surface marker ED2. 
Immunohistological staining ( 400X) of the elutriator fraction 
corresponding to Kupffer cells cultured overnight and stained with ED2. 
Black precipitate represents an immuoperoxidase positive reaction for the 
ED2 marker i.e. (arrow). This photomicrograph is indicative of a typical 
Kupffer cell preparation. 
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A 

B 

Fig. 3-6. Phagocytosis of group A streptococcal cell wall antigen by isolated 
Kupffer cells. A) photomicrograph demonstrates cytoplasmic 
immunofluorescent staining (bright green fluorescence) of Kupffer cells 
with internalized SCW. B) Secondary antibody control demonstrates only a 
yellowish color which is negative. 
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Fig. 3-7. ehemotaxis of Kupffer cells. Isolated Kupffer cells (2 x 106 cells 
/ml) incubated for lh with various concentrations of sew assayed for 
chemotactic activity in response to zymosan-activated e5a for 5 hat 37oe. 
This graph represents a compilation of three separate experiments Values 
represent the mean ± SEM of the number of Kupffer cells that migrated 
through 5 µm pore filters. Four fields of triplicate samples were counted. 
(* represents P values < 0.05) 
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Fig. 3-8. Chemotaxis of peritoneal macrophages. Isolated peritoneal 

macrophages (2 x 106 cells /ml) treated with varying concentrations of SCW 
for lh, washed and assayed for chemotactic activity in response to zymosan 

activated C5a for 5h at 37°C. Values represent the mean + SEM of the 
number of peritoneal macrophages that migrated through 5 µm pore. filter. 
Four fields of triplicate samples were counted. (* represents P value of 
<0.05) 
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Fig. 3-9. Flow cytometric analysis of phagocytosed FITC-labeled S. aureus. 
This histogram represents fluorescence quench with trypan blue. Ten 
thousand events from FITC-labeled S. aureus were collected with and 
without the addition of trypan blue. The solid line represents mean 
fluorescence from FITC-labeled S. aureus. The dotted line shows 
fluorescence quenched by trypan blue. 
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Fig. 3-10. Phagocytosis of S. aureus by sew treated Kupffer cells. Flow 
cytometric analysis of sew-treated Kupffer cells mixed with FITe-labeled 
S. aureus opsonized in normal rat serum. Kupffer cells were incubated at 
37oe with different concentrations of opsonized sew for lh and then 
washed. FITe-labeled S. aureus were incubated with Kupffer cells at a 
ratio of 60:1 for 15 min at 37oe. Ten thousand events per sample were 
collected with a flow cytometerwith and without the addition of an equal 
volume of trypan blue. The fluorescence histograms are representative of 
the mean ±SEM from 3 experiments. There was no significant changes in 
percent phagocytosis in Kupffer cells treated with increasing 
concentrations of sew. 
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Fig. 3-11. Phagocytosis of S. aureus by sew treated peritoneal 
macrophages. Flow cytometric analysis of sew treated peritoneal 
macrophages mixed with FITe-labeled S. aureus opsonized in normal rat 
serum. Peritoneal macrophages were incubated at 37°e with different 
concentrations of opsonized sew for lh and then washed. FITe-labeled S. 
aureus were incubated with P. M0 at a ratio of 60:1 for 15 min at 37oe. Ten 
thousand events per sample were collected with a flow cytometer with and 
without the addition of an equal volume of trypan blue. The graph 
represents fluorescent intensity of 3 experiments. The Y axis represents 
the percentage of P. M0. which have phagocytosed bacteria. There was no 
significant changes in percent phagocytosis of peritoneal macrophages 
treated with increasing concentrations of sew. 
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Fig. 3-12. Oxidative activity of peritoneal macrophages. Time course of 
fluorescence of resting cells and stimulated peritoneal macrophages 
treated with sew. P. M~ were incubated with different concentrations of 
sew for lh, washed and the Fc-OxyBurst assay was performed over a 7 
min period by flow cytometry. Fluorescence was measured at the indicated 
times after the addition of Fc-OxyBurst to the cell suspension. With 
increasing concentrations of sew, the Fc-OxyBurst response remained 
unchanged until very high concentrations of sew (1000 µg/ml) were 
reached. This graph is representative 3 experiments in which similar 
patterns were observed. 
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Fig. 3-13. Oxidative burst activity of Kupffer cells in response to sew. Time 
course of fluorescence of resting and stimulated Kupffer cells incubated 
with sew. Kupffer cells were incubated with different concentrations of 
sew for lh, washed, and Fc-OxyBurst assay was performed over a 7 min 
period by flow cytometry. Fluorescence was measured at indicated times 
after addition of Fc-OxyBurst to cthe ell suspension. The oxidative burst in 
Kupffer cells was reduced in a inverse relationship to the sew 
concentration. This graph is representative of fluorescence intensity from 
histograms of 3 experiments where similar patterns were observed. 
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Fig. 3-14. MTT assay on 2h incubation of SCW-treated Kupffer cells 
incubated with SCW. Cells were plated in the presence of either LPS or 
SCW for 2h at 370c. MTT was added to the wells, and plates were incubated 
for an additional 3 h, developed, and measured. Data are reported as mean 
absorbance values obtained from three experiments, each consisting of 
three replicates for each variable. (* represents P value < 0.05) 
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Fig. 3-15. MTT assay on overnight culture of SCW treated Kupffer cells. 
MTT formazan production in Kupffer cells incubated with SCW. Cells were 
plated in triplicates in the presence of either LPS or SCW for 24h at 370c. 
MTT was added to the wells, and plates were incubated for an additional 
3h, developed and measured. Data are reported as mean absorbance 
values obtained from three experiments, each consisting of three replicates 
for each variable. (* represents P value < 0.05) 
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Fig. 3-16. TNF production by sew treated Kupffer cells. TNF production by 
Kupffer cells incubated with increasing concentrations of sew. Kupffer 
cells were plated in 12-well plates (6 x 106 cells I well) and cultured in 1 ml 
of serum-free DMEM containing the indicated stimuli. Supernatants were 
harvested at 24h and assayed for TNF as described in the methods. Values 
represented are mean + SEM of 3 experiments performed in triplicate. (* 
represents (P values of <0.05) 
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Fig. 3-17. TNF production by Kupffer cells isolated from rats treated at 
different time points with SCW. Isolated Kupffer cells were plated in 12-

well plates (6 x 106 cells/well) and cultured in 1 ml of serum-free DMEM 
containing the indicated stimuli. Supematants were harvested at 24h and 
assayed for TNF as described in methods. Values are mean± SEM of 2 
experiments done in triplicate. (* represents P value < 0.05) 
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Fig. 3-18. IL-6 production by sew treated Kupffer cells. IL-6 production of 
Kupffer cells following stimulation with LPS or sew. Kupffer cells were 
incubated at 37oe in DMEM supplemented with 5% FBS. After 24h 
incubation, the supernatants were collected and tested with hybridoma
dependent IL-6 cells. IL-6 concentration in the samples were estimated 
from a standard curve and compared with known concentrations of IL-6. 
Results are expressed as mean ±....SEM and represents three individual 
experiments performed in triplicate. 
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Fig. 3-19. IL-6 production by Kupffer cells isolated from sew treated rats. 
Kinetics of Kupffer cell IL-6 production from rats injected with sew. 
Kupffer cells were isolated at different times after sew injection and 
incubated at 37oe in DMEM supplemented with 5% FBS. After 24h 
incubation, the supernatants were collected and tested in the hybridoma
dependent IL-6 cells. IL-6 concentrations in the samples were estimated 
from a standard curve and compared with known concentrations of IL-6. 
Results are expressed as mean ±_SEM and represent two individual 
experiments performed in triplicate. 
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Fig. 3-20. Cell surface antigen expression of Kupffer cells from SCW 
treated rats. Kinetics of cell surface antigen expression of Kupffer cells 
isolated from SCW-injected rats. Fluorescence intensity changes were 
determined in stained samples of 10,000 light scatter-gated viable cells. 
Each sampling time represents Kupffer cells combined from two rats. 
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Fig 3-21. Expression of IL-lP and IL-6 mRNA in Kupffer cells stimulated 
with sew. Total RNA was collected from isolated Kupffer cells cultured 
overnight in 25 cc flask (4 x 106 cells/ml) and then subjected to sew or LPS 
for 3h. Lane A) 15 µg of total RNA from Kupffer cells. Lane e) induced 
expression of IL-lP and IL-6 by LPS (0.1 µg/ml) treated Kupffer cells, lane 

D) induced expression of IL-lP and IL-6 by sew (0.4 µg/ml) treated Kupffer 
cells, and Lane E) shows induced level of IL-lP and IL-6 by SCW (4.0 µg/ml) 
treated Kupffer cells. The membrane filter was hybridized with either rat 
IL-lP, rat IL-6 or P-actin control. 
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Fig. 3-22 Kupffer cell expression of TNF-a and IL-lP mRNA. Kupffer cells 
from uninjected, and 6 weeks after sew treatment (granulomatous livers) 
were lysed with guanidinium thiocyanate, and Northern blot analysis of 
total RNA was performed. Lane A) Kupffer cells from uninjected rat, Lane 
B) Kupffer cells from six weeks sew treated rat. Lane e) Mixture of 
Kupffer cells, lymphocytes and endothelial cells from the elutriator. The 
membrane filter was hybridized with rat IL-lP, mouse TNF-a and P-Actin 
control. 



69 

CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

Inflammatory cell infiltration from the blood into the tissues 
represents an important component of the inflammatory response, 
however, it is not the mere localization of these cells that is so critical but, 
rather their responses to the stimuli in the tissue upon their arrival. The 

interaction between resident phagocytic cells and infiltrated inflammatory 
cells is a natural response aimed at clearing the insulting antigen. The 
regulation of this response is dependent on the nature of the antigen and 
the cooperation of inflammatory cells at the site of inflammation. 

The present study investigated the interaction of Kupffer cells (liver 
macrophages) with streptococcal cell wall (SeW) in an inflammatory model 
of hepatic granuloma induced by sew. Possible mechanisms for 
involvement of Kupffer cells in hepatic granuloma formation were 
examined in vitro and in vivo with this model. 

The main objective of this study was to ascertain Kupffer cell 

involvement in sew induced hepatic granuloma. In order to study this 
role we had to obtain a pure population of Kupffer cells for analysis. The 
Kupffer cell isolation technique using pronase/collagenase digestion, 

metrizamide gradient separation, and elutriator purification was 

employed. The elutriator fraction containing Kupffer cells has been 
previously described (Knook 1977). This fraction was analyzed by various 
methods to determine purity. 

Flow cytometry was used to determine the relative purity of this 
fraction based on the side versus forward scatter profile characteristics of 
macrophages (Bijman 1986). Based on this analysis the elutriator fraction 
appeared to be granular and larger than lymphocytes with a greater than 

90% homogenous population of cells (Fig. 3-1). To further corroborate that 
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the elutriator fraction was indeed a macrophage population more specific 
techniques were used. 

The only cell population in the liver that are positive for peroxidase 

are Kupffer cells. Therefore, the elutriator fraction was examined for the 
presence of endogenous peroxidase and was found to be > 85% peroxidase 
positive (Fig 3-4). 

Morphological characteristics of the elutriator fraction showed the 
isolated cells were phenotypically macrophages. These characteristics 
included extended pseudopodia, numerous vacuoles, kidney shape nuclei 
as demonstrated by electron microscopy (Fig. 3-2). In addition, this 
population was largely adherent to plastic which is typical of macrophages 
(Fig. 3-5). 

One of the primary functions of macrophages is their ability to 
phagocytize large particles. The elutriator fraction corresponding to 
Kupffer cells was tested for phagocytic function using fluorescent latex 
beads and S. aureus. Electron micrographs showed that greater than 90% 
of these cells contained intracellular S. aureus (Fig. 3-3 & 3-2B). These 
results were supported by fluorescence microscopy of fluorescent latex 

beads within the macrophages. 
The development of SeW-induced hepatic granuloma has been 

shown to be associated with the prolonged presence of sew within the liver 
(Wahl 1988). Tissue sections of the liver granuloma demonstrated sew 
within a mononuclear cell type. To establish that this population was 
indeed Kupffer cells we tested the ability of purified populations of Kupffer 
cells to internalize sew. Immunofluorescence microscopy using 

polyclonal antibody to sew indicated that sew was indeed phagocytized by 

Kupffer cells. This observation was critical because internalization of sew 
by Kupffer cells may play important role in the development of hepatic 

granuloma. If Kupffer cells have any role in the development of sew
induced hepatic granuloma formation, then it is likely that sew alters 
normal Kupffer cell functions. Therefore, our next objective was to test the 
effects of pretreatment of sew on Kupffer cell functions. 

The chemotaxis of phagocytic cells is critical to the inflammatory 
reaction. These cells infiltrate to a site in response to chemotactic factors 
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where they release inflammatory molecules. It was important to establish 
whether or not the chemotactic ability of Kupffer cells was altered as a 
result of sew phagocytosis. We found that chemotaxis of Kupffer cells 
exposed to sew was suppressed with as low as 0.04 j.1g/ml of sew (Fig. 3-7). 
Conversely, P. M~ which were used for comparison, were consistently 
efficient in their chemotactic ability (Fig. 2-8). In fact, P.M~ displayed 
enhanced chemotaxis when treated with sew. These differences were 
probably a manifestation of the maturity (tissue specific differentiated state) 
of the Kupffer cells, a tissue macrophage versus the, circulating peritoneal 
macrophages. 

Phagocytosis is primarily a protective mechanism of highly 

developed macrophages. Numerous methods are available for quanitation 
of the phagocytic uptake of particles. The flow cytometric analysis used 
here indicated that> 60% of both peritoneal macrophages and Kupffer cells 

phagocytosed Staphylococcus aureus. This activity was not affected by 
pretreatment of the cells with sew at any concentration (Fig. 3-10 & 3-11). 
This information was particularly surprising after reports that group A 
streptococcal peptidoglycan-polysaccharide (SeW) at 10 j.1g/ml inhibits the 
ability of human PMNs to take up Staphylococcus aureus (Leong 1984). 
Our results indicate that isolated Kupffer cells showed no impairment in 
their ability to phagocytose S. aureus after treatment with sew. This may 
suggest that the type and source of phagocytic cells are important in the 

interaction with sew. 
To obtain evidence on the activation status of macrophages treated 

with sew, MTT colorometric assays were performed. For comparison to 

sew, LPS was used as a control. LPS-treated Kupffer cells were highly 
activated early (2h) and this level of activation decreased below the base line 
value over a 24h period (Fig. 3-15). In contrast, SeW-treated Kupffer cells 

were not activated early but level of activation at 24h was comparable to that 
induced by LPS at 2h (Fig. 3-15). These differences in response to sew and 
LPS suggested that SeW-treated Kupffer cells remain in an activated state 
trying to destroy the poorly degradable sew. The molecular structure of 

LPS and sew are different, and this may contribute to the Kupffer cell 
response. 
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Oxidative burst is an important mechanism by which phagocytic 
cells destroy bacterial antigens. For example, in chronic granulomatous 

disease, polymorphonuclear leukocytes are suppressed in their respiratory 
burst activity. Therefore, it was important to establish what effect if any, 
sew might have on Kupffer cell respiratory burst activity. 

Both Kupffer cells and peritoneal macrophages produced superoxide 
in response to sew. There were differences however in the magnitude of 
the oxidative burst. Peritoneal macrophages superoxide production was 
unchanged over a wide range of concentrations (0.4-1000 Ilg/ml) (Fig. 3-13). 

On the other hand, the oxidative burst in Kupffer cells was reduced in a 

'concentration dependent manner, suggesting that sew has a more radical 
effect on Kupffer cells (Fig. 3-12). This suppression was surprising, as it 
has been shown previously that an increase in the oxidative burst in 
response to sew contributes to damage in the liver (Wahl 1988). 
Granuloma formation may occur as a result of the Kupffer cells inability to 
generate high enough concentrations of superoxide to clear sew. Kupffer 
cells are capable of generating low level respiratory burst activity as 
measured by glucose oxidation. However, this significantly increases 

following exposure to phorbol myristate acetate (PMA), as shown by an 
increased chemiluminescence and superoxide production in response to 
zymosan (Bhatnagar 1981). Others have shown a strong correlation 

between the ability of macrophages to generate reactive oxygen species and 
their ability to destroy intracellular pathogens (Murray 1979). 

In an effort to obtain more information about the role sew plays in 
Kupffer cell activation, we investigated the key inflammatory mono kines, 
TNF-a and IL-6 production in supernatants from overnight cultures of 

Kupffer cells treated with various concentrations of sew. In addition, we 
also studied the course of mono kine production during the first 72h time of 
this inflammatory process. We found Kupffer cells were prolific producers 
of TNF-a in response to sew in a concentration dependent manner (Fig. 3-

16). In ex vivo experiments, sew is injected in vivo, and Kupffer cells are 
removed at intervals (time post sew injection), and cultured for 24h. The 
supernatants were removed and tested for the production of TNF-a and IL-

6. The ex vivo experiments showed that TNF-alevels were not noticeable 
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until 48-72h post sew injection. The lack ofTNF-c:x. expression between 2-

48h could be due to the time necessary for sew to reach high enough 
concentrations within the liver or alternatively, the Kupffer cells had 
exhausted their cytokine production and a resting period of 24 h was 

required. The pattern of IL-6 production was significantly different from 
that of TNF -c:x. production. The production of IL-6 by Kupffer cells treated 

with various concentrations of sew was higher in response to low to 
moderate concentrations of sew (Fig. 3-18). IL-6 production was 
suppressed at higher concentrations of sew (Fig. 3-18). In contrast, the ex 
vivo experiments suggested a transient production of IL-6 which peaked at 

2h and decreased to base line and peaked again at 72h (Fig. 3-19). The high 

levels of IL-6 at 2h post sew injection represents IL-6 production after 2h 

in vivo sew stimulation and 24h ex vivo culture. Previous studies have 
shown that the kinetics of cytokine induction in response to sew was 
transient and resembled the transient kinetics induced by LPS (Manthey 
1992). Kupffer cells appear to have multifunctional roles in sew
granuloma formation. Phagocytosis and clearance of circulating sew by 
Kupffer cells induced the rapid elaboration of TNF-a , IL-1~ and TGF-~ 

which mediate leulwcyte infiltration and activation during the acute phase 
of hepatic infiltration (Manthey 1992). The increased production of TNF-a, 

IL-1~ and TGF-~ at the site of inflammation might further stimulate 
monocytes and other cells to express IL-1~, TNF-c:x., TGF-~ (Mceartney

Francis 1990) and other peptides known to promote angiogenesis and 
fibroblast proliferation (Wiseman 1988). 

The initial phase of inflammation in the liver does not require an 
intact thymus or functional thymus derived-lymphocytes, but these are 

essential for the development of chronic granuloma (Allen 1985). Previous 
studies have shown that the development of chronic granuloma is 
dependent upon the persistence of the cell walls in phagocytic mononuclear 
cells (Wilder 1983). Recently, a study by Manthey et al, (Manthey 1992) 
demonstrated that sew stimulated Kupffer cells in vitro elaborated soluble 
TNF-a, IL-1~ and TGF-~. 

To further understand the mechanisms of monokine production by 
Kupffer cells in response to sew, the in vitro mRNA expression of TNF-c:x., 
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IL-1~, and IL-6 by these cells was investigated. Our results along with 
those of Manthey (Manthey 1992) indicate high level expression of TNF-a 
and IL-1~ mRNA were produced early in response to low levels of SCW 

(Fig. 3-21). In addition, a similar pattern of mRNA expression was found 
for IL-6 (Fig. 3-21). These patterns of monokine expression correlated with 

other observations regarding the inflammatory response. Induction of the 
IL-6 gene was a very early event in the inflammatory response that leads to 
important secondary effects in the homeostatic defense system (May 1988). 
LPS has been shown previously to be a potent in vitro stimulus for IL-6 
mRNA up-regulation in monocytes (Kato 1990). The monokines IL-1, 1'NF 
and IL-6 have been shown to be important in the regulation of 
inflammatory responses by promoting the migration of inflammatory cells 

through vascular endothelium (Pohlman 1986), by inducing the production 
of acute reactive proteins (Gauldie 1987), and by affecting the expression 
and differentiation of bone marrow precursors into granulocytes and 
macrophages (Zucali 1986). IL-6 is produced by numerous cell types, 
including T and B lymphocytes, fibroblasts, monocytes, endothelial cells, 
and keratinocytes (Kishimoto 1989). Others have shown that rat Kupffer 
cells were the major producers of IL-6 in vitro, and viruses were potent 
inducers of IL-6 production. High levels of IL-6 were also detected in 

synovial fluids from the joints of patients with active rheumatoid arthritis 
(RA). The cells found in freshly isolated synovial fluid constitutively 

expressed IL-6 mRNA. These reports suggested that IL-6 may function as 
an inflammatory mediator, signaling tissue damage and modulating the 

host defense system in the liver especially, when the release of IL-6 by 
Kupffer can be induced by IL-1~ and TNF-a, both of which are involved in 

hepatic granuloma (Busam 1990; Callery 1990). 
In this experimental model of chronic granuloma, a consistent 

finding is the localization of cell wall material within macrophages in the 

lesions. However, in the absence of functional T lymphocytes (athymic 
rats), the injection of SCW did not trigger lymphokine production and 
organized granulomas did not develop in the livers (Wahl 1986; Yocum 

1986). This suggested that macrophage processing and release of key 

monokines were pivotal in T cell activation of the inflammatory cascade. 
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Finally we st.udied the cell surface marker expression in Kupffer 
cells during the initial phase of sew induced hepatic granuloma. In 
inflammatory processes induced by the introduction of foreign substances 
into tissue, the increase in the total number of macrophages resulted from 
the proliferation of resident cells as well as those derived from the blood 
monocyte. One marker of macrophage activation is the surface expression 
of class II major histocompatibility (Ia) antigens (Fuchs 1989). We found 
that Kupffer cells exhibited a significant increase in their Mac and la 

markers as early as 6h post sew injection. By 12h maximal Mac marker 
expression was seen (Fig. 3-20). However, these levels were reduced to base 
line by 24h and there after. This initial increase in Mac and la markers 
suggested an infiltration of monocytes into the liver as part of acute 
response to sew. 

Kupffer cell response to bacterial antigen is not limited to 

peptidoglycan of Gram positive bacteria, lipopolysaccharides, the endotoxin 

of gram-negative intestinal bacteria, has also been shown to activate 
macrophages. Kupffer cells have been identified as the first and most avid 
phagocytic cells for LPS passing through the portal vein. Detoxification by 

partial degradation and clearance of LPS occurs mainly in the liver 
macrophages. Through this interaction with LPS, peptide mediators such 
as TNF, IL-6 and IL-1 produced by Kupffer cells are induced (Decker 1990). 

Further studies involving the interaction between Kupffer cells and 

endothelial cells should be considered because of the importance of their 
adhesion molecules. Blocking certain adhesion molecules to limit 

infiltration might be the in stopping the attachment and proliferation of 

other cells such as fibroblasts which contribute to granuloma formation. 
In addition, blocking the release of specific cytokines such as 11,-1 and 
TNF-a ,which are known to activate T cells as well as macrophages, would 

be important in determining the actual involvement and regulation in this 
process. Evaluation of the biological role of Kupffer cells in inflammation 
in vivo would be important in demonstrating the time course and the 
source of each cytokine OL-6, IL-1P, TNF-a) in hepatic granuloma. 

Further studies using monoclonal antibodies, or soluble receptors to 



neutralize specific cytokines would be important in understanding the 
pathology of granuloma inflammation. 
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In summary, we were able to purify Kupffer cells to >90% as shown 
by morphological characteristics, and antibody staining. We have shown 
that internalization of sew by Kupffer cells does not compromise their 
ability to further phagocytose other particles. However, sew does suppress 
the respiratory burst in Kupffer cells but not in peritoneal macrophages. 
sew pretreatment inhibited the chemotaxis of Kupffer cells, but enhanced 
that of P. M~. Furthermore, we showed that sew treated Kupffer cells and 
those isolated from sew injected rats demonstrated an increase in 
monokine expression (TNF-a., IL-1P and IL-6), and released high levels of 

soluble proinflammatory mediators (TNF-a., IL-6). 
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ABSTRACT 

We investigated the effect of Diethyldithiocarbamate (DTC), an 
immunomodulating drug, on the development of streptococcal cell wall
induced arthritis and hepatic granuloma in female LEWIN rats. 
Treatment with DTC three times a week for six weeks begun either 24h 

prior, or 14 days after streptococcal cell wall (SCW) administration resulted 
in partial inhibition of acute phase arthritis and significant inhibition of the 
chronic proliferative, erosive synovitis and hepatic granuloma formation. 
In addition, flow cytometric analysis of cell surface markers and 

mononuclear cell proliferation studies demonstrated a reversal of some of 
the immunosuppressive effects of SCW. These data provide additional 
evidence of the important role of T cells and macrophages in this model. 
DTC may be a useful drug in understanding the cellular and molecular 
mechanisms involved in chronic proliferative and erosive synovitis and 
hepatic granuloma formation. 
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CHAPTER I 

INTRODUCTION 

Diethyldithiocarbamate (DTC), is a sulfur-containing compound with 
a molecular weight of 171 daltons with known immunoregulatory effects. 
DTC has been shown to enhance T cell mediated immunity in mice and 
humans without effecting B cell associated responses (Mossalayi 1986; 
Renoux 1979; Renoux 1980a; Renoux 1980b). In nude mice treated with 
DTC, normal T cell markers were expressed and lymphocytes became 
capable of proliferating in response to PHA (Renoux 1979). It has also been 

reported that DTC can increase the expression of T helper surface antigens 
on human peripheral blood lymphocytes (Pompidou 1985). The effect of 

DTC on T cell functions such as proliferation under mitogen stimulation, 

lL-2 production and T cell colony promoting activity, has been shown to be 
mediated by the adherent population (macrophage) (Chung 1985). Previous 
research in our laboratory has demonstrated that treatment of 
autoimmune MRL-Ipr/lpr mice with DTC resulted in increased survival, 
decreased lymphoproliferation, and decreased serum auto-antibody levels 
(Halpern 1990). These changes were associated with normalization of 

several surface antigens, including an increase in Lyt-2+ and Mac+ cells in 

the spleen and lymph node and decreased in the Lyt-2-1L3T4 (null) cell 
population that predominates in these mice (Halpern 1990). 

Systemic adminstration of an aqueous suspension of cell wall 

fragments from group A Streptococci and other bacteria into susceptible 

rats induces a biphasic response. An acute, self-limited polyarthritis 
developes which is followed by the development of a chronic proliferative 
and erosive polyarthritis as well as the formation of hepatic granuloma. 
Since the role of macrophages in this model is controversial, we have 
explored the effect of DTC, an immunomodulating drug which is thought to 
effect macrophages, on the develoment of arthritis and hepatic granuloma. 

We present data demonstrating that DTC markedly inhibits the erosive 

destruction of the joints and inhibits the development of granuloma in the 

liver of SCW-treated Lewis rats. The data support the concept that activated 
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T cells along with the adherent population (macrophages) play an 
important role in the development of the chronic inflammatory lesion 
induced in rats by peptidoglycan-polysaccharide-rich cell wall fragments 

from group A Streptococci. 
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CHAPTER II 

METHODS AND MATERIALS 

Animals. 
Specific pathogen-free, inbred female LEWIN rats (60 gram weight) 

were obtained from Harlan Sprague Dawley (Indianapolis, IN), and housed 
in University Animal Care, University of Arizona health Science Center 

(Tucson, AZ.). 

fuduction of Arthritis. 
The preparation of peptidoglycan-polysaccharide fragments from 

group A streptococcal cell wall (SCW) and the induction of polyarthritis 
were followed as previously described in detail by Wilder et.al (Wilder 1982). 
Briefly, a sterile aqueous suspension of sonicated SCW in phosphate buffer 
saline (PBS), pH 7.4, was injected intraperitoneally into female LEWIN rats 

at a dose equivalent to 50 Ilg of cell wall rhamnose per gram of body weight. 

Control animals were injected with PBS only. 

Clinical Evaluation. 
The rats were examined daily and graded for severity of arthritis by 

an independent observer according to the method of Wood et al (Wood 1969), 
as modified by Cromarti et al (Cromartie 1977). Each extremity distal to the 

elbow and knee was graded on a scale of 0-4 (0 = normal, +4 = sever 
inflammation), based on the number of joints involved, the degree of 
erythema and swelling, and the degree of distortion. Maximum score for 

each animal was 16. 

DTC Treatment Regimen. 
A dose range from 25 mg/kg to 800 mg/kg DTC (Imuthiol, Institute 

Merieux, Miami, FL) was injected intraperitonealy three times a week for 

six weeks. All control rats were injected with diluent (special buffered 
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diluent for DTC provided by Institute Merieux). There were a total of '7 rats 
per group. 

Histologic Evaluation 
Tissue specimens were fixed in 10% buffered formalin, and stained 

with hematoxylin and eosin (Wilder 1982). 

Cell Surface Antigens. 
Spleen and thymus cells were obtained from individual rats. These 

cells were analyzed using a Becton Dickinson F ACScan flow cytometer to 
determine changes in the percentage of cells staining positive for a given 

surface antigen, as well as shift in fluorescence intensity for these cell 
surface antigens (Miller 1978). Mouse anti-rat monoclonal antibodies 
(Bioproducts for Science, Indianapolis, IN), directed against a subset of T 

cell antigen homologous to CD4 (MCA 55), total rat T cells (MCA 52), rat 
macrophage antigen homologous to CR3 (MCA 275), rat Ia (MCA 45), and 
rat T suppresser/cytotoxic, homologous to human CD8 (MCA 48) were used. 
Briefly, one million cells were incubated on ice with one of the primary 
antibodies for 30 min. After washing, fluorescein isothiocyanate (FITC) 
conjugated goat anti-mouse antibody (Zymed, San Francisco, CA), were 
added and allowed to incubate on ice for an additional 30 min. Both 
unstained cells and cells incubated with secondary antibody were used as 

control for autoflurescence and nonspecific staining. For each stained 
sample, data from 10,000 light scatter-gated viable cells were analyzed 
using the Consort 30 software package (Becton-Dickinson). Cells were not 

fixed and were analyzed on the day they were stained. 

Lymphoproliferation. 
Spleen and thymus cells from control and treated groups were 

diluted in RPMI 1640 media (Gibco, Grand Island, NY) supplemented with 
25 mM Hepes, 10,000 D/ml penicillin, 10,000 D/ml streptomycin (Gibco), 5 x 
10-5 M 2-ME (Gibco), and 5% heat-inactivated fatal calf se!'Um (Hyclone, 

Logen, DT). Cells (5 x 105 per well) were cultured with 5 flg/ml Con A 
(Sigma, St. Louis, MO) at 370 C, 5% C02 for 72h. Cultured cells were then 
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pulsed with 1 J.lCilwell [3H]thymidine for 4h and lymphoproliferation was 
measured by determining incorporation of tritiated thymidine (Strong 
1973). 
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CHAPTER III 

RESUL'IS 

Effect ofDTC on the Development of SCW-InducedArthritis. 
As previously described, within 24-72h following a single 

intraperitoneal injection of SCW, untreated female LEWIN rats developed 
acute erythema and swelling, primarily involving wrists and ankles 
(Cromartie 1977). Pretreatment with DTC (25 mg/kg-BOO mg!kg) 24h prior 

to the SCW injection, followed by 3 treatments per week, resulted in a 

marked inhibition in the severity of the chronic polyarthritis. This effect of 
DTC was dose dependent as compared to SCW injected control and SCW 
diluent control (Fig. 1 & 2). There was no significant effect at low dose DTC 
treatment, but at 400 mg/kg to 800 mg/kg significant inhibition of the 
chronic arthritis was observed (Fig. 1 & 2). 

DTC had no effect on either the incidence of the chronic arthritis or 
the severity and incidence of the acute arthritis. The inhibition of the 

chronic phase was best seen in groups receiving ~400 mg/kg (Fig. 2A). At 

600 mg/kg (data not shown) DTC had a similar effect as with the BOO mg/kg 
(Fig 2B). Control animals not given SCW, but whom received diluent 
(buffered solution supplied by Meriux institute) developed no evidence of 

disease during the study. 
To assess whether DTC could affect the development of chronic 

polyarthritis if given after SCW administration, animals were injected with 
DTC (400 mg/kg) 3 times a week beginning at 14 days after SCW injection 

and continued receiving the drug until day 42, when the rats were 
sacrificed. While the chronic arthritis in these animals did not totally 
resolved, the severity of the chronic phase was markedly lower compared to 
the vehicle-treated control group (Fig. 3). 
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Effect ofDTC on the Liver Histopathologic Lesions Induced by SCW. 
Within 24-72h following SCW injection into genetically susceptible 

LEWIN rats an acute reaction also develops within the liver, characterized 
by infiltration of monocytes and neutrophils, edema, and deposition of fibrin 
(Yocum 1986) In the DTC (400 mg/kg) treated groups (DTC treatment 24h 
prior to SCW injection, and DTC treatment at 14 days after SCW injection) , 

H &E histological examination showed the occurrence of no granuloma 
with very low-grade infiltration of mononuclear cells, mainly in the 
periportal areas (Fig. 4C & D). The severity of arthritis and granuloma 
were scored and compared to the DTC treated animals (Table 1). DTC 
treated animals showed no sign of visible granulomatous lesion and in 
groups treated with 400 mg/kg the liver appeared normal. 

Effect ofDTC on SCW Induced Mitogenic Anergy. 
As previously described spleen mononuclear cells from SCW 

injected animals showed marked suppression in their proliferative 
response to classic mitogens such as concanavalin A (Wahl 1988). DTC 
was effective in reversing the mitogenic anergy seen in both thymus and 
spleen cells (Fig. 5 A & B). Animals treated with 800 mg/kg DTC exhibits 
significantly higher proliferative responses as compared to the SCW 
injected group (Fig. 5A). This response was even greater in the spleen 
especially at 600 mg/kg DTC (Fig 5B). Rats treated with DTC on day 14 after 

SCW injection demonstrated significant increases in proliferative 

responses to Con A at 5 Jlg/ml in the spleen (Fig. 6A) but 110 effect was seen 
in the thymus (Fig. 6B). Other concentrations of Con A, 2 Jlg/ml and 10 

Jlg/ml were not as effective as 5 Jlg/ml at inducing the proliferative 

responses (Data not shown). 

Effect ofDTC on Cell Surface Changes in Thymus and Spleen. 
To gain further insight into the immunological effect of DTC on 

changes in the spleen cells and thymus cells, the cell surface studies were 
done on isolated mononuclear cells from the thymus and spleens of SCW 

treated and untreated animals. The cell surface markers in the thymus of 

DTC treated animals remained unchanged compared to the control group 
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(SCW without DTC treatment) (Fig 7A). However, in the spleen, the cell 
surface profile of DTC treated animals (SCW with DTC treatment) was 
similar to those of normal spleen (Fig 7B). DTC appears to normalize the 
percentage of CD4 (Th) cells when compared to untreated control. There 
was also an upregulation of Mac marker in the DTC treated group whereas 
the Ia and CD8 (Ts/c) populations were unaffected. The cell surface 
markers in the thymus and spleen of animals receiving DTC beginning on 
the day 14 remained unchanged (Fig. 8) 
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Figure 1. Effect of DTC treatment on streptococcal cell wall (SCW)-induced 
arthritis in female LEW/n rats. Open squares represents the SCW injected 
group. Closed circles represent DTC at different concentrations. (A), DTC 
at 25 mg/kg, (B), DTC at 100 mg/kg. All DTC treatments started 24h prior to 
SCW injection. Each point represents the mean ±...SEM of the arthritis 
indices for a group of 5 rats. *P <0.01. 
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Figure 2. Effect of DTC treatment on streptococcal cell wall (SCW)-induced 
arthritis in female LEW/n rats. Open squares represent the SCW injected 
group. Closed circles represent DTC at different concentration. (A), DTC 
at 400 mg/kg, (B), DTC at 800 mg/kg. All DTC treatment started 24h prior to 
SCW injection and continued 3X a week. Each point represents the mean ± 
SEM of the arthritis indices for a group of 5 rats. *P <0.01. 
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Figure 3. Effect of DTe treatment on streptococcal cell wall (SeW)-induced 
arthritis in female LEW/n rats. Open squres represent sew injected group 
and closed circles represent sew + DTe 400 mg/kg starting on day 14 post 
sew injection and continue treatment 3X a week. 
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Figure 4. Histological features of the liver by hemotoxylin and eosin 
staining of formalin-fixed section. (A) normal liver (B) Granuloma within 
the liver of an sew -injected disease control rat (e) DTe (400 mg/kg 3 times 
a week) treated animal 24 h prior to sew injection (D) DTe ( 400 mg/kg 3X a 
week) treated animal receiving treatment on 14 days post sew injection. 
Arrow represents granuloma around the periporal space. (Original 
magnification of 130). 
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Table 1. Gross and histological changes in female LEWIN rats with sew
induced granuloma treated with various concentration of DTe. 

sew 

sew + Diluent 

DTe Treatment 
24 hours Prior to 
sew Injection 
(>400 mg/kg) 

urc Treatment 
at day 14 
(400 mg/kg, 3X/wk) 

Henatic Granuloma 

Histological Scoring 
Using H&E Staining 

++++ 

++++ . 

+ 
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Hepatic Granuloma 

Gross Examination 
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+ 
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Figure 5. Effect ofDTC treatment on proliferative responses to mitogens in 
the thymus (A) and spleen (B) of SCW injected rats. Studies were carried 
out after 6 weeks of DTC treatment. DTC treatment started 24h prior to 
SCW injection. Data are expressed as mean (mitogen stimulated + 
unstimulated cells) (n=7) ± SEM. (* represents P<0.05) 
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Figure 6. Effect of DTe treatment on proliferative responses to mitogens in 
the thymus (A) and spleen (B) of sew injected rats. DTe treatment started 
on day 14 post sew injection. Studies were carried out after 6 weeks of DTe 
treatment. Data are expressed as mean (mitogen stimulated + 

unstimulated cells) (n=7) ± SEM. 
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CHAPTER IV 

DISCUSSION AND CONLUSIONS 

The intraperitoneal injection of an aqueous suspension of SCW in 
female LEWIN rats induces a biphasic inflammatory disease manifested by 

peripheral arthritis and hepatic granuloma. These inflammatory lesions 
develop in association with the deposition and persistence of poorly 
degradable cell wall antigens in phagocytic cells in these tissues 
(Cromartie 1977; Lehman 1983; Renoux 1986; Wilder 1983). The acute phase 

reaction is associated primarily with PMN and monocyte infiltration, fibrin 
deposition, and synovial lining cell hyperplasia in the joint. The 
subsequent chronic phase is associated with infiltration of lymphocytes, 
macrophages, plasma cells and the proliferation of fibroblast-like cells 
(Hunter 1980; Yocum 1988). Previous studies have shown that acute 
hepatic inflammation develops in both congenitally athymic nude rats and 
their normal euthymic litter mates, but only euthymic rats develop chronic 
arthritis and hepatic granuloma (Allen 1985). Other studies with 
cyclosporin A a fungal metabolite that blocks T cell proliferation and 

lymphokine production, develope only an acute inflammatory reaction 

which resolves completely (Ridge 1985; Yocum 1986). These findings 
indicate that T cells playa major role in the chronic disease, however, the 
acute disease process is relatively independent of thymic influence (Hunter 
1980; Wilder 1984). 

DTC was effective in the suppression of the chronic phase of SCW
induced arthritis when compared to controls (Fig 1 & 2). DTC was equally 

effective in inhibiting both hepatic and splenic granuloma (Table 1) as 

compared to controls. This activity was not associated with any apparent 
toxicity or weight lost (data not shown). In association with this, DTC 
induced an increase in T cell surface antigens and normalized the 

macrophage cell surface antigens in the spleen as compared to normal and 

control animals (Fig. 6B). DTC had no apparent effect on thymus cell 

surface antigens (Fig. 6A). DTC also partially reversed the mitogenic 
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anergy associated with SCW-induced arthritis and granuloma (Fig 4a & B). 

Treatment of rats with DTC on 14 days post SCW injection reversed the 
mitogenic anergy (Fig. 5B) in the spleen but did not. affect cell surface 

markers (Fig. 7 A & B). 
The exact mechanism of action of DTC is not totally understood, but 

current evidence suggests that its predominant effect is on macrophages 
and T cells. DTC has been shown to impair the activity of two biochemical 
pathways in human monocytes which are related to the inflammatory 
process, i.e., the release of oxygen metabolites and prostaglandin (Conking 
1985). DTC has different effects on the immune system depending of the 
strain of mice studied and the status of their immune system (Bruley
Rosset 1986; Halpern 1990; Renoux 1986). Previous studies in our laboratory 
(Halpern 1991; Halpern 1990) have also shown no in vitro effect ofDTC on 
any cell population if the cultures are depleted of adherent cells, which 
suggests that DTC may act upon macrophages (Mossalayi 1986; Pompidou 

1985) and factors produced by these cells influence T cells. Strain 
differences could also be attributed to the effect of DTC on macrophages as a 
macrophage defect in the NZBIW strain has been reported (Ibrahim 1982; 

Russell 1983; Thomas 1972; Wustrow 1984). The effect of DTC in inhibiting 
granuloma may be partly due to its ability to chelate divalent cations which 

may result in the inability of inflammatory cells to adhere to endothelial 

cells and attracting other cells to the site. However, it is not known if the 

mechanism of action of DTC is related to the chelation of cations important 
to the immune system. Earlier studies centered around DTC's ability to 
stimulate the brain neocortex, indicate an increasedproduction of hepatosin 

(a liver derived factor) which is known to influence the immune system 
(Renoux 1984). 

In summary, DTC treatment resulted in the inhibition of SCW 
induced chronic joint inflammation and chronic granuloma in female 

LEW IN rats. DTC treatment in this model was also found to be effective in 
partially reversing mitogenic anergy and in enhancing the expression of 
certain cell surface markers. 

This research further demonstrates the need for understanding the 

mechanisms of action for immunomodulating drugs which can be very 
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effective in inflammatory diseases. It also suggests that events involved in 
the inflammatory cascade can be influenced by an agents ability to impede 
the cellular adherence via chelation of important ions required for 
attachment. The cells most likely to be involved in this process are 
macrophages which are central in initiating the signaling of the 
inflammatory cascade. 
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