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uinarnmatory mediators transduced at the ce11 boundary signal alterations in cell 

activation which may not be detrimentai to the ce11 itself but may be injwious to the 

organisrn, suggesting preferential definition of the pathologic state in ternis of signal 

transduction pathways. Understanding of these signaling processes and their attenuation 

could act to abrogate pathologic processes. This thesis foliows the course of the 

monocyte/ macrophage into the inflarnmatory microenvironment and involvernent of the 

tyrosine kinase signaling cascade in cellular activation expressed as procoagulant activity 

and TNF secretion. Experiments demonstrate that monocyte trans-endothelid migration 

results in monocyte activation. The novel mechanism of this process was detemiined to 

be through integrin receptor molecules resulting in monocyte activation via induction of 

tyrosine phosphorylation. Following migration, these ceils, now macrophages, are 

exposed to M e r  inflammatory stimuli. Mast cells are known to inhabit areas 

surrounding the post-capillary venule, the site of monocyte diapedesis where the 

macrophage CO-resides. Herein we report a novel role for these cells in macrophage 

activation. These processes are mediated via induction of tyrosine kinases. Murine 

Hepatitis Virus and endotoxin, were tested as potentiai viral and bacterial stimuli that 

might result in increased expression of cellular procoagulants via induction of tyrosine 

phosphorylation. Stimulation with these factors resdted in increased accumulation of 



tyrosine phosphoproteins ident-g the signaling pathways in response to these stimuli. 

New therapeutic strategies to modify these processes were investigated. Tyrosine b a s e  

inhibition, anti-oxidant treatments and ad-body mediated neutdhtion al1 proved 

effective in inhibithg induction of procoagulant activity and tissue factor in vitro and in 

vivo. ( See Thesis Summary, Fig. 1 : next page ) 
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CHAPTER 1. INTRODUCTION 

Chapter 1, the introduction, begins with a general description of monocyte and 
macrophage function in the microenvironment of inflammation and concentrates 
specifically in Part lon signaling mechanisms in these cells. Part 2 of the introduction 
focuses on the phenornenon of procoagulant activity and its importance in induction of 
the coagulation cascade via two important procoagulant molecules; tissue factor, induced 
by endotoxin and the viral induced prothrombinase (musfiblp, fgl-2). With this 
background, the introduction proceeds to fol10 w the course of the monocyte/macro p hage 
into the microenvironment of inflammation in sequential fashion parallehg the 
experiments detailed in the chapters to follow. Part 3 of the introduction addresses the 
importance of the adhesion cascade of monocytes, ernphasinng monocyte/endotheliaI 
celVextraceliular matrix interactions via integrin-ligand complexes and the involved 
signaling mechanisms. Foilowing diapedesis of the monocyte Part 4 of the introduction 
documents pertinent mast cell biology as it relates to this cell and its potential interaction 
with monocytes/macrophages at the post-capillary vende. Part 5 of the introduction 
documents the importance of other potential therapies to modulate the descnbed 
inflammatory responses in addition to inhibition of signaling pathways by tyrosine kinase 
inhibition, specincally anti-oxidant and antibody mediated therapies. 



Part 1: 

MONOCYTES AND MACROPHAGES IN THE 
MICROENVIRONMENT OF INFLAMMATION 

History- and Introduction 

The word macrophage (Greek, "big eater") was first used by Elie 

Metchnikoff in 1905 to descnbe large mononuclear phagocytic cells that he had 

observed in tissues (Karnovse, 198 1, Oppenheim, 1989, Auger, 1992). Metchnikoff 

initially discovered and defined these cells in a language that defines much of the 

research in this area ongoing today. An exert from his writings illustrates this: 

"lpropose to designate the large (phugocytic) lymphocytes (of Ehrlich) by the name of 

blood macrophages and lymph macrophages. me vital manifstations of the phagocytes. 

irritability. mobiliry and vuracity consfitute an essential factor in ridding the animal of 

microorgmism. Macrucytuse remains in the body of these ceZZs so long ar in the normal 

condition, but immediately they are injzred as the consequence of the sudden inrroduction of 

foreign substances info the peritoneal cavity, the macrocytase escapes .... " 

In effect he had identified the unique characteristics of this ce11 and its phagocytic and 

secretory fiuictions in response to cellular activation, issues that continue to undergo 

active study today and a philosophy that dictates a central focus to this thesis. 

Subsequentiy, in 1924, Aschoff assigned these cells to the reticuloendothelial 

system, a system which contained a diverse collection of cells, including reticdar cells, 

endothelid cells, fibroblasts, histiocytes and monocytes (Aschoff, 1924) . This system 

was replaced in 1969 in a bulletin from the World Health Organization as it was 



recognized that this classification did not constitute a true system and was thus replaced 

by the mononuclear- phagocyte systern, where it was deterrnined that macrophages shared 

important structural and f k c t i o d  characteristics and that these cells were denved fiorn 

monocytes (Furth R.van, 1 972). 

InterestingIy , the mononuclear phagocyte is a phylogeneticall y primitive ce Il type 

suggesting its evolutionary importance not only in humans but uni-cellular organisms as 

well. Protoma exhibit functions similar to the mammalian macrophage and related cells 

have been described in early life forms. The unique versatility of this ce11 allows it to 

participate in a complex anay of both physiologic and pathophysiologic processes. The 

macrophage which is resident at portals of entry to the body can thus theoretically 

orchestrate both local and systernic responses in its interaction with infiammatory 

mediators and cellular interactions in the inflamrnatory mileu. Both the multiplicity of 

function and wide-spread distribution of these cells in the liver, lung, gastrointestinai 

tract, central nervous system, peritoneal cavity, skin, blood and lymphatic tissues 

emphasizes the evolutionary importance of these cells (Auger, 1992). 

Development and Morphology 

The macrophage is the major differentiated ce11 of the mononuclear phagocyte 

system. Developmentally, these cells, consist of bone marrow monoblasts, 

promonocytes, penpheral blood monocytes and fuially tissue macrophages. The 

macrophage, one of the most versatile cells in the body is widely distributed throughout 

tissues as noted above. 



In the adult human, the penpheral blood monocyte count is 1 - 6% of the total 

white blood ce11 count. The absolute count thus ranges fiom 300 - 700 cellslpi and these 

celis may survive in the circulation for up to 70 hours. Monocytes appear on blood films 

as smder cells than macrophages of 12- 1 5 p  didiamer. The migration of penpheral 

blood monocytes into the extravascular inflammatory mîleu where these celis 

subsequently dfierentiate into tissue rnacrophages(1arge inegularly shaped cells 

measuring 25-5 O p  in diameter), involves adherence of cells to the endotheliurn, 

migration between endothelial cells and subsequently into the extravascular ma&. ï h ï s  

adherence involves interaction between integrin receptors on monocytes and adhesion 

molecules on endothelial cells(see Introduction Part 3 and Chapter 3). These cells having 

differentiated into tissue macrophages remain in tissues as macrophages for several 

months. During acute inflammatory reactions, numbers of circdating monocytes increase 

secondary to increased bone rnarrow production. There is then an increased efflux of 

these cells into idammatory exudates (Auger 1992, Adams 1984) and maturation to 

tissue macrophages emphasizing the importance of these cells in acute inflammation in 

both normal and abnormal states . 

MonocytelMacrophage Funetions 

It is in a description or cataloguing of monocyte and macrophage function that the 

remarkabie versatility and diversity of these ceus becomes clear. The cells of the 

mononuclear- phagocyte system function in the phagocytosis and destruction of 

microorganisms, chernotaxis and cytokine secretion, antigen processing and presentation 



and nmior ce11 control. Three of the protein products of these cells (Tissue Factor, TNF. 

Viral- Induced Prothombinase) and the s i m g  paîhways leading to their expression are 

studied in this thesis as are potential therapeutic modulations of their expression. 

Monocytes and macrophages, in addition to neutrophils provide a major defense 

against invasion to a host of micro-organisms including, bactena, +es and fungi. 

Initial attraction of macrophages toward microbial particles is via the process of 

chemotaxis secondary to a gradient of chemotactic molecules originatiag from the 

invading microbe(Auger, 1 992). 

Phagocytosis of the offending pathogen may then begin, enhanced by the process 

of opsonization via receptors on the macrophage ce11 surface for complement and the Fc 

receptor for IgG ( Adams, 1984). Intemalkation and microbial destruction are then 

initiated. Oxygen dependent and oxygen independent mechanisms of microbicidal killing 

exist. This is via the production and intracellular release of reactive oxygen intermediates 

or granule açsociated proteins ( KlebanofT, 1988, Elsbach, 1988). The subsequent fusion 

of the phagosome and lysosome fonning the phagolysosome allows eventual degradation 

and ultimate killing of the pathogen (Klebanoff, 1 988, Elsbach, 1 988). 

As noted above, the process of chemotaxis is a vital fünction of the monocyte and 

macrophage. In 1 975, Schiffinan (Schifian, 1 975) described the synthetic chemotactic 

peptide N-fonnyhethionylleucylphenylalanine (N-FMLP). This peptide is used in the 

experiments described in Chapter 3, where monocyte tramendothelid migrahon is 

studied. 



Binding of chernotactic peptides by specific cell surface receptos induces changes 

in ce11 shape secondary to re-arrangement and movement across the endothelial cell 

layer toward an inflanmatory focus. This is the process of diapedesis. Of note. 

chemoattractants also have a direct procoagulant effect on monocytes (Janco, 1985). Part 

3 of the introduction and Chapter 3 of the experimental section address these phenornena 

in detail. 

Another vital function served by the mononuclear phagocyte system is that of 

antigen processing and presentation to assist in initiating and facilitahg ceii -mediated 

immune responses against pathogens (Auger, 1992). It is these and the above described 

cellular functions that provide the physiologic basis upon which the hypotheses explored 

in this thesis are founded. 

In addition to their phagocytic and irnrnunomodulatory activities, monocytes and 

macrophages have an extensive secretory ability . Secretion products include enzymes, 

complement components, reactive oxygen intemediates, arachidonic acid intermediates, 

coagulation factors, and cytokines (Auger, 1992). The production of coagulation factors 

and the cytokine TNF are central to the experiments conducted in this thesis. The 

coagulation cascade and the expression of the monocyte/macrophage procoagulants tissue 

factor and the Wal-induced prothrombinase are discussed in detail in Part 2 of the 

inaoduction and are investigated in detail in al1 experimental sections of the thesis. The 

cytokine TM is addressed in detail in Part 4 of the introduction as it pertains to mast ce11 

and macrophage interactive biology and is also a important rneasured end-point of 

cellular activation in the experiments herein described. 



Involvement of the mononuclear phagocyte system has also been hypothesized 

and demonstrated to be of importance in tumor ceil biology. Macrophages infiltrate 

nimors and lysis of nimor cells by monocytes and macrophages is proposed to be an 

important mechanism of host defense against nimors ( Eccles, 1974, Feinman, 1987). 

However these cells rnay also contribute to the tumor ma& by providing a fibrin mesh 

and a favorable angiogenic environment (DvorakJ986). The relative and contradictory 

roles of these opposing processes awaits M e r  elucidation as to their importance and 

therapeutic modification. 

As a result of these fundamental, biological, cellular functions the monocyte and 

macrophage play significant d e s  in both health and disease. The physiologie processes 

of wound healing, the acute phase protein response during injury (which also rnay 

become pathophysiologic), immune responses, hematopoiesis and disposal of damaged or 

senescent cells al1 comprise important functions of this system in health (Auger, 1992). 

However contribution to the pathophysiologic phenornena of atherogenesis, disserninated 

intravascular coagulation, autoimmunity, abscess formation, -or matrix synthesis and 

in fact any disease process where an altered inflarnmatory response is involved may 

involve activation of the mononuclear phagocyte systern (Auger, 1992). The role o f  the 

procoagulant activity of th is  system is investigated in detail in this body of work. 

As noted in the thesis abstract the preferential definition of these pathologie States may be 

in terms of the signal transduction pathways that induced the response rather than in 

terms of the specific ceil or the response itself (Buchman, 1995). The relevant monocyte 

and macrophage signal transduction mechanisms are thus now introduced. 



Signal Transduction in Monocytes and Macrophages: 

The most intensively studied system of monocyte/macrophage signal transduction 

has involved examination of the response of these cell to bacterial endotoxin (LPS) 

(Chow, 1995). This system will be addressed in detail as it pertains to the known relevant 

signaling systems in rnarnmalian cells and in relevance to its direct importance to this 

thesis concerning the importance of mosine phosphorylation in macrophage signaling 

responses. While gram negative bacteria and the murine hepatitis virus are known to 

induce macrophage procoagulant activity (PCA), the cellular mechanisrns leading to the 

expression of PCA remain poorly defined. However, the contribution of the various 

components of the signaihg pathways to many ultimate effector funetions of 

macrophages has received extensive study and have been elucidated. S ~ d i e s  using 

pemissis toxin have implicated a role for guanine nucleotide binding proteins in 

mediating LPS- stimulated ce11 activation while inhibitors of ~a2+/calmodulin cause 

variable effects on the transcription of mRNAs for a number of cytokines. Agents which 

impair phospholipase A2 activity have been shown to block the induction of TNF 

transcripts. As well initial studies exarnining the ability of LPS to induce protein 

phosphorylation suggested that this event was mediated via protein kinase C. However, 

subsequent studies have observed no significant increase in protein kinase C activity 

following ce11 stimulation with LPS. In addition, inhibitors of protein kinase C have 

variable effects on the ability of LPS to stimulate the production of mediator molecules 

by macrophages or to effect macrophage primuig suggesting the existence of protein 

kinase C-independent signaling pathways in these celis. The potential for cross-over 



between these pathways also exist. The subsequent discussion will address these 

signaling pathways in detail (see below) following a description of the endotoxin 

molecule. 

Endotoxin 

The endotoxin or lipopolysaccharide (LPS) molecule is a glycolipid component of 

the gram-negative bacterial ce11 wall. It consists of a polysaccharide region covalentiy 

bound to a lipid region known as lipid A which constitutes the toxic portion of the LPS 

molecuie (Westphal 1975, Niemetz 1977). This molecule initiates a host infiammatory 

response which in an unexaggerated state likely enhances host survival by mediaihg 

clearance of infecthg organisms and bacteriai toxins. The exaggerated response however 

may result in the systemic infiammatory response syndrome and multiple organ 

dyshction. Understanding of the mechanisms whereby endotoxin stimulates cells to 

release uiflamrnatory mediators may thus have potential therapeutic benefit. 

Macrophage activation by LPS requires ceII surface receptors which is optimized 

in the presence of the plasma factors LPS binding protein and septin. Several macrophage 

receptors have been implicated in these cells including, CD 14, the scavenger receptor, a 

70-80 kD membrane protein and complement receptor type III (CR3). It appears that CD 

14 is the primary fiuictional receptor for LPS in transmembrane signaling and cellular 

activation. 



Trammembrane LPS Induced Signal Transduction 

The mechanisms whereby the LPS induced signal is transduced into the cytosol 

and ultimately to effect nuclear transcription is controversial and remains incompletely 

defined. This is particdarly tme as it relates to the induction of PCA via virai and 

bacterial stimuli. These questions are specifically addressed in Chapters 5 and 6 

respectively. Signahg mechanisms include the phospholipase C/Calcium/Protein 

Kinase C system, tyrosine phosphorylation and the protein tyrosine kinase system (see 

below), phospholipase A2 (Mohri, 1990) and Phospholipase D. AU of these mechanisms 

have been implicated in signaling responses to LPS stimulation. 

LPS binding to the CD14 receptor has been s h o w  to induce phosphotyrosine 

accumulation. The question remains as to how this receptor ligand interaction is 

transduced as CD 14 does not have a signaiing cytoplasmic segment capable of 

phosphorylation. Recentiy studies dernonsmting CO-precipitation of non-receptor tyrosine 

kinases of the src farnily, hck, lyn and c-fgr and the CD 14 receptor has revealed the 

potentid mechanism whereby the LPSlCD14 ligand receptor interaction may be 

transduced as a signai to cytoplasmic tyrosine kinases (Stefanova, 1993). It has since been 

revealed that lyn is the proximal kinase in this cascade and is the protein specifically 

bound to the CD 14 molecule. 



Phospholipase ClProtein Kinase CI Calcium System 

This signal transduction systern is the most widely studied sipaling system in 

mammalian cells and has been implicated in LPS induced signal transduction. Classically. 

activation of phospholipase C results in the hydrolysis of phosphatidylinositol 

trisphosphate releasing diacylglycerol and inositol 13,s-trisphosphate (LP3). Notably. two 

forms of PLC exist, PLC fl and PLCy, the former activated by guanine nucleotide binding 

proteins (G proteins) and the latter activated by receptor tyrosine kinases or receptor 

associated mosine kinases, inde pendent of G protein activation. Experimental evidence 

exists documenting potential d e s  for either of PLC subtypes in LPS induced macrophage 

activation as the inhibitory effect of pertussis toxin implicates G-proteins (Jakway 1986) 

and accumulation of tyrosine phosphorylated proteins is known to occur following 

treatment with LPS (Weinstein 199 1). 

Subsequent to the release of diacylglycerol, activation of the Protein Kinase C 

famiIy of calcium and phospholipid dependent serine/threonine kinases occur with 

subsequent pleiotropic efTects (Dame11 1990).In addition to the production of diacyl 

glycerol following phosphatidylinositol trisphosphate hydrolysis, inositol 1,4,5 

trisphosphate is aiso produced whose prirnary role is to increase cytosolic calcium 

concentration. Mechanistically, IP3 moves across the cytoplasm to the endoplasmic 

reticulum or its subcompartment, the calciosorne. Binding of IP3 at these sites results in 

calcium release fiom ka-membrane stores. Increase in intracellular calcium have been 

reported by sorne investigators in response to LPS stimulation (Letari, 1991) while others 

have reported minor if any increase at al1 in response to LPS stimulation (Leaver, 1993). 



Inhibitor studies with phmacologic inhibiton of the PLC/Calcium/PKC a i s  have been 

used to assess the relative importance of this pathway in LPS induced monocyte / 

macrophage signal transduction but recent evidence has suggested that some of these 

inhibitors, notably H7 and statuosporine act non-specificdy to inhibit not only the 

serine/threonine kinase activity of the protein kinase C family but also tyrosine kinases as 

well, confusing the relative importance of this pathway in LPS induced signal 

transduction (see Chapter 6). 

Tyrosine Phosphorylation and Protein Kinases 

Studies have demonstrated that LPS preferentially binds to the CD14 receptor, a 

glycosyl phosphatidylinositol-linked protein, on the surface of macrophages? after 

associating with LPS-binding protein (LBP) or the septin complex ( Schumann 1990, 

Weinstein, 1993, Wright, 199071992) . LBP is required to initiate a response at low 

concentrations of LPS, whiie at higher doses, the CD14 receptor may be bypassed in 

LBP-fiee medium, possibly via the MAC-1 integrin or the scavenger receptor. As noted 

above, early studies examining LPS signaling focused on receptor-coupled signaling 

pathways whereby ligation of G-protein linked receptors lead to intracelluia. calcium 

release and activation of the serine/threonine kinase, protein kinase C (PKC). In addition, 

as noted, other pathways have been considered to be involved in LPS signaling including 

~a2+/calmodulin and phospholipase A2 (Bach, 1990). The cellular process of tyrosine 

phosphorylation, Le. the transfer of phosphate moieties to tyrosine residues on proteins, 

has also been shown to be uivolved in specialized functioos in M y  differentiated, 



nonproweratîng cells including the LPS-induced generation of several macrophage 

products. LPS stimulation has been reported to increase tyrosine phosphorylation of 

proteins with molecular masses of 41-142 kD. Activation of these kinases occurred 

within 30 minutes and could be inhibited by tyrosine kinase inhibitors such as herbimycin 

A, tyrphostin and genistein (Weinstein 199 1, Glaser 1 993). The importance of tyrosine 

phosphorylation events in terms of uitimate ce11 activation and cytokine secretion has 

been validated for TNF, IL-1 and IL-6 as 

protein tyrosine kinase inhibition results in inhibited mRNA and protein expression of 

these cytokines (Shapira 1994, Geng 1993, English 1993). InterestingIy the TNF effect 

was m e r  c o b e d  by the use of Vanadate, a tyrosine phosphatase inhibitor, thus 

preventing the dephosphorylation of phosphoproteins. Treatment of ceiis with this 

inhibitor increased TNF production coafirming the importance of tyrosine 

phosphorylation in TNF secretion. The regdation of tissue factor expression and the 

viral induced prothrombinase by these pathways has not been extensively studied. 

Phosphorylation is mediated by two families of protein tyrosine kinases. The 

receptor tyrosine kinases i.e. transrnembrane receptors possessing cytoplasmic tails which 

are capable of autophosphorylation and subsequent initiation of the signaling cascade or 

enzyme activation, and the nonreceptor tyrosine kinases (Hunter, 1995). These proteins 

lack both trammembrane domains and remain in the cytoplasm. However, they c m  

noncovalently associate with the cytoplasmic side of the ce11 membrane, either 

constitutively or in response to activation. This goup consists of at least eight subgroups. 

Among these, tyrosine kinases of the src-family (e.g. src, hck, lyn, fin, c - l g  yes, y4 blk) 



are important in inflammatory cells based on studies demonstrating specialized bc t ions  

in these celis, particularly in response to ùiflammatory stimuli. 

As noted above, the early signaling mechanisms contributing to LPS-induced 

tyrosine phosphorylation have, in part, been characterized. Although CD 14, the glycosyl- 

phosphatidylinositol-linked protein receptor for the LPS-LBP complex, has no inninsic 

tyrosine kinase activity (Weinstein, 1993) . there is physical coupling and activation of 

one member of the src family of tyrosine kinases, Zp, and activation of two others. hck 

and c-fgr following LPS treatment (Stefanova 1993, Boulet 1992). It is also recognized 

that GPI-linked proteins have significant laterai mobiiity in the ceU membrane which may 

also facilitate interaction of these recepton with cytoplasmic tyrosine kinases to initiate 

induction of signaihg events (Weinstein, 1993). Recent studies have also shown that 

tyrosine kinase inhibitors prevent activation of the transcription factor NF-& by LPS. 

This transcription factor is translocated into the nucleus in LPS-stimuiated macrophages 

and appears to play an important role in the secretion of idammatory products by 

monocytes and macrophages (Ghosh, 1990, Muller, 1993). 

Induction of PCA in LPS-treated murine peritoneal macrophages is due to 

increased expression of surface tissue factor, a process which is reguiated both 

transcriptionally and posttranscnptionally. The promoter region of the murine tissue 

factor gene has been shown to contain consensus binding sequences for Sp 1, egr- 1, AP- 1 

and NF-*. Functional malysis of the promoter region indicate that ligation of both the 

AP-1 and the N F 4 3  binding sequences is required for optimal gene transcription. 

Tyrosine kinase inhibitors have been shown to impair NF43 activation (Muller, 1 993). 



Chapter 6 explores the hypothesis that these agents might impair induction of 

macrophage PCA by reducing LPS-induced transcription of the tissue factor gene the 

mechanism being inhibition of the tyrosine kinase signahg pathways. 

The Map Kinase Pathway 

The final pathway by which tyrosine phosphorylation ultimately signals cellular 

activation is gradually being elucidated. One group of target proteins clearly defmed in 

macrophages is the family of mitogen-activated protein kinases (MAP kinase), where 

LPS induces tyrosine phosphorylation and activation of several isofoms of these proteins 

(Seger 1995, Hunter 1995). These serine/threonine kinases appear to participate in the 

signalhg pathways activated by a variety of stimuli. ClassicaLly their role has been in 

governing the fundamental cellular processes of proliferation and differentiation . These 

proteins' importance in cellular processes is evident that mechanistically they are 

involved in both transcription and translation. MAP kinases can activate the ribosomal 

56 protein kinase, invohed in regulation of translation and the c-jm product involved in 

transcription (Seger, 1995). The pathways linking activation of ce11 surface receptors to 

MAP kinase activation consist of a complex set of events, characterized by a "kinase 

cascade" in which activated ras complexes with and activates the serine/threonine kinase 

raf-1. Activated d l  phosphorylates and activates MEK (or MAP kinase kinase) which 

is able to phosphorylate and activate MAP kinase. MAP kinase in tum phosphorylates 

many cellular and nuclear substrates. Ras is activated by specific upstream protein:protein 

interactions which are less clear. The protein Shc, phosphorylated on tyrosine residues, 



(possibly via the activity of src-farnily tyrosine kinases), binds an adapter rnolecule. Grb7 

which interacts with the guanine-nucleotide exchange protein SOS 1. This complex 

activates ras by converthg it to the GTP-bound form and thus initiates the 

cascade(Hunter, 1 995). 

These complex pathways become M e r  complicated by the fact that multiple 

isoforms of MAPK, MEK, and MEKK exist in some ce11 types . Two isofoms of MAP 

kinases have been implicated in LPS signaling; the ERK-2 gene product p 42 mp' and the 

ERK-I gene product p 44 mpk. In addition a related serinehhreonine kinase, p 3  has also 

been suggested to be of importance (Weinstein, 1992, Han, 1993). As weil activation of 

protein kinase C may lead to the activation of MAPK in some cell types. One principal 

target of the ERK proteins is the Elk-1 transcription factor which can bind to the s e m  

response element in many promoters to facilitate transcription. 

In addition and to add M e r  to the complexity, parallel pathways of signal 

transduction exist whereby M 'Ex ' s  predorninant role appem to be in the activation of a 

separate cascade Ieading to c-jun induced transcription. The MAPK analog in this case is 

a protein known as Jun-N-terminal kinase (JNK), or stress activated protein kinase 

(SAPK)(Kyriakis, 1 994). 

As noted, a M e r  member of the MAPK family, p 38 has also been implicated in 

LPS induced cellular activation (Han, 1993). The relative roles of these parallel pathways 

in signal transduction in these cells requires M e r  study. Specific inhibitors such as PD 

98059 which blocks the activation of MEK1, the upstream activator of ERKlERK2 and 



SB 202 190 or SB 203580 which specifically inhibit p38 wiil allow dissection of the 

relative importance of these pathways. 

Finally and most interestingly recent studies have suggested a direct link between 

these signaling pathways, in effect a "team blue sees red" comection whereby the shc 

protein acts as go-between the two pathways via a newly discovered protein tyrosine 

kinase PYK2 and a hypothetical kinase Iabeled PTK-X directly linking g-proteins to shc 

(Boume 1995, Lev 1995). 

The components of the signahg cascade relating tyrosine phosphorylation to 

tissue factor expression and the viral-induced prothrombinase in LPS and MHV- 

stimulated macrophages have not been completely elucidated as noted above as to the 

relative importance of the PLC/Calcium/Protein Kinase C axis in contradistinction to the 

tyrosine kinase cascade. These issues are explored in detail in Chapters 5 and 6. 



Part 2 

PROCOAGULANT ACTMTY IN DISEASE 

Introduction 

One possible measure of monocyte and macrophage activation induced by the 

signahg processes discussed in Part 1 is the induction of cellular procoagulants such as 

tissue factor and a Wal induced fibrinogen like protein acting as a direct prothrombinase. 

The cytokine TNF was dso used as a measure of induction of these signalhg processes in 

this thesis and is addressed in M e r  detail in Part 4 of the introduction. Both of these 

induced procoagulants, tissue factor by endotoxin and the viral stimulated 

prothrombinase, rnusfiblp b y MHV, activate the coagulation cascade. Fundamental to an 

understanding of procoagulant activity is working knowledge of the coagulation cascade 

which will be described below followed by a detailed discussion of these ce11 associated 

procoagulants and the known rnechanisms of their induction. 

The Coagulation Cascade and the Tissue Factor Pathway of Blood Coagulation 

History: 

For greater than 150 years, investigators have studied the process of coagulation 

(Nemerson 1992). In a transcnpt of a meeting of August 12,1834, Dupuy descnbed 

experiments comparing the effects of injection of ''cerebral matter" or "waxes and oils" 

into experimental animals (Dupuy 1834). Injection of the cerebral matter led to large dots 

in the hem and other areas of the vasculature whereas the other materiais led only to 

punctate hernorrhages. The conclusion of these investigaton was that something special 



or unique in the cerebral matter could fulfill a physiological role in the initiation of 

coagulation. Interestingly this was the fvst known reference to what has today been 

identified as the tissue factor molecule. In 1964, the events of hemostasis were organized 

into the intrinsic and extrinsic pathways by the cascade/waterfdl hypothesis. with primary 

physiological importance being given to the intrinsic pathway. However, rnounting 

experimental evidence, as weIl as increasing knowledge as to the cluiical course of 

patients with coagulation factor deficiencies have indicated a more important role for 

tissue factor as the 'prima ballerina" (Luchtman-Jones, 1995 ). The evolving importance 

of tissue factor pathway inhibitor and knowledge regarding the activation of factor XI 

have resulted in a revised theory of coagulation. 

Following tissue injury, physiological responses are subsequently aimed at 

restoring blood vessel integrity. Initial responses conceming vasoconstriction and platelet 

activation will not be addressed M e r  here. However, disruption of the blood vessel 

exposes plasma factors to the coagulation CO-factor tissue factor which is constitutively 

expressed in subendothelid tissues. (The expression of the ce11 associated macrophage 

tissue factor protein and viral induced prothrombinase/musfibip will be described 

below.) The circulating inactive coagulation factors are then activated by proteolytic 

cleavage events. The ultimate result of this activation is generation of a fibrin dot. 

The Cascade/Waterfaii Hypothesis: 

Initial descriptions of the coagulation cascade organlled the process of hemostasis 

into the intrinsic, extrinsic and common pathways. According to this theory coagulation 



couid be initiated by the intrinsic pathway, so called as d l  of the cornponents were 

present in the blood, or by the extrinsic pathway where the subendothelid ce11 membrane 

protein tissue factor was required in addition to the circulating bIood borne components. 

niese two pathways converged, resulring in activation of Factor X and then proceeded 

via the comrnon pathway resulting in generation of a fibrin clot. The intrinsic and 

extrinsic pathways of coagulation could be tested by the partial thromboplastin time 

(PTT) and prothrombin time assays (PT) respectively. The intrinsic and extrinsic 

pathways of coagulation were initially theorized to operate as follows (see figure 1-2). 

The i n d i c  pathway begins upon exposure of the so called contact factors, namely 

factor XII, high molecular weight kinogen and prekdikrein in plasma to a negatively 

charged surface. Interestingly, this theory already suffers a fl aw as the physiologie 

counterpart of this surface has never been identified and may simply reflect an in viîro 

phenornenon. Activated factor XII (factor XIIa) subsequently activates factor XI to factor 

XIa which then activates factor IX. Subsequently, factor IXa in the presence of cofactor 

Vma, calcium and phospholipids activates factor X and then as part of the common 

pathway, Factor Xa in combination with factor Va, phospholipid and calcium acts to 

cleave prothrombin to thrombin. Thrombin then cleaves fibrinogen (factor I) to generate 

fibrin. The extrinsic pathway whereby factor X is activated by factor VIIa and tissue 

factor, with the requirements for calcium and phospholipid was initially regarded as 

superfluous. This conclusion was based on the evidence that deficiencies of the intrinsic 

pathway factors Vm(Hemophi1ia) and IX(Hemophi1ia B: Christmas Disease) resulted in 

severe, clinically important bleeding disorders (Schwartz, 1 995). 



Fig. 1-2 



Expehental evidence fiom a number of Iaboratories as well as knowledge dram 

nom patients wiih coagulation factor deficiencies has now identified a more important 

role for tissue factor in initiation of coagulation processes and dso reflects added 

importance to the role of cellular expressed coagulants in the initiation of coagulation. It 

is now becoming increasingly clear that the cascade or waterfdl hypothesis does nor 

accurately reflect the in vivo hemostatic mechanism (Luchmian-Jones, 1 995). The 

evidence for this is as follows. Patients with deficiencies in any of the so-called contact 

factors noted above are in fact clinicdy asymptomatic despite an abnormal partial 

thromboplastin time and patients with deficiencies in Factor XI have a very mild clinical 

picture in contradistinction to those patients with a factor VIII or IX deficiency. It is also 

well recognized that patients with the rare disorder of isolated factor VII deficiency, bleed 

excessively (Ragini 1 98 1, Triplet 1985). Additiondly, studies have also demonstrated 

that the factor VIIa/tissue factor complex can also activate factor M in addition to factor 

X suggesting an extended role for tissue factor in the induction of the coagulation process 

(Osterud 1 977). 

Tissue factor serves as a high affinity ce11 surface receptor and functional cofactor 

for Factors W and Wa. The tissue factor: Factor W a  complex is cataiytically active 

and converts Factors X and DI to their active senne protease foms (Rapaport, 1992). 

This process propagates the coagulation cascade Ieading to thrombin generation and 

fibrin deposition. 



Tissue Factor in the Induction of the Coagulation Cascade 

Tissue factor is the main monocyte/macrophage procoagulant expressed resuiting 

in activation of the extrinsic portion of the coagulation cascade. The rnolecular action of 

this protein is to serve as a hi& affinity cell d a c e  receptor and cofactor for factor VU. 

Since neither the tissue factor protein itself or the TFMI complex has direct proteolytic 

activity (Nemerson, 1992) there is a requirement for the presence of factor Wa which 

activates the TFNII complex with resultant activation of factors IX and X and the 

resultant activation of the extrinsic portion of the coagulation cascade ultimately resulting 

in the generation of thrombin, fibrin deposition and dot  formation. 

Induction and Nature of MonocytelMacrophage Procoagulant Activity 

It was initially recognized by Addison in 1841 that leukocytes had the inherent 

capacity to activate coagulation (Addison, 1 841). This interest was subsequently revived 

in the modem era when the blood clotting properties of rabbit peritoneal leukocytes was 

reported (Rapaport, 1967). It is now recognized that the induction of cellular 

procoagulants and fibrin deposition secondary to a nurnber of idammatory stimuli is 

associated with a variety of pathologie processes and disease States. 

Ce11 associated procoagdant molecules can be synthesized and expressed by cells 

of monocyte/macrophage lineage and also by endoîheliai cells. These molecules have 

hiaoricdy been referred to as procoagulant activity or PCA (Szabo, 1990). However 

studies £iom a number of laboratories over the past decade have defined three distinct 

rnolecular foms of PCA. The three forms are tissue factor, the most common of the 



cellular procoagulants and a initiahg CO-factor in the extrinsic clotting cascade as noted 

above, a direct prothrombinase characteristicaily and uniquely induced by murine 

hepatitis virus, and hal ly a direct factor X activator onginally described in rabbit 

peritoneal leukocytes. Autocrine effects of the monocyte/macrophage have dso  been 

descnbed whereby cytokine products of these cells iocluding TNF c m  stimulate PCA. 

Additionally paracrine effects on endothelid cells have also been described (levy, 1994). 

The result of activation of the coagulation system by these mechanisms is the 

deposition of fibrin in both the intra and extravascula. spaces. This event has now 

become recognized as a major component of the host response to infiammatory stimuli. 

In the intravascular space, disniption of blood flow occius with resultant ischemia and 

tissue damage. Extravascular macrophage mediated deposition of fibrin has also been 

implicated in the pathogenesis of a variety of disease states (Levy, 1994). 

In addition to the ability of these molecules to induce tissue damage through 

ischemia, their inherent serine protease activity may also have a direct toxic effect. 

Generall y, induction of procoagulant activity requires imrnunologic stimuli and rnay be 

potentiated by T-ce11 collaboration (Levy, 1980,198 1). PCA induction has been 

demonstrated to occur in vitro in response to a number of stimuli including immune 

complexes, endotoxin, and Wuses as well as cytokines such as TNF in the inflarnmatory 

microenvironment (see below). 

Induction of PCA has been demonstrated in a number of disease states including, 

bacterial and viral infections (Rosenthal 1989, Levy 1981), ARDS (Car 1991, Idell 

1 997), abscess formation (McRitchie 1 99 1 ), ailograft rejection(Cole, 1 98 9, a variety of 



gastrointestinal diseases (More, 1993) and production of the fibrinous matrix supporting 

m o r  growth (Dvorak, 1996). 

Role of Macrophage Procoagulants in Infection 

Central to this thesis and a focus of our laboratory is the role of macrophage 

procoagulant activity, tissue factor expression and fibrin deposition in the inflammatory 

microenvironment as it relates specifically to infection. Fibrin deposition is an integral 

component of the host response to idammatory stimuli. Evidence derived from 

numerous experiments supports the hypothesis that f i b ~  deposition at sites of infection 

impedes the clearance of bactena and perhaps other microorganisms and also modulates 

the degree of the infiammatory response. The cells in the microenvironment of 

inflammation , specifically those of the monocyte/macrophage lineage, express 

procoagulants that activate clotting more distally in the cascade (Brisseau 1994). 

Role of Macrophage-Mediated Fibrin Deposition in Inflammation 

Cell-associated procoagulant molecules (PCA) play an important role in fibrin 

deposition, particularly in the extracellular matrix. Expression of procoagulants has been 

reported on monocytes/macrophages, endothelid cells, Lung epithelial cells, fibroblasts 

and smooth muscle cells (Levy, 1994) . As noted tissue factor is the most cornmon 

procoagulant induced, but Factor X activator molecules (Maier, 198 1) as well as 

prothrombinases exist(Schwartz, 1982). Cellular procoagulants play an important role in 

the pathogenesis of a varïety of idammatory conditions and disease States. Cellular 



procoagulants are expressed at sites of inflammation such as inûaabdominal infection. 

wal hepatitis, bacterial endocarditis, and DTH responses as well as systemicaily during 

infection. Treatments employed to neutralize procoagulant activity lessen the 

inflammatory response, ofien with beneficial effect . For exarnple, anti-tissue factor 

antibody reduces induration associated with DTH responses (Imamwa, 1993). while 

antiprothrornbinase prevents lethality in a murine viral hepatitis mode1 (Li, 1992). Our 

studies will focus on tissue factor, and the viral induced prothrombinase which are the 

predominant cell-expressed procoagulants induced by endotoxin and the murine hepatitis 

vinis. 

Data derived fiom the study of several types of bacteriai infection indicate that 

fibrin deposition is important to the pathogenesis of these infections, and not just an 

innocent bystander of the inflammatory response. Evidence supporthg this hypothesis is 

denved fiom the study of intraabdomind section. Perforation of the gastrointestinal 

tract with leakage of a polymicrobial bacterial flora induces an acute idammatory 

response, characterized by the presence of infected fibrinous exudates throughout the 

peritoneal cavity . Bacterial sequestration within fibrinous exudates has been considered 

to have teleological benefit by reducing the magnitude of bacteremia during peritonitis 

and walling off bacteria in an abscess. However, fibrin deposition may also have adverse 

effects due to its ability to impair normal bacterial clearance mechanisms (Fry 1980, 

Hudspeth 1975). Studies by Zinsser and Pryde in the early 1 950's (Zinsser, 1952) 

demo-ted that intraperitoneal injection of fibrin foam or thomboplastin in dogs at the 

time of appendiceai Ligation significantly inhibited the spread of bacteria throughout the 



peritoneal cavity and into the blood. It may be hypothesized then that this process of 

bacterial sequestration simultaneously acts to impede bacterial clearance and predispose 

to abscess formation. The mechanism is not well defined. Fibrinogen, fibrin and their 

respective degradation products have been shown to alter phagocytic ce11 function. These 

molecules are potent chemoattractarits and therefore likely contribute to the influx of 

phagocytic cells into the peritoneal cavity (Senior, 1986, Stecher, 1972). It is also known 

that bactena trapped @unn, 1982) within a fibrin clot are protected from killiag by 

human polymorphonuclear leukocytes (Rotstein, 1986). This effect is due in part to the 

inability of these cells to migrate through the fibrin matrix and phagocytose bacteria 

(Rotstein, 1 986, Ciano, 1986).This may also have applicability to tumor biology in that 

access of narural killer cells to cancer cells may be irnpaired by the tumor's fibrinous 

matrix. That sequestration of bacteria within fibrinous matrices results in abscess 

formation is suggested by studies demonstrating that both anticoagulants, such as  

heparin (Chaikiadakis, 1983), and fibrinolytk agents, (Rotstein, l988), abrogate abscess 

formation in animal models of intraabdominal infection. In addition, systemic 

defibrinogenation with ancrod results in a reduction in the size and nurnber of 

intraabdominal abscesses in a murine mode1 of infection (McEütchie, 199 1). 

Interestingly, while both heparin and tissue plasminogen activator prevent abscess 

formation, only t-PA caused an increase in mortaiity associated with an exaggerated 

bacteremia This suggests that systemic adcoagulation may in fact Iessen the sequelae 

of endotoxemia, possibly by preventing organ dysfunction associated with distant fibrin 

deposition and microvascular thrombosis. In this regard, administration of antibody to 



tissue factor was recently shown to prevent mortaïty due to E. coli bacteremia in the 

baboon (Taylor, 1991). Our experiments to m o w  the systernic response to procoagulant 

activity by administration of antibody to tissue factor is directly addressed in Part 5 of the 

introduction and Chapter 7 of this thesis. 

These experiments suggest an important role for fibrin deposition in the 

development of the host response to intraabdominal section, both locally at the site of 

infection, as well as systemically in respect to the ciinical phenomenon of multi-system 

organ failure. The ability of fibrinolytic agents or anticoagulauts to abrogate bacterial 

infections provide indirect evidence that fibrin deposition is contributory to their 

pathogenesis. This is particularly relevant to the clinical surgical wound infection. 

Rodheaver (Rodheaver, 1974,1975 ) demonstrated that injection of proteolytic agents into 

subcutaneous wounds at the Wne of inoculation with bacteria prevented the development 

of wound infections. Similarly the presence of infected fibrinous exudates on peritoneal 

dialysis cannuias has been implicated in persistent peritoneal infection in continuous 

ambulatory peritoneal didysis patients. Administration of streptokinase through the 

diaiysis catheter cured 50% of patients with recuirent peritonitis (NankWell, 1991). 

Multiple System Organ Failure And InfectionlProcoagulant Activity: 

The syndrome of Multiple System Organ Failure (MSOF) is defined as the 

development of progressive dysfunction of multiple organ systems (Goris, 1985). The 

characteristic histology observed in the organs of patients with MSOF is characterized by 

the presence of rnicrovascular thrombosis containing fibrin and neutrophils (Schlag, 



1985). The liver and lungs are specincally affected, and are involved in mon patients 

with MSOF. The precise contribution of fibrin deposition to organ dysfunction 

associated with infection is not well understood (Pine, 1983). Hepatocellular necrosis 

with associated hepatocellular dyshction suggests ischemia induced by sinusoida1 

thrombosis (Shibayama, 1987). This same mechanism of injury may d s o  be important in 

the lung. For example disseminated intravascular coagulation secondary to severe 

infection may contribute to lung injury in this manner. Systemic anticoagulation with 

heparin or defibrinogenation using ancrod have been advocated for the management of 

DIC associated with infection with the hypothesis that this rnight lessen end organ 

damage. For example, heparin administration to animals with peritonitis improves 

survival (Hau, 1978), suggesting the possibility of an effect mediated via prevention of 

DIC, microvascular thrornbosis and possibly MSOF. 

Bacteria c m  directly conaibute to local fibrin deposition by virhie of their ability 

to initiate coagulation. For example, the abscesses formed by S. aureus ("coagulase 

positive") have been attributed in part to its coagulase activity, which results in a 

protected environment for bacterial growth at sites of infection (Much, 1908). It has been 

increasingly recognized that coagulation may be initiated by microorganisms via the 

induction of ceIlu1a.r procoagulants. It is hypothesized that these procoagulants may 

potentially contribute to the pathogenesis of infection at extravascular sites, presumably 

by the expression of macrophage procoagulant activity (PCA). As noted the procoagulant 

induced by bacteria is tissue factor in contradistinction to the PCA induced by murine 

hepatitis virus. Both are addressed in detail below. Microvascular thrombosis is a 



component of the pathological picture associated with systemic infection and MSOF as 

well, suggesthg that stimulation of endotheiial ceU PCA might also be important to the 

pathogenesis of this process. 

The mechanisms underlying the stimulation of macrophage PCA by various 

bacterial and viral pathogens is incompletely studied. Lipopolysaccharide (LPS. 

endotoxin) spec5caUy the lipid A portion is clearly important in the induction of PCA by 

this pathogen (Niemetz, 1977). The specifics of the known signalhg responses to 

endotoxin stimulation was discussed in Part 1 of the introduction. 

The local and systemic response to idammation is mediated by the release of 

celi-derived inflammatory mediator molecules (cytokines). In generd, most of the 

cytokines studied have either no effect or a modest effect on macrophage PCA induction 

(Carlsen, 1 98 8). Only macrophage procoagulant inducing factor (MPIF), a lymphocyte- 

derived cytokine, demonstrates consistent ability to stimulate macrophage PCA (Gregory 

1986, Ryan 1986 Ryan 1988). The variable effects of other cytokines, such as IL- I and 

TNF on induction of macrophage PCA is hypothesized to be related to the ceil population 
8 

exarnined and the state of cellular activation, specific species or the presence or absence 

of adherence. 

As noted earlier, the progression of peritonitis is associated with the generation of 

fibrinous exudates throughout the peritoned cavity. These fibrin deposits appear to 

contribute significantly to intraabdominal abscess formation as a result of their ability to 

delay bacterial clearance by host phagocyte cells and to potentiate the inflanmatory 

response. The question remains as to whether the phenornenon of macrophage 



procoagulant activity exists in vivo. Ahdahl  et al.(Almdahl, 1986) have documented the 

induction of procoagulant activity in mononuclear phagocytes harvested fiom the 

peritoneal cavity, as weIl as in the portai and systemic circulation in a rat mode1 of 

intraabdominal infection. This group also reported a marked increase in PCA of 

macrophages recovered fiom the peritoneal cavity of patients with gram negative 

peritonitis (Aimdahl, 1 987). A t h e  dependent induction of PCA in peritoneal 

macrophages following intraperitoneal injection of endotoxin has also been shown 

(Chapman, 1983). Studies by these investigaton suggested the induction of a 

"procoagulant state" in the peritoneal cavity. This was manifested by a concurrent 

increase in PCA and decrease in plasminogen activator activity in macrophages, and an 

increase in plasminogen activator inhibitor activity in the peritoneal fluid. 

Disseminated intravascular coagulation (DIC) and muitiple organ dysfunction are 

the potential lethal sequelae of the septic response to invasive bacterid Section and 

endotoxic shock (Polk, 1977). Animai and human studies suggest a role for macrophage 

and endothelid ce11 PCA in the induction of these pathophysiologic States. Bacteremia 

and endotoxernia have been shown to stimulate a rise in the PCA o f  circulating 

monocytes, as weil liver Kupffer cells (Maier, 198 1). Studies from our laboratory have 

docurnented an increase in PCA in hepatic nonparenchymal cells in rats in whom 

bacterial translocation was induced by overgrowth of the gastrointestinal tract with E. coli 

(Sullivan, 199 1). This phenornenon has also been demonstrated in humans . As noted 

above, patients with secondary bacterial pentonitis (Almdahl, 1987) have increased levels 

of PCA in circulating monocytes. Convincing evidence that PCA contributes to mortality 



dUnng bacteremia is suggested by recent d e s  by Taylor examioing the effect of a 

monoclonal antibody against tissue factor in a septic shock mode1 in the baboon (Taylor. 

1991). Animals treated with a neutralizing monoclonal antibody against tissue factor. 

had a markedly lower 7 day mortaiity rate (0% treated vs. 100% control antibody). In 

addition, the organs of antibody-treated animals were protected fTom the coagulopathic 

response, inîravascular fibrin deposition and microvascular thrombosis. 

nius macrophage and monocyte mediated fibrin deposition, o c c h g  both 

locally at the site of infection and in the intravascdar compartment, appear to be 

important to the development of the host response to infection and inflammation. A more 

complete understanding of the signaling processes underlying the induction of 

macrophage procoagulants by various microorganisms and processes in the innammatory 

microenvironment may suggest novel approaches to the treatrnent and prevention of a 

variety diseases. The induction of these procoagulants is studied in depth in this thesis via 

a number of cellular and molecuiar interactions as are the inherent signaling mechanisms 

involved. As tissue factor and the MHV-induced prothrombinase are central to this body 

of work, they are discussed in detail below. 

Tissue Factor 

Tissue factor is a 47 kDa surface expressed trammembrane glycoprotein receptor 

molecule which mediates the initiation of the coagulation serine protease cascades. The 

fact that spontaneous viable mutations of this molecule have not been reported suggests 

that its absence is not compatible with survival (Edgington, 199 1). 



MoIecular Biology of Tissue Factor 

Experimental evidence for the structures of the murine and human tissue factor 

genes, &A and protein have been elucidated mainly by the Edgington laboratory over 

the past decade. The consensus sequence of the cDNA for tissue factor is a gene spanning 

12,4 kbp consisting of a single open reading fiame of 885 bases and is located on 

chromosome 1 specincally at 1p2 1-22. (Mackman 1989, Carson 1985). The gene 

consists of six exons separated by five non-coding introns (Mackman 1989) and encodes 

a 2.3 kB mRNA transcript (Momsey 1987). Monocytes can be induced to express tissue 

factor mRNA and functiod protein at what has been described as an average of 17.000 

molecules/cell (Gregory 1989). Interestingly, the 5' region of the gene bears some 

similarities to sequences flanking the genes for other monocyte effector molecules 

including MF (Edgington 1 99 1 ) Similar induction of other monocyte and macrophage 

activatorfeffector genes such as TNF by endotoxin suggests a shared pathway for the 

control of gene expression . Tissue factor expression appears to be transcriptionally 

regulated in human monocytes and THP- 1 monocytes requiring transcriptional initiation 

as a first event. Exposure of these cells to LPS results in maximal transcription of the 

tissue factor gene between 1 and 3h (Gregory 1989) . This response is not dependent on 

the requirement for de novo protein synthesis and thus the tissue factor gene may be 

classified as an immediate early gene. Tissue factor c m  also be induced in fibroblasts by 

s e m  and TGF. This has been interpreted to suggest that tissue factor in addition to 

initiating the coagulation cascade may also be important in the generation of other 

molecules such as thrombin which serve as secondary signals and mediate activation of a 



v&ety of ce11 =es, implicating an expauded relevance to biologic processes (wound 

healing) rather than the simple conversion of fibrinogen to fibrin in the clotting cascade 

(Hartzell1989, Shuman 1986). 

Identification and sequencing of the human tissue factor gene has allowed anaiysis 

of the flanking DNA regions that rnay be involved in the regdatory control of tissue 

factor gene activation. The 2 1 O6bp nucleotide sequence immediately upmeam ( 5 ' )  of the 

transcription start site has been determined and contains consensus sequences for binding 

of known transcription factors including NF KB, Ap- 1 and Sp 1 (Edgington, 199 1 ). 

The primary translation product is a 295 residue polypeptide chah which is 

subsequently processed to remove the 32 residue leader peptide (Edgington 199 1). The 

surface domain responsible for molecule function extends from s e r l - ~ l u ~ ' ~  and contains 

three glycosylation sites at positions 13,126, and 139, al1 threonine residues. Hydropathy 

plotting subsequently predicts a 23 aa trammembrane domain consisting of residues 220 

through 242. The remainder of the protein consists of a small21 aa cytoplasmic tail with 

a single cysteine which may assist in an anchoring role via aliphatic chab binding (Bach 

1988). The two pairs of cysteine residues ( C ~ S ~ ~ - C ~ S ~ ~  and ~ ~ s 1 8 6 - ~ ~ s 2 0 9 )  in the 

surface domain of the molecule form d i s a d e  bonds and thus contribute to the global 

architecture and stabilization of the extraceltular domain of tissue factor. The ~ ~ ~ 1 8 6 -  

cys209 is also required for optimal Factor W binding as replacement with serine 

residues markedly diminishes function (Rehemtulla 1 99 1). 



Cell Biology of Tissue Factor 

Characteristically, the tissue factor protein is located in cells that are disaibuted in 

what has been referred to as an envelope pattern around blood vessels, organ capsules and 

cells of epithelial surfaces (Edgington 199 1). Prominent expression of tissue factor has 

been demonstrated in this envelope which in effect foms a hemostatic barrier which 

declares an inherent evolutionary advantage. The cells responsible for tissue factor 

expression in the perivascular area and as part of the organ capsule are most Iikely 

fibroblasts. Apart from this physiologic expression of tissue factor in the hemostatic 

envelope this molecule can also be expressed pathologically. Tissue factor for example is 

expressed by foam cells of atherosclerotic lesions (Drake 1989) and endothelid cells and 

monocytes in infection and sepsis (Schlag, 1 985 ) .Thus in general, intravascular cells in 

normal physiologic conditions do not express tissue factor whereas extravascular cells 

exhibit differentiation dependent expression of tissue factor (Edgington 1 99 1 ) . 

Several stimuii have been reported to induce monocyte and macrophage tissue 

factor expression as noted above. These stimuli are generally associated with activation of 

i n f i m a t o r y  and cellular immune responses .These include bacteria and their products 

(lipopolysaccharide, formyl peptides, muramyl dipeptide), activated complement, 

immune complexes, and various lectins (Levy, 1994). in addition, several cell-derived 

mediator molecules either stimulate, inhibit or rnodulate macrophage tissue factor 

suggesting that tissue factor represents an induced activation-effector gene in cells of 

monocyte and macrophage lineage with the potential for modulation. This thesis will 



explore the induction of tissue factor and the involved signal transduction pathways by a 

number of inflammatory stimuli in the microenvironment of inflammation including 

integrin engagement, mast ceil products, bacterial (endotoxin) and viral (MHV 3) stimuli. 

Signaling Events in Tissue Factor Induction 

The intracellular signal transduction mechanism whereby endotoxin induces 

cellular activation and tissue factor expression has been examined in a number of 

laboratories and remains controversial (see Introduction: Part 1). Tissue Factor gene 

expression in response to LPS is regulated both transcriptionaliy and posttranscriptionaliy 

Binding to both the AP-1 and NF-kB sites in the promoter is required for optimal gene 

transcription to LPS (Edgington 199 1, Mackman 199 1) . Where tissue factor is concerned 

early studies suggested a protein kinase C dependent event as tissue factor couid be 

induced by phorbol esters in human monocytes (lyberg 1983). Others have demonstrated 

that tissue factor expression was also a calcium dependent event as the calcium ionophore 

A23 187 could increase tissue factor expression. Paradoxically, no rneasurable changes in 

cytosolic calcium were evident in these experiments (Prydz 1980). 

Recent studies fiom out Iaboratory have suggested that PKC is less important to 

tissue factor expression as calcium ionophores and phorbol esters did not result in 

increased tissue factor expression in murine pentoned macrophages (Kucey 1992.) It has 

been suggested that the discrepancy between these results may be related to the ce11 

populations studies, species of origin (human or rodent) andor the incubation and culture 



conditions (Chung 1995). ï h e  relative importance of these two pathways is explored in 

Chapter 6 of this thesis in murine pentoneal macrophages. 

Viral Induction of Procoagulants 

Viral hepatitis results in more than 70% of al1 cases of acute liver failure in 

developed nations (Lee, 1993). Our ability to study viral hepatitis in the laboratory sening 

has been limited by the technical limitation of propagating human hepatitis vinises. Tnis 

has been solved by models using the murine hepatitis virus whereby a syndrome of liver 

failure similar to that seen in humans is produced (Yuwaraj, 1996). 

The majority of work considering the role of viral induction of PCA has examined 

the effects of murine hepatitis virus on induction of macrophage procoagulant activity. 

Liver diseases in which immune mediated activation of the coagulation system has been 

implicated in the pathogenesis include viral hepatitis, MSOF, and allograft rejection 

(Chung 1994, Dindzans 1986, Van der Pol1 1990, Cole 1985). In each of these pathogenic 

States, the cellular and humoral immune response is activated, the end effect being 

microvascular coagulation and thrombosis. 

Pathologie examinations of livers aff'ected by hepatitis has revealed changes 

consistent with microvascular coagulation and thrombosis whereby these livers 

demonstrate thrombin in and around necrotic areas suggesting that hepatic thrombosis has 

occurred secondary to microvascular fibrin deposition, coagulation and thrombosis 

(Macphee, 1985) and the resulting anoxic state induced by these disturbances in the 

hepatic micro-circulation results in hepatic necrosis. 



It is hypothesized that activation of rnonocyte/macrophage and endotheIial 

procoagulants are integral to this process. The signaling mechanisms inherent to these 

processes have not been extensively studied and are central to this thesis. 

The second procoagulant mentioned in the introductory paragraph to this section 

is a protease with direct prothrombin cleaving ability ( a prothrombinase now refemed to 

as fgl-2) (Fung 199 1, personal communication ). Only this specific prothrombinase is 

expressed in response to murine hepatitis virus infection. Effects of this procoagulant on 

the hepatic microcirculation are readily evident as induction of PCA in animals strongly 

correlates with disturbances in the b e r  microcirculation. Following Section with MHV. 

flow velocity is markedly reduced, and cellular aggregation with microthrombi and 

necrosis occur. A prominent feature of these lesions is deposition of fibrin in the hepatic 

sinusoids and around areas of necrosis (Levy 1983, McPhee 1985). 

Murine Hepatitis Virus 

Murine hepatitis v ins  strain 3 (MHV-3) is a member of the Coronaviridae family 

and is the largest of al1 coronavimes with a genome size of 32 kb. This virus causes a 

spectnim of disease in mice and on this bais  mice can be classified as being susceptible, 

semi-susceptible or resistant to MHV-3. Fully susceptible mice (BALB /CJ) die of 

fulminant hepatitis within 5 days. Semi-susceptible (C3H) mice develop chronic Iiver 

disease and resistant mice (AU) develop no disease. This susceptibility to disease has 

been directly correlated to the specific macrophage in each mouse species to produce the 

viral induced pro-coagulant/prothrombinase. In other words, susceptible BALB CJ 

mouse macrophages express procoagulant activity when treated with MHV -3 but AIJ 



mouse macrophages do not (Macphee, 1985). This procoapiant induction of 

microvascular thrombosis is hypothesized to be central to the hepatocellular necrosis 

observed in these mice. 

Viral Uptake and Cellular Receptors for MW 

The receptor for MHV has now been identified, cloned and expressed and belongs 

to the immunoglobuii~ supergene family and is of distinct similarity to the 

carcinoembryonic antigen family(Wiliams, 199 1). Work by Holme's group has s h o w  

that transfection of human fibroblasts with a cDNA for the receptor gene renders these 

ceLIs susceptible to MHV infection (Dveksler, 199 1). Interestingly, the resistant mice 

discussed above have been demonstrated to express the MHV receptor that is capable of 

binding the v ins  bnplying that the receptor for MEN does not fidly account for the 

animal's susceptibility(Dveks1er 1993). An interesting hypothesis might be that this 

resistance is conferred by a difference in the signal transduction induced by the particular 

receptor. 

Role of the Macrophage 

It is well recognized that the major resistance to infection of hepatocytes is the 

reticuloendothelial system consisting of Kupffer cells and endothelid cells. Replication of 

macrophages appears to be a prerequisite for MHV to gain access to liver parenchymal 

ceIls. As noted, activation of the immune coagulation system with resultant fibrin 

deposition, intravascular coagulation and elevated macrophage procoagulant activity has 

been shown to be important in the response to MHV infection. Clearly MHV infected 

macrophages fiom susceptible mice express a surface prothrombin cleaving enzyme, or 



prothrombinase, whereas resistant mice do not. This procoagulant has been identified as 

mouse fibrinogen like protein (musfiblp) and is encoded by a gene, fg12 on chromosome 

5 (Levy 198 1, Parr 1995, Quereshi 1 995). There are several lines of evidence that point ro 

the importance of this molecule in the pathogenesis of liver necrosis. Microscopic 

analysis of the liver of MHV-3 infected mice have demonstrated microcirculatory 

abnormalities with sinusoida1 microthrombosis(Macphee, 1985). The omet of these liver 

microcirculatory abnormalities in fact correlates with a rise in fgl-2 expression (Parr. 

1995). In addition treatrnent of MHV-3 infected susceptible mice with anti-PCA 

monoclonal antibody prevents induction of PCA and hepatic necrosis(li, 1992). 

To date there has been little work examining the signaling mechanisms in 

macrophages resulting in expression of this gene and protein. 

Intraceiiular Signal Transduction in Response to M W 3  Infection 

Classically membrane receptor ligand interaction results in cellular activation via 

generation of intracellular second messengers which subsequently alter ce11 fiuiction by 

modulating transcription or direct effects on enzymatic processes by phosphorylation 

events. Interestingly the ce11 surface receptor for MHV has been cloned and sequenced 

(Dveksler 1991) but the subsequent signaling events leadulg to ultimate expression of the 

viral induced prothrombinase following receptor-ligand interaction are unknown. 

The role of the G-protein/PLC/Calcium/protein kinase C pathway has recently 

been evaluated (Chung 1995). Pemissis toxin significantly inhibits induction of PCA by 

MHV in macrophages suggesting that G-binding proteins play an important role in 

prothrombinase activity . However, calcium transients are not involved in MHV induced 



PCA as inaacelldar calcium levels do not increase following MHV-3 treatments nor do 

calcium ionophores increase PCA. The phorbol ester and PKC activator phorbol 

myristate acetate (PMA) did not effect induction of PCA but the PKC inhibitors H7 and 

staurosporine inhibited MHV induced PCA suggesting a role for PKC. However as noied 

in Part 1 of the Introduction these inhibitors are relatively non-specific, may inhibit 

tyrosine kinases and PKC may also activate MAP kinase in a crosssver fashion. MHV 

induction of the tyrosine kinase cascade/ pathway in macrophages has not been previously 

described. The role of tyrosine phosphorylation in MHV-3 induced PCA and MAP kinase 

activation is explored in Chapter 5 of this thesis. 



PART 3: 

ADHESION CASCADE OF MONOCYTES 

Mechanisms of leukocyte-endothelial ceii interactions 

Leukocyte migration from the bioodstream into idamed tissues is a multistep 

process characterized by initial rolling of ceus on the endothelial surface, the subsequent 

development of firm adhesion to the endothelial cell and M y  migration into the 

extravascular space(Beekhuizen, 1 993). Three families of adhesion molecules are 

believed to be involved in this process, selectins, integrins and adhesion molecules. The 

selectins are lectin-like molecules expressed on both endothelial cells (E-selectin, P- 

selectin) and leukocytes (L-selectin). Selectin interactions are considered to be important 

in the initial rolling phase of leukocytes on endothelial surfaces. L-selectin is 

constitutively expressed on leukocytes, while E-selectin and P-selectin are both expressed 

on endothelial cells in response to stimulation. 

Integrins 

Integrins are aB heterodimers which are present on leukocytes and mediate firm 

adhesion to endothelial cells as well as interaction between cells and extracellular matrix 

proteins. Integrins are composed of one alpha subunit and one beta subunit. The 

integrins are organized into distinct subfamilies based on P subunit designation and each 

of the p subunits exists in association with one of the several a subunits (Hynes 1992, 

Haas 1994). The ligands of the receptor are recognized by the alpha-subunit and the beta 



subunit mediates clustering of the heterodimers to form focal adhesions and cytoplasmic 

integrin binding to cytoskeletal and signal transduction proteins in these focal adhesion 

sites. There are at least 16 known alpha subunits and 8 known beta subunits that form 20 

known heterodimers. Alternative splicing of each subunit contributes to further diversity. 

With respect to leukocyte adhesion to endothelid cells and subsequent transmigration. 

several specific integrin molecules have been identified as being important. The P-> 

integrins consist of a ~ P 2  ( LFA-1), a ~ P 2  (MAC-1) and ap2 @ 15O,95) and are one 

family. The P 1 integrin, a& 1 ( or very late antigen (VLA)-4) and the lymphocyte 

integrin a4P7 are also ïnvolved in these processes. 

Neutrophils and monocytes express al1 three P2 integrins, while lymphocytes have 

only LFA-1. VLA-4 is present on lymphocytes and monocytes but not on neutrophils. 

Integrin function is regulated by increasing the number as well as the activation state of 

the surface molecules. For example, monoclonal antibodies to distinct adhesion 

molecules define a transition in the functiond state of Mac-1 (Altien, 1988). As well, 

monoclonai antibodies have been synthesized to spec5c activation epitopes of integrin 

molecules( Elemer, 1994). 

Extracellular ligands for integrins that bind to the alpha-subunits of the 

heterodirner ce11 membrane include ICAM and VCAM, and extracellular matrix (ECM) 

fibrinogen, collagen, vitronecth and other ECM proteins. It is known that ligand binding 

alone is not sufficient for signal transduction i.e. focal adhesion formation or integrin 

c l u s t e ~ g  is necessary for activation of signal transduction cascades. The use of 

secondary antibody cross-linking accomplished this process in those experiments 



descnbed in chapter 3. It is also interesthg to note that integrins mediate a 

trammembrane hierarchy of molecular responses in that integrin aggregation integrin 

occupancy, tyrosine kinase activity and integrity of the cytoskeieton were variably 

required to mediate signal transduction and formation of focal adhesions (Miyamoto. 

1995). 

Endothelial Adhesion Molecules 

The endothelid ce11 ligands for each of the integrins are members of the Ig 

superfsunily. ICAM-1 and ICAM-2 bind the P2 integrllis, while VCAM-1 serves as the 

ligand for both VLA-4 and a4P7 Upregulation of these adhesion molecules occurs in 

innarnmatory settings (Pober, 1990) with a number of cytokines known to increase 

expression of these molecules (see below). The recently described MadCAM-1 functions 

as the receptor for a47 (Beekhuizen, 1 993 ). VCAM- I and ICAM- 1 are expressed at 

very low and low levels respectively under normal conditions and are dramatically 

upregulated by IL-1, TNF, and LPS (Beekhuizen, 1993 ). For neutrophil and monocyte 

transmigration, both E-selectin and L-selectin appear to participate in the rolling phase . 

Subsequent interactions by neutrophils are dependent on P2ACA.M interactions, whereas 

monocyte interactions with endothelial cells during diapedesis are via by both P2fiCAM 

and VLA-4 NCAM-1 pathways. These interactions are explored in detail in Chapter 3 

both in tems of monocyte transendothelial migration experiments and integrin cross- 

linking experiments in effect mimicking the process of monocyte endothelial 

/extracellular matrix interaction. 



Ceil signaling induced by integrin engagement 

Integrins have long been recognized as ce11 surface receptoa whose buiding to 

extracellular matrix proteins was important in ce11 growth and development ( Hynes, 

1987 ) . Recent studies have begun to define the rnechanisms whereby these molecules 

act to modulate cell activation, either directly or in concert with other ce11 stimuli ( see 

Juliano, 1993 for review of below ). These initially focused on the role of P 1 and p3 

integrin engagement in ceii activation. In fibroblasts, endothelid celis, and epithelial 

cells, p l  integrin clustering by binding to fibronectin or by antibody ligation induced a 

rise in intracellular pH by activating the ~ a + i H +  antiport while in lymphocytes, P 1 

integrin engagement has been shown to act as either a direct stimulus or as a costirnulus 

for ce11 activation . In platelets, P3 ligation also contributes to agonist-induced 

aggregation . These cellular effects correlated with the ability of B 1 and P3 integrin 

engagement to induce tyrosine phosphorylation of several proteins, one of which, 

pp 1 XfA, a tyrosine kinase, has been defined in specific ceIl types (Kornberg, 199 1). 

Fibroblasts transfected with chirneric recepton expresshg 1, p3, or P5 intracellular 

domains induce tyrosine phosphorylation of pplî5fak when crosslinked . These data thus 

relate engagement of 1, P3 and P5 integrins to tyrosine kinase activation. 

uitegrins on monocytes and neutrophils play an important role in their ability to 

localize to sites of inflammation. Recent studies have provided evidence that engagement 

of P2 integrins on neutrophils may contribute significantly to their activation d u ~ g  this 

process . In these cells, adherence to substratum mediated by P2 integrins or antibody 

ligation, directly induces or acts as a cosignd for cytoskeletal rearrangement, the 



respiratory burst, calcium mobilization, IgG-mediated phagocytosis, and leukotriene 

production ( Graham, 1993). In addition, it appears that tyrosine phosphorylation induced 

by P2 engagement is a prerequisite for stimulation of some of these hc t ions  In contrast 

to neutrophils, the role of integrin ligation in signaihg processes leading to ce11 activation 

in monocytes is not well defined Th& contribution is potentially significant, given the 

fact that, in addition to P2 integrins, monocytes are endowed with p 1 integrins which 

mediate adhesion not oniy to endothelid cells, but also to ECM proteins including 

fibronectin, laminin and collagen. Early studies d e m o m t e d  that ligation of P 1 integrins 

augmented phagocytosis of particles via P2 receptors , while prolonged treatment of cells 

with anti432 Ab induced the respiratory burst, upregulated Ia expression and reduced 

protein synthesis. Haskil1 and colleagues dernonstrated that engagement of p 1 integrins 

(specificdly VLA-4) but not P2 integrins, induced expression of multiple genes while 

down-regulating others . The rnechanisms of gene expression were not examùied, 

although the genes that were upregulated had in common the presence of an NF-KB 

binding site in their promoter regions (see Juiiano, 1993 for review). A recent paper fiom 

this same group examined the role of protein tyrosine phosphorylation in integrin 

mediated gene induction in monocytes, the fîrst paper to address this subject( Lin, 1994 ). 

Monocyte adherence to tissue culture dishes or extracellular matrix proteins resulted in an 

Uicrease in tyrosine phosphorylation in these cells. By contrast, others have s h o w  that P2 

ligation modulated monocyte function. For example, P2 integrin engagement increases 

cell-associated IL- 1 (Couturier, 1 WO), and augments the expression of TF in response to 

LPS ( Fan, 199 1). None of these studies specificdly addressed the mechanism underlying 



these events. Whether P2 ligation augmented LPS-induced TF expression 

transcriptionally or postaanscriptionally was not defhed and the cellular mechanisrns 

responsible for this effect were not studied. We hypothesized that monocyte trans- 

endothelid migration resdts in activation of these cells and integrin engagement on 

monocytes significantly contributes to cell activation via induction of tyrosine 

p hosphorylation. Given the centrai ro le of surface integrins in monocyte transmigration 

and their subsequent interaction with ECM proteins as they migrate to the site of 

infimation, signalhg resulting fiom integrin engagement rnay play an important role in 

their state of activation and responsiveness to stimulation and may serve an appropriate 

site for therapeutic intervention. These hypotheses are explored in Chapter 3. 



PART 4: 

MAST CELLAMACROPHAGE INTERACTIONS 

History 

Paul Ehrlich originally suggested the term Mastzellen meaning fattened or well 

fed cells to refer to the mast cell because the procedures he developed for staining cells as 

a medical student demonstrated that these cells were fiIled with prominent cytoplasmic 

granules. As a result of this observation that mast cells existed in this well fed -te he 

also proposed that these cells acted to help maintain the nutrition of its surrounding 

comective tissue (Ehrlich 1879). Gdli however has suggested an alternative explanation. 

Because of the mast cells broad anatomical distribution, its potential for activation by 

multiple stimuli, and ability to release a plethora of mediators including cytokines such as 

TNF, the term mast cell may also stand for "master cell" as its potential to modulate 

various biologic processes becomes increasingly elucidated (Galli, 1 993). 

Introduction 

As a result of its strategic location at the host environment interface, as well as its 

tendency to cluster around post-capillaty vendes, the site of leukocyte diapedesis into the 

extravascular inflammatory mileu, the mast ceil may play an important role in the 

regulation of the inflammatory response. In addition, the mast ce11 secretes not only the 

classical mediators associated with the allergic response such as histamine and serotonin, 



but also a number of important inflammatov cytokines includiog TNF and 11- 1. its 

numbers are also elevated at sites of chronic inflammation. 

Indeed, when one considers the role of the mast ce11 in human biology. it is fnst 

equated with a pathophysiological role in anaphylaxis rather than any physioIogic 

immunornodulatory role which may be either of benefit or detriment to the host. 

Although these cells have been widely recognized as cntical to the pathogenesis of IgE 

dependent disordes, work fiom a number of laboratories suggests that these cells may 

have some redeeming biologic value after al1 (Galli, 1993). 

Origin , Distribution and Heterogeneity 

The mast ce11 and its sister ce11 the basophil are both derived fiom hematopoietic 

precursors. Recent studies have indicated that commitment to the mast ce11 lineage can 

precede tissue ernigration as a pre-destined rnast cell precursor has now been identified 

eodewald 1996). Both mast cells and basophils characteristicaily express a high affuity 

receptor for IgE on their surface and bind the Fc portion of the IgE antibody. This 

expression is cntical for the classic anaphylactic response whereby mast cells having 

bound IgWantigen complexes, undergo biochemical and morphologie changes referred to 

as anaphylactic degranulation (Galli, 1993). 

The mast ceii is found in diverse areas of the body as part of its numerous 

physiologie systems. Specifically they can be docurnented in the respiratory, 

gastrointestinal, genitourinary and integumentary systems. As noted above they are 

known to cluster adjacent to blood or lymphatic vessels and also near or within peripheral 



nerves. Interestingly it is these strategic positions that locate these cells at the host- 

environment interface, not only at the level of the mucosal surfaces but also at the 

interface between the intra and extravascular compartments. This distribution similady 

positions other cells in the immediate vicinity of the mast ce11 such as fibroblasts and 

macrophages to be influenced by the mast cells products (Galli 1993). 

Studies have now established that two pheootypically distinct types of mast ceil 

exist in vivo, specificaliy in rodents, by histochernical, immunochemical, biochernical 

and functional cntena. These types have been classined by their anatornic location as 

belonghg to either the connective tissue mast ce11 or mucosai mast ce11 subgroups (Katz, 

199 1). 

Cells in these difTerent sites exhibit differences in rnediator content, cellular responses to 

pharmacologic agents and differential sensitivity to agents that result in cellular 

degranulation (Galli, 1 993). 

Mast CeU Mediators 

The involvement of mast cells in inflamrnatory and anaphylactic reactions is 

dependent on the release of bioactive mediators which rnay be subdivided into three 

broad classes (Katz, 199 1). The fîrst and most important as to the unique characteristics 

of this cell include the preformed secretory granule mediators such as histamine, serine 

endopeptidases, exopeptidases and acid hydrolases. Histamine as a result of its 

vasodilating eEects is a known important mediator in the anaphylactic and allergic 

response. However less is known regarding its potential involvement in other aspects of 



the innammatory response. The second class of mediators are those synthesized de novo 

fiom mast ceU membrane lipids which include, prostaglandins, leukotrienes and plateiet 

activating factor. 

The third, and most interesthg class of mediators where increasing evidence of 

importance is becoming clear is the inflammatory cytokines including RJF (Gordon, 

1990). It is this latter group which effectively "extends the realm of mast ce11 biology 

beyond allergy and asthma, in that mast cells potentially have significant regdatory roles 

in diverse infiammatory processes" (Katz, 199 1) . 

Recent studies have suggested that activation of mast ceil lines or Il-3 dependent 

bone marrow mast cells, by cross-linking IgE Fc recepton or other mechanisms initiates 

or augments the transcription and/or translation of a nurnber of multi-functional 

inflammatory cytokines. This discovery has suggested novel mechanisrns whereby mast 

ce11 degranulation and activation might affect the inflammatory response. For example, 

increased levels of messenger RNA @RNA) or protein for multi-functional pro- 

inflammatory cytokines including Il-1,3,4,5,6, GM-CSF, IFN-Gamma, members of the 

chernokine family, and TNF have been reported. (Galli, 1993). The importance of TNF 

insofar as mast ce11 production and as an experimental end-point and mode1 for this thesis 

is explained in detail below. Thus, not only is the mast ce11 capable of causing detriment 

via an anaphylactic response, but this ce11 as a result of its cytokine profile, has the 

potential for involvement in the most fundamentai of inflammatory processes Uicluding 

host resistance, hemostasis, angiogenesis, tissue remodeling and tumor development or 



resistance. The mast ce11 has been implicated in al1 of these processes (Galli 1993. 

Gordon 1990). 

Galli 2nd colleagues first demonstrated in the mouse mast ce11 , the fist example 

of a ce11 type that contaios stores of preformed TNF for release (Gordon 1990). These 

studies demonstrated that IgE dependent stimulation of mouse peritoneal mast cells 

resulted in the rapid release of preformed TNF as well as the sustained release for up to 2 

hours of newly synthesized TNF. This classic study was in fact the discovery of a new 

mast cell mediator and is addressed in detail below. -4s these studies only addressed the 

importance of the mat ceU in vitro in infiammatory processes, the development of an in 

vivo model became necessary (see below). 

TNF 

Introduction 

TNF biology has been the subject of intensive research efforts over the iast 

decade. This pluripotent idammatory cytokine plays a key role in host response to 

infection in addition to being a fundamentai component of the inflammatory response 

(Beutler 1988). TNF was isolated over two decades ago on the basis of its ability to kill 

tumor cells in vitro and to cause hemorrhagic necrosis of transplantable tumors in mice 

(Carswell 1975). This cytokine is the principal component of the host response to gram 

negative bacterid infection. The primary ce11 responsible for the secretion of TNF is the 

mononuclear phagocyte although T cells, NK cells and as noted above and most central to 

this section of thesis work the mast ce11 may also secrete this cytokine. TNF was 

classically described as an ad-tumor agent but is now grouped with other inflammatory 



cytokines in that it is characteristicaUy produced at sites of inflammation by infiltrating 

rnononuclear cells (Vilcek, 199 1). Although seen as important in the hoa inflammatory 

response to infection an over-exaggerated TNF response is contributory to the Systemic 

lnaammatory Response Syndrome (SIRS) (Marshall, 1990). The pleiotropic nature of this 

inflammatory cytokine's bioactivity is explained by the fact that TNF receptors have been 

descnbed on virtually dl cells, it induces characteristic signal transduction pathways 

including the tyrosine kioase cascade and activates the transcription of multiple cellular 

genes (Vilcek, 1 99 1). Interestingly, TNF rapidly activates the MAPK cascade in murine 

macrophages. This suggests this cytokine as a potential mast ceIl mediator in induction of 

macrophage activation and tyrosine phosphorylation (Winston, 1 9 95). 

The TNF famiiy includes two structurally and functionally related proteins, 

TNFa and TNFP or lymphotoxin whose primary source is lymphoid cells (Vilcek, 199 1). 

TNFa is the cytokine with which this body of work is concemed and wilI subsequently be 

referred to as TNF. 

Molecular Biology: 

The TNF gene is located on the short arm of chromosome 6 in humans and 

chromosome 17 in the mouse closely linked to the MHC genes(see Vilcek, 1991). The 

gene is approximately 3 kbp long and consist of 4 exons and 3 introns. The coding region 

of the fourth exon accounts for approximateiy 85% of the mature protein. Evidence exists 

for both transcriptional and translational regulation of the TNF gene (Beutler, 1992). 



As for all genes, whether the TNF gene is transcribed into mRNA and ultimately 

translated into protein depends on the regdatory regions of the gene which are found in 

the 5' and 3' flanking regions surrounding the coding sequence. The 5' flanking region 

contains approximately 1 O00 bp and contains 3 KP consensus sequences (Beutler. 1992). 

Deletion of segments of the TNF 5' flank of greater than 2 of the KP enhancer sequences 

leads to diminished LPS induced gene activation (Shakhov, 1990). 

MF biosynthesis is also significantly regulated at the level of translation. Where 

TNF transcription increases only 3-fold in response to LPS, mRNA levels increase 100 

fold and secreted protein increases b y 1 0,000 fold (Beutler, 1 992). 

TNF is initidy synthesized as a non-glycosylated transmembrane protein of 25 

kD molecular weight. Interestingly, the orientation of this protein in the ceU membrane is 

relatively unique in that the amino-terminus is intracellular with an adjacent 

transmembrane segment with the carboxy terminus extracellular. The cytokine is 

subsequently processed whereby a 17 kD fragment including the carboxy terminus is 

proteolytically cleaved off the membrane to produce the secreted form which circulates as 

a homotrimer of 5 1 kD molecular weight (Beutler, 1988). 

TNF is bound by two ce11 surface receptors, CD 120a @55) and CD 120b @75), 

that belong to the TNFherve growth factor receptor family. Signaling by these receptors 

is initiated by receptor multimerization. The signals initiated by these receptors are 

required for the normal development and function of the immune system including ce11 

proliferation, apoptosis and severe inflammatory reactions including tissue injury and 

shock (Bazzoni, 1996). 



This cytokine is of great importance as a measure of monocytelmacrophage 

activation in this thesis and its detection by ELISA is documented in the experimental 

chapters to follow. 

Investigating Mast CeU Function in Vivo 

Two species of mice genetically deficient in mast cells have been described which 

has allowed determination of the importance of this cell in vivo (Galli 1993, 1987). The 

first is a mouse with a mutation of the Wlc-kit locus known as W Wv mice and the second 

is a mouse with a mutation at the SUSCF locus known as sI/sld rnice. In addition to being 

profoundly mast ce11 deficient, these mice also have megaloblastic anemia, are 

melanotic, and are sterile. Mutations at the former locus result in absence of the c-kit 

receptor or the production of receptors with decreased ce11 surface expression or tyrosine 

kinase activity. Mutations at the latter receptor result in reduced production of stem cell 

factor which is the ligand for the c-kit receptor. Physiologically, nomal mast ce11 

development requires the interaction between c-kit receptors expressed by mast cells at 

developmental stages and stem ce11 factor secreted by fibroblasts and other cells in the 

microenvironment of mast ce11 development. 

As a result of these mutations, mice exhibithg them contain none or less than 

0.5% of mast cells in the tissues compared to normal congenic control mice. This 

deficiency however c m  be corrected by recomtitiution with bone marrow derived mast 

cells. This thus allows an elegant mode1 to study the role of the mast ce11 in vivo and as 



described below has recently been used to demonstrate the importance of this ce11 in 

inflammatory cell recruitment and resistance to infection. 

Initiai studies of the potential of mast ce11 involvement in the local inflammatory 

response by Klein and colleagues (Klein 1989) demonstrated that in v i w  activation of 

mast cells was associated with increased expression of the leukocyte adhesion molecule 

ELAM-1. The responsible mast cell cytokines for this effect were TNF and Interleukin 1. 

This may represent another rnechanism whereby the mast ce11 can effect monocyte/ 

macrophage activation in the microenvironment of inflammation in addition to direct 

cell-ce11 interactions. 

The Role of the Mast Cell in Leukocyte Recruîtment and in the Response to 

Infection 

As a result of the mast cell's central pathogenic involvement in the anaphyIactic 

response whereby massive IgE mediated degranulation in response to agents such as 

penicillin or insect stiog may result in anaphylactic shock and death, this ce11 has been 

thought to only have a role onpathophysiology. However, recent studies have begun to 

elucidate a role for this cell in physiologie responses, especidy the response to infectious 

stimuli and pentoneal inûarnmation and thus specifically relevant to this body of work. 

Theologically speaking it seems relatively certain that mast ceiis must have evolved to 

play a more important physiological role than just as a mediator of anaphylactic shock 

and death. 



The possibility of this cell's enhanced role became more clear in 1992 when 

Zhang and associates reported a major role for the mast ce11 and specifically the mast ce11 

derived cytokine TNF in a model of immune complex peritonitis (Zhang 1992). 

Specifically these investigators reported that neutrophil recruitment into the peritoneal 

cavity was markedly reduced and delayed in mast ce11 deficient mice compared to their 

normal congenic controls using the mouse species described above. Secondly neutrophil 

recruitment was found to be secondary to increased levels of the cytokine TNF and an 

early increase in the peritoneal concentrations of this cytokine was absent in the mast ce11 

deficient mice. Earlier the same group had also reported a role for the mast ce11 in 

thioglycollate induced inflammation (Qureshi 1988) which is the model we specifically 

use to elicit the macrophages used in the majority of experiments contained in this thesis. 

This sterile peritoneal irritant known to cause cellular innux into the peritoneal cavity 

(McCarron 1984) was used in the same model and the influx of neutrophils was markedly 

delayed, as well as the length of t h e  the count remained elevated in mast ce11 deficient 

mice compared to their normal congenic controls. 

The use of this model has more recently been extended to use in models of intra- 

abdominal infection. In two recent reports Malaviya et al and Echtenacher et al 

demonstrate that mast ce11 deficient mice have a greatly increased sensitivity to acute 

septic peritonitis and that the protection afforded by mast cells depends on the production 

of tumor necrosis factor. Echtenacher et al report a cntical protective role of m a t  cells in 

a model of acute septic peritonitis (Echtenacher 1996). Using a caecal ligation and 

punchire (CLP) mode1 of acute septic peritonitis these investigators show a significantly 



increased mortality in mast ce11 deficient mice compared to control mice . In addition the 

subsequent re-constitution of the mast cell deficient mice with mast cells fiom control 

mice protected them fiom the lethal effects of CLP. An anti TNF antibody used in these 

mice suppressed this protective effect. In the same issue of Nature, Malaviya et al report 

the importance of the mast ce11 in modulation of neutrophil influx and bactenai clearance 

at sites of infection through TNF. Experirnents dernonstrate that mast ce11 deficient mice 

were 20 fold less efficient in clearing enterobacteria than control mice. When higher 

bacterial innocula were then use& only the mast ce11 deficient mice died. In addition, the 

limited bacterial clearance in the mast ce11 deficient mice directly correlated with 

impaired neutrophil influx, an effect found to be dependent on TNF. This group had also 

previously reported a mechanism for bactena induced mast ce11 activation which is 

operative in the in vivo and in vitro senings (Malaviya 1994). In studies undertaken to 

examine the ability of E. coli to induce degranulation of mast cells, these investigators 

report that this activation is dependent on a FimH subunit of type 1 fimbriae on E. coli. 

These studies conclusively demonstrate that mast cells can be degranulated by interaction 

with type 1 fimbriated E. coli and that F M ,  the mannose binding cornponent of the 

fimbriae, is a potent mast ce11 stimulant. 

The eflect of the mast cell in the systemic response as measured by peripheral 

RIF Ievels does not appear to be as  significant as mast ce11 deficient mice are not 

defective in LPS induced TNF production when serum levels are measured (Gatti 1993). 



Mast CeWacrophage Interactions 

The potential role of the mast ceIl in influencing cells in the microenvironment of 

idammation has not been extensively explored particdarly in terms of mast 

cell/macrophage interactions. This is of specific importance to this section of thesis work 

as a potential rnechanism for the increase moaality in mast ceil deficient mice in the 

peritonitis models may be decreased bacterial locaiization in abscesses in which 

macrophage mediated fibrin deposition and tissue factor expression have been implicated 

(see Ch. 1 part 2). Indeed, mast ceils have recentiy been demonstrated to have a 

procoagulant effect on endothelial cells (Muller AD, 1993). In these studies the addition 

of mast cell lysate to confluent monolayen of endothelid cells resulted in an increased 

procoagulant activity of the endothelial ce11 which was dependent on the lysate dose and 

incubation time. A direct effect of mast ce11 products on components of the coagulation 

cascade has also been suggested as tryptase, a known mediator in rnast ceil granules has 

been shown to participate in the conversion of prothrornbin to thrombin (Kido 1985). 

Little evidence to date has explored the potential for mast celYmacrophage 

interactions. However a phenotypic and functional modulation of human alveolar 

macrophages has been reported by the mast cell mediator histamine (Vignola 1994). In an 

in vitro model, studies using dveolar macrophages, which are in close proximity to mast 

cells in the bronchial airways, incubation with histamine caused a dose and time 

dependent hcrease in three membrane markers (LFA- 1, ICAM- 1 and CD23 b-the low 

affinity receptor for IgE) as well as increased release of fibronectui an extracelldar 



glycoprotein important in cell adhesion and migration. These studies suggest the potential 

for cellular interaction between mast cells and aiveolar macrophages and as the authors 

suggest may be relevant in &ay inflammation in asthma. 

Other midies have also suggested a more indirect role for histamine in effecting 

changes in mononuclear ce11 function (Vannier 1994). Vannier et al report that histamine 

enhances II-1 induced IL6 gene expression and protein synthesis via H2 receptors in 

peripherai blood mononuclear cells. These authors also reported that histamine enhances 

IL4 a induced synthesis of IL1 f3 and a suppressive effect of histamine on LPS induced 

TNF release and Il-i f3 release in human monocytes and peripherd blood mononuclear 

ceLls respectively, al1 of these processes being mediated via activation of H2 receptors. In 

effect it thus appears that this mast ceIl mediator cm have both an immuno-stimulant and 

immunornodulatory role depending on the cell type or stimulus studied. It also seems 

plausible that other mast cell products may influence the effects of this mediator. 

It has also been recently demonstrated that although mast ceIl products rnay 

influence migration and fûnction of other cells such as neutrophils and macrophages in 

the microenvironment of inflammation these cells may also in tum affect mast ce11 

fûnction. Inagaki et al (Inagaki, 1994) have show the potentiation of antigen induced 

histamine release fkom rat peritoneal mast cells through a direct interaction between mast 

cells and non-mast ceus. Whereas pure mast cells only showed a low release of histamine 

in response to antigenic stimulation a non pwified, mixed peritoneal cell population 

(including mast cells, neutrophils and macrophages) released signincantly greater 

quantities of histamine in response to antigenic stimulation. 



CIearly the potential for interaction of the mast ce11 with other cells including the 

macrophage exists in the microenvironment of inflammation. As we follow the course of 

the monocyte through the endothelium into the extracellular matrix where it subsequently 

will mature into the macrophage, one of the k s t  cells and whose products it will 

encounter is the mast ceU which as noted is preferentially located at the postcapillary 

vende, the main site of monocyte diapedesis. Chapter 4 of this thesis (Mast Cell / 

Macrophage Interactions) addresses the hypothesis that this interaction is important in the 

idammatory microenvironment The involved signahg mechaaisms, and the potential 

for its modulation by both tyrosine kinase inhibition ( Intro: Part 1) and d o x i d a n t  

inhibition is also explored. (Intro: Part 5).  



PART 5: 

ANTIOXIDANT AND ANTIBODY MEDIATED THERAPIES 

The preceding chapters have emphasized strategies to attenuate monocyte or 

macrophage idammatory activation by inhibition of signal transduction cascades. 

specifically by tyrosine kinase inhibition. Other novel therapeutic strategies attempting to 

address activation of the macrophage or monocyte in the micro-environment of 

inflammation and the organism as a whole include attempts to attenuate cellular 

activation by administration of aotioxidants or to modify responses mediated by ceIl 

expressed proteins by antibody mediated therapies. 

Increasing experimental evidence of the importance of oxidative stress modulating 

signal transduction pathways is being elucidated. Thus the effects of oxidants are not 

limited to direct toxic induction of tissue or cellular injury. The intracellular redox state 

of the ce11 controlled by the relative levels of reactive oxygen species and intracellular 

thiols such as glutathione is believed to be important in ce11 activation (Barchouslq, 

1994). Evidence is beginning to accumulate that reactive oxygen species and intracellular 

thiol levels effect ce11 activation at multiple levels including signal transduction 

pathways, transcription, mRNA stability and translational and post-translational 

processing. The tyrosine kinase cascade described in Part 1 is an example of such a 

signal transduction pathway. Activation of receptor tyrosine kinases followed by Ras, Raf 

, MEK and finally MAPK activation eventually results in the activation of trmscnptio~ 

factors c-myc, c-fos and c-jun resulting in the activation of AP-1. Oxidant stress is known 

to induce this pathway(see below), and as this pathway cm be blocked by N- 



acetylcysteine, it is suggested that reactive oxygen species or the re-dox state of the ce11 

may serve as activaton of this pathway. A specific redox-sensitive kinase that has been 

identifïed is Ltk, a trammembrane protein localized to the endoplasmic reticulum. This 

protein undergoes autophosphorylation in response to addition of thiol oxidizing 

agents(Bauskin, 199 1). In neutrophils, Downey and colleagues have discovered that 

reactive oxygen species of exogenous ongin in the form of hydrogen peroxide or 

endogenously in the forrn of the NADPH oxidase, results in the tyrosine phosphoryiation 

of a number of proteins including MAP kinase kinase (MEK) (Fialkow, 1993, 1 994). 

Work nom our laboratory has also demonstrated the potential for post- 

translational processing as it relates to the cellular redox state. These studies 

demonstrated post-transcriptional downregulation of tissue factor by anti-oxidants in 

which western blotting studies showed an accumulation of the immature tissue factor 

protein form (Brisseau 1995). A possible mechanism for this may have been protein 

retention in the endoplasmic reticulum in the presence of anti-oxidants and an altered 

intracellular redox state (Braakman, 1992). 

The potential for anti-oxidant modulation of the cellular redox state is explored in 

Chapter 4 where it is hypothesized that anti-oxidant treatrnents rnight inactivate mast-ce11 

induced macrophage activation. The two anti-oxidants investïgated were pyrrolidine 

dithiocarbamate (PDTC) and N-acetylcysteine (NAC). The dithiocarbamates belong to a 

class of anti-oxidants which act as oxidant scavengers and inhibit NF-kB. NAC acts by 

augrnenting intracelldar glutathione stores to alter the cellular redox state. NAC is a 



sulphydryl group donor which can readily cross cell membranes to restore the 

intracellular glutathione pool (Tanswell, 1995). 

Antibody based strategies have had some but Limited success in clinical trials 

(Zigeler 1991). It is a theoretical possibility that perhaps combined regimens where 

macrophage or monocyte signaling pathways are interrupted, for example by tyrosine 

kinase inhibition, will have synergistic effects with antibody based strategies. Induction of 

the coagulation cascade is an important component of the systemic response to infection. 

For example in hepatitis in a murine model, pretreatment with an antibody which 

neutralizes the macrophage PCA induced by m u ~ e  hepatitis virus prevents sinusoidal 

fibrin deposition, hepatocellular necrosis and mortality in infected mice (Li, 1992). In 

addition, in bacterial infection, systemic expression of tissue factor with resultant fibrin 

deposition is a recognized phenomenon@rake 1993). Based on this up-regulation of 

tissue factor and induction of the coagulation cascade with resultant fibrin deposition, we 

hypothesized that anti -tissue factor immunization in a model of murine systemic 

endotoxemia in vivo might have beneficial effects. This hypothesis is explored in Chapter 

7 of this thesis. Levi et al recently reported that anti-tissue factor immunization in a 

chimpanzee model of endotoxic shock abrogated thrombin generation but did not affect 

cytokine levels (Levi, 1 994) As well Taylor et al showed that lethal E. coli septic shock 

is prevented by blocking tissue factor with monoclonal antibody(Tay1or 199 1). A major 

advantage of the antibody strategy may be preservation of the inflammatory response 

indicated by maintenance of serum TNF levels, important for its anti-bacterial effect. 



in addition to the pathogenic effects of tissue factor expression in the phenornenon 

of septic shock, procoagulant activity secondary to expression of procoagulants such as 

tissue factor has been shown to contribute to the pathogenesis of a number of disease 

States of surgicd importance including ailograft rejection (Cole, 1985), acute lung injury 

(Idell, l987), bacterial infection (Rosenthal, 1989), a variety of gastrointestinal diseases 

(Wakefield, 1 990, More, 1 993), multiple organ dysfhction ( Sullivan, 1 99 1 ), as well as 

the production of the fibrinous ma& supporting tumor growth (Dvorak 1986). 

Development of an anti-tissue factor mode1 in the mouse wili hopefully allow M e r  

study of pathophysiologic processes where tissue factor expression and fibrin deposition 

are important in disease pathogenesis The development of this mode1 is described in 

Chapter 7. 



Chapter 2: Hypotheses: 

1. Monocyte transendothelial migration results in monocyte activation and tissue 

factor expression via induction of tyrosine phosphorylation and these events are 

mediated by integrin ligation. 

2. Mast c e k  which cluster at areas of monocyte diapedesis into the extravascular 

space a t  the post capillary venule modulate macrophage function via tyrosine kinase 

induction. 

3. Monocytelmacrophage signal transduction and activation by viral stimuli (murine 

hepatitis virus) or bacterial endotoxin in the intra or  extravascular space is a 

tyrosine phosphorylation dependent event . 

4. Modulation of these responses by antioridants and tyrosine kinase inhibitors in 

vitro and antibody mediated therapies in vivo suggest potential therapeutic effects. 



MONOCYTE TRANSENDOTHELIAL MIGRATION AND 
INTEGRIN ENGAGEMENT INDUCES TISSUE FACTOR 
EXPRESSION AND TUMOR NECROSIS FACTOR PRODUCTION 
VIA INDUCTION OF TYROSINE PHOSPHORYLATION 

The fïrst chapter of experiments examines monocyte access to the extravascular space via 
the process of transeridothelid migration processes rnediated by integruiadhesion 
molecule interactions between monocytes/endotheliaI cells and exmacellular matrix. This 
is in fact the fhst step of the monocyte/macrophage into the inflammetory 
microenvironment which will be explored in the chapters to follow. This chapter 
describes a signaling role for monocyte expressed integrin molecules via induction of the 
tyrosine phosphorylation signalhg cascade and subsequent expression of tissue factor and 
secretion of TNF. Experiments demonstrate that monocyte transendotheliai migration and 
antibody cross-linking of integrin receptor molecules result in monocyte activation via 
induction of tyrosine phosphorylation. 



The specific interactions of monocytes with the endothelial ce11 surface and 

underlying extracellular matrix proteins are mediated via surface adhesion molecules. 

particularly those of the integrin famiiy. Recent studies have suggested that these 

interactions may be important in modulating gene expression and thus ce11 hc t ion .  We 

tested the hypothesis that transendothelial migration of monocytes, might modulate 

monocyte activation. Migrated monocytes demonstrated significantly increased cellular 

procoagulant activity specifically identined as tissue factor by FACS and western blot 

analysis. htegrki mediated signal transduction via induction of tyrosine phosphorylation 

signaling was detennined to be the mechanism of this effect. Crosslinking of the p 1 

integrin VLA-4 or the P2 integrin Mac- 1 rnimicking integrin/Iigand interaction on 

monocytes significantly increased cellular procoagulant activity and TNF production and 

increased tyrosine phosphorylation of several proteins including a band that CO-migrated 

with MAP-kinase. This process was ameliorated by tyrosine kinase inhibition. 

Considered together, these studies suggest that monocyte activation following 

transendothelial migration is mediated by integrin engagement via induction of tyrosine 

kinase activity. These findings suggest a role for monocyte/endotheliaI ceIl interactions 

and coagulation in inflamrnatory conditions and potential for therapy. 



INTRODUCTION 

Macrophages play a central role in coordinating bacterial clearance. tissue repair 

and wound healing at sites of extravascular inflammation. During the process of 

localizing to these sites, circulating monocytes first adhere to capillary endothelium and 

then migrate between cells into the extravascular space(Furth van, 1985). The specific 

interactions of monocytes with the endothelial cell surface and the underlying 

extracellular matrix proteins during transmigration as well as the subsequent exposure of 

cells to the inflammatory microenvironment within the tissues undoubtedly act to 

modulate gene expression and thus cell fimction (Juliana, 1993). 

Previous work fiom our laboratory has demonstrated that fibrin deposition plays 

an important role in the pathogenesis and persistence of infection at extravascular sites 

(Rotstein, 1988). For example, foliowing bacterial peritonitis, enhanced clearance of 

fibrinous exudates by anticoagulants or fibrinolytic agents has been shown to reduce 

abscess formation (McRitchie, 199 1). Additionally procoagulant activity has been shown 

to contribute to the pathogenesis of atherosclerosis (Tipping, 1989), allograft rejection 

(Cole, 1985), acute lung injury (Idell. 1987), bacterial and viral infections (Osterud1983. 

Sullivan 1991, Rosenthal 1989), a variety of gastrointestinal diseases (Wakefield 1 990, 

More 1993) as well as the production of the fibrinous matrix supporting tumor growth 

(Dvorak, 1986). Microvascular thrombosis mediated by endothelial cell procoagulants 

(Clauss, 1990) or fibrinogen-mediated leukocyte adhesion (Languino, 1995) may fiu-ther 

accentuate the process. In both the intravascu1a.r and extravascular locations, cell- 

associated procoagulant molecules (PCA) contribute to fibrin deposition. Expression of 

procoagulants has been reported on monocytes/macrophages, endothelial cells, lung 

epithelial cells, fibroblasts and smooth muscle cells (Levy, 1994). Tissue factor is the 

most common procoagulant induced. This 47 kDa surface expressed glycoprotein initiates 

the extrinsic pathway of the coagulation cascade by binding factor W and augmenting its 



conversion to Factor W a  (Bach1 988). The resulting factor VIYWa complex activates 

both Factor X and Factor IX ultimately leading to fibrin deposition. 

Integrins are non-covalently linked glycoprotein a/p heterodimers and have been 

recognized as ce11 surface receptors whose binding to extracellular rnatrix proteins is 

important in ce11 growth and development (Hynes, 1987) . Recent studies have begun to 

define the mechanisms whereby these molecules act to modulate ceIl activation 

(Komberg, 199 1). These initially focused on the role of B 1 and P3 integrin engagement in 

ce11 activation. In fibroblasts, p l  integrin clustering by binding to fibronecth induced 

tyrosine phosphorylation. These cellular effects correlated with the ability of B 1 integrin 

engagement to induce tyrosine phosphorylation of several proteins, includhg pp lBfak, 

itself a tyrosine kinase, and paxillin, the substrate of pp l25fak (Burridge, 1992). 

However, the precise role of these tyrosine phosphorylated proteins in mediating 

subsequent cellular events requires m e r  definition. 

Integrins on monocytes and neutrophils play an important role in their ability to 

localize to sites of inflammation. Recent studies have provided evidence that engagement 

of P2 integrins on neutrophils may contribute significantly to their activation during this 

process (Graham, 1993). In contrast to neutrophils, the role o f  integrin ligation in 

signaling processes leading to ce11 activation in monocytes is not as well defmed Their 

contribution is potentially significant, given the fact that, in addition to PZ integins, 

monocytes are endowed with P 1 integrins which mediate adhesion not only to endothelid 

cells, but also to extracellular matrix proteins including fibronectin, laminin and collagen. 

The cellular process of tyrosine phosphorylation, i.e. the transfer of phosphate moieties to 

tyrosine residues on proteins, has been s h o w  to be involved in the generation of 

macrophage products in response to a nurnber of inflammatory stimuli (Weinstein, 1992). 

Recent studies have detemiined a role for protein tyrosine phosphorylation in integrin 

mediated gene induction in monocytes (Lin, 1994) and induction of the tissue factor 

promoter following engagement of the f.3 1 or a4 integrin chains (Fan, 1995). Additionally, 



others have shown that P2 ligation rnodulated monocyte function. For example, P2 

integrin engagement increases cel1-associated IL-1 (Couturier, 1 W O )  and augments the 

expression of tissue factor in response to LPS (Fan, 199 1). This chapter examines the 

hypothesis that the process of monocyte migration might influence monocyte 

procoagulant activity and that this signaling process is mediated by integridligand 

interaction via induction of tyrosine phosphorylation. To test this hypothesis we fust 

examined the effects of monocyte transmigration through an endothelial cell Iayer on 

procoagulant activity and tissue factor expression . Secondy, integrin Ligation with 

antibodies to P 1 and B2 integrins was performed to iden* potential signaling 

molecules involved in this process in rat mononuclear cells and the human monocyte 

THPl ceIl line. These studies demonsirate that monocyte transendothelial migration as 

well as integrin Ligation, a model for monoc yte/endothelial ce11 or monocyte/extracellular 

matrix interaction, induce monocyte procoagulant activity, tissue factor and TNF 

production and that this process appears to be mediated via induction of tyrosine 

phosphorylation. 

Findly, as the upregulation of endothelial ce11 adhesion molecules ICAMI and 

VCAM is known to occur in cytokine activated endothelial cells and inflarnmatory States 

such as sepsis and allograft rejection,[Dustin 1986, Osbom 1989, Pober 1990) and as 

cross-linking the receptors for these ligands on monocytes in the present study resulted 

in increased monocyte tissue factor expression, we hypothesized that anti -tissue factor 

immunization in a model of systemic endotoxemia in vivo might have beneficial effects. 

This hypothesis is tested in chapter 7 of the experimental section of this thesis.The 

phenornenon of microvascular thrombosis with intravascdar fibrin deposition is a 

characteristic pathologie alteration during endotoxic shock and this effect is 



predominantly mediated by expression of tissue factor by both endothelial cells and cells 

of monocyte/ macrophage lineage resulting in acceieration of the coagulation cascade and 

fibrin deposition (Levi, 1 994). These hdings suggest a pathogenic role for coagulation in 

infiammatory states and in correlation with the transmigration and cross-linking data. a 

novel paradigm for therapy. 

MATERIALS AND METHODS: 

Animals 

250 - 300 g Sprague Dawley rats were obtained from Charles River Laboratories. 

6-8 week old Swiss Webster mice were obtained Taconic Laboratories. Rabbits were 

obtained fiom Reiner Laboratones. Following delivery to the animai facility, animals 

were allowed to acclimatize for 2-4 days prior to use in these studies and fed standard 

chow and water ad libitum as per institution approved animal care protocol. 

Reagents 

Fetd bovine se-, Hanks' balanced salt solution (HBSS, ~ a 2 + -  and ~ ~ ~ + - f r e e )  

penicillin, streptomycin, DMEM and LPS were fiom Gibco. Genistein was fiom 

Calbiochem. RPMI 1640 medium, rabbit brain thromboplastin and DMSO were fiom 

Sigma. Dextran and Ficoll-paque were from Pharmacia. ECV-304 and THPl ce11 lines 

were fiom ATCC. Supplemented RPMI contained RPMI 1640 with 10% heat-inactivated 

FBS. Genistein was suspended in DMSO. 

Antibodies 

The monoclonal hamster anti-murine TNF antibody was fiom Genzyme and the 

polyclonai rabbit anti-murine TNF antibody was from Endogen. The goat anti-rabbit IgG 

conjugated with alkaline phosphatase was fiom Jackson. The polyclonal 



antiphosphotyrosine antibody and anti map kinase antibodies were fiom Transduction 

laboratories. The mouse anti-rat VLA-4 and Mac4 -F(ab')2 and goat-anti mouse IgG 

antibodies were generously provided by Dr. T. Issekutz, Deparûnent of Medicine. 

University of Toronto. 'The mouse anti-human VLA-4 and Mac4 antibodies and goat 

anti-mouse F(ab')2 antibodies used in the human ce11 line THPl experiments were fiom 

Immunotech. The anti-human tissue factor antibody was provided by Dr. Michael Getz 

( Mayo Clinic, Rochester, Minnesota). The monoclonal FITC-conjugated anti- human 

tissue factor antibody was fiom American Diagnostics 

Isolation of Human Mononuclear Ceils 

Blood from healthy hurnan volunteers was collected in heparinized tubes and 

mononuclear cells were isolated by dextran sedimentaiion and centrihgation through a 

discontinuous ficoll gradient. The rnononuclear layer was aspirated, washed twice in 

HBSS and resuspended in DMEM with 10% FCS. 

Monocyte Migration 

Transwell chambers, 6-well size (Costar, Cambridge, MA) with polycarbonate 

membranes of 3 . O p  pore size were coated for 1 hour with fibronectin (50 pg/mI). The 

transwell plates were then seeded with the endothelid ce11 line ECV-304 (I X 1 o6 /ml) 

for 24 hours at 37 O C and 5% CO2 and primed with either fMLP(10-7M) or TNF 

(1 Onglml) and washed.. Human mononuclear cells (2 X 106) were aliquotted and then 

added to the top charnber and migrated in response to fMLP (1 O7 M). Following a 1 hr 

migration period, cells were pooled washed in KBSS, counted, aliquotted at 1 X 106 /ml 

and incubated for a further 4 hr. at 37 O C allowing required time for protein synthesis 

following gene induction possibly induced by transmigration. 



Flow Cytometry 

Surface expression of human tissue factor was assessed using flow cytometry. 

Cells were labeled with primary mAb (Anti-human tissue factor-FIK conjugated) from 

American Diagnostics for 30 min. at 4OC. Cells were washed and resuspended in PBS and 

analyzed using a Coulter EPICS XL-MCL cytofluorometer. Values are expressed as log 

mean channel fluorescence. 

Ce11 Culture 

THP 1 cells were maintained in cdture at 37'C/5% CO2 in RPMI 1640 with 2- 

mercaptoethanol(2 X 10-5 M), 10% fetal bovine serum, 10 mM HEPES, 2mM L- 

glutamine, 100pgfml streptomycin and 100 units/mi penicillin. 

Cell preparatiodAntibody ligation 

Rat mononuclear cells were isolated over a Ficoll- paque gradient. Briefly, rats 

were anesthetized with 0.3 cc pentobarbital intraperitoneally and blood harvested 

following stemotomy and cardiac puncture. Blood was pooled and diluted 5 1  in RPMI 

and gently layered on Ficoll-paque. The layered preparations were then centrifuged for 20 

min at 1500 rprn and the mononuclear ce11 layer identified and aspirated. Cells were 

pooled and washed twice with HBSS at 4' C. The ce11 suspension was sedimented again, 

the cells resuspended in RPMI, and then counted using a hemocytometer. The ce11 

population was then diluted to 5x 106 cells per ml in supplernented RPMI, and 200 pl 

aliquotted into polypropylene eppendorf tubes. Cells were incubated for 10 min-4.0 hows 

at 370C in 5% CO2 either alone or in the preseme of antibodies directed against the 

indicated surface integrin. Specifically, 1 X IO6 cells were incubated in the presence of 20 

pg/m.i mouse anti-rat VLA-4 antibody or mouse anti-rat Mac-1 antibody for 20 min at 4' 

C. Cells were then washed, resuspended and incubated with goat-anti mouse IgG for 20 

min. at 4' C. In some experiments, monocytes were pretreated for one hour with the 

tyrosine kinase inhibitor, genistein (10 &ml), or vehicle 0.1 % DMSO and then 

incubated witb the indicated antibody to accomplish integrin engagement. At the end of 



the incubation period, cells were sedimented by cenaifugation at 1 100 RPM for 10 min. 

Supernatants were aspirated and fiozen at -700 C for later measurement of TNF. Cell 

pellets were resuspended in RPMI 1640 and fkozen at -700 C for later measurement of 

PCA. Experirnents pefiorxned with THPl celi line monocytes were performed in identical 

fashion with the appropnate anti-human and secondary antibodies. 

Measurement of Monocyte/Macrophage Procoagulant Activïty (PCA) 

PCA in freeze-thawed monocytes was determined by measuring their capacity to 

shorten the spontaneous cloning tirne of normai citrated human plasma in a one-stage 

clotting assay. An 80 ul sample of monocyte ce11 lysate obtained by fieeze-thawing was 

added to 80 ul of citrated normal human platelet-poor plasma, and then 80 ul of 25 mM 

CaC12 was added to initiate the reaction. The time taken for the appearance of a fibrin gel 

at 3 7 " ~  with gentle agitation was recorded. Clotting times were converted to milliunits of 

PCA by cornparison with clotting times of a rabbit brain thromboplastin standard in 

which 36 mg (dry weight) per ml was assigned a value of 100,000 mu of PCA. The 

induction of PCA from a baseline of 30 to 150 mu11 06 monocytes in cells subject to 

integrin ligation represented a shortening of the clotting t h e  from 78 to 65 seconds. The 

assay was used over the range of 10 to 10,000 mU of PCA, this range being Iinear with 

normal plasma substrate. 

Measurement of Tumor Necrosis Factor (TNF) 

TNF in supernatants was measured by ELISA. The antibody sandwich was 

detected by fluorescence (Diamondi, 1992). Microtiter plates were coated with a 

monoclonal anti-murine TNF antibody, incubated with sarnples, washed and then 

exposed to the polyclonal rabbit anti-murine TNF antibody. The enqme sandwich was 

then incubated with goat anti-rabbit IgG alkaline phosphatase for one hour at room 

temperature pnor to the addition of the substrate solution, 5-fluorosalicyl phosphate and 



the developing reagent terbium-EDTA. The fluorescence was measured with a time 

resolved fluorometer and the calibration curve and the data reduction were performed by 

automatic immunoanalyzer (Cyber Fluor 6 1 5). 

SDS PAGE and Lmmunoblotting 

For phosphotyrosine detection, cells were rapidly sedimented and pellets were 

immediately solubilized in boiling Laemmli sample buffer. Tyrosine phosphorylation was 

determined by immunoblotting with anti-phosphotyrosine antibodies. Equal protein 

Ioading was assured by BCA protein assay (Pierce) and Coomassie blue gel staining. 

Following eIecîrophoresis on 10% polyacrylamide gels, the samples were blotted onto 

Immobilon using the Bio-Rad Mini Trans-Blot systern for 1.25 hours at 100V. The blot 

was incubated with 10 ml of blocking solution and then exposed to a 1/1000 dilution of a 

polyclonal anti-phosphotyrosine antibody for 2 hours while shaking at room temperature. 

Anti-Map kinase antibody or anti tissue factor antibody was used for immunoblotting in 

some experiments. The blot was then washed four times with antibody buffer solution 

and incubated with a MO00 dilution of goat ad-rabbit IgG antibody conjugated to 

horseradish peroxidase (Arnersharn). The blots were washed and quantitated using an 

enhanced cherniluminescence detection system (ECL, Amersham). 

Endotoxin Contamination 

RPMI- 1640, HBSS, and FCS were teaed for endotoxin contamination using the 

standard Limulus amoebocyte lysate assay (Association of Cape Cod, Woods Hole, 

Massachusetts) and were found to contain c0.1 ng of endotoxin per ml, which constituted 

the lower limit of the test. 



Statistics 

Statistics were cdcdated using one-way analysis of variance and Neumann- 

Keuls for cornparison between groups. Data are expressed as the mean and standard error 

of n observations. 

RESULTS 

Effect of monocyte transmigration on monocyte procoagulant activity: 

Monocyte transmigration across the endothelid ce11 layer resulted in a significant 

induction of procoagulant activity in clotting assay. (Figure3-1) Migration was requked in 

order for this effect to occur as cells treated with the chemotactic agent fMLP alone failed 

to demonstrate an increase in PCA. The nature of this procoagulant was detennined to be 

tissue factor by monoclonal antibody staining and Bow cytometry. Migrated cells in 

response to fMLP chernotactic stimulus across either fMLP or TNF primed endothelium 

demonstrated a marked induction of tissue factor expression detected by the FITC 

conjugated monoclonal anti-tissue factor antibody (Figures 3-2a,b). Non-migrated cells 

treated with fMLP or TNF did not demonstrate increased tissue factor expression. 

Identification of this procoagulant as tissue factor was c o n f i e d  by immunoblotting with 

anti-human tissue factor antibody (Figure 3-3). Significant signal is evident at 47kDa in 

migrated cells corresponding to the known molecular weight of tissue factor protein 

(Bach, 1988). Control cells and fMLP stimulated cells not having undergone 

transmigration were negative for tissue factor protein expression. 



Effect of integrin Ligation on monocyte procoagulant activity: 

In order to investigate the possible mechanisms of transmigration induced 

monocyte activation and to mimic the effects of this process, crosslinkùig of VLA-4 and 

Mac-1 integrin receptors on rat monocytes was performed. Integrin receptor cross-linking 

resulted in a marked induction of monocyte procoagulant activity compared to control 

cells (Figure 3-4). To d e h e  whether crosslinking of integrins was required for this e f fec~  

PCA was evaluated in cells incubated with anti-VLA-4 antibody but without subsequent 

exposure to the crosslinking antibody i.e. the goat anti-mouse IgG. As shown in Figure 2. 

induction of PCA did not occur when integrins were not clustered by a crosslinking 

antibody (Figure 3-5). Incubation with crosslinking aotibody alone failed to increase 

monocyte PCA. Considered together, the data suggest that integrin crosslinking is 

necessary and sufficient for inducing PCA in rat monocytes. 

Effect of integrin iigation on monocyte TNF production: 

To discem whether this stimulatory effect was specific for PCA, or represented a 

broader stimulatory effect, TNF production by monocytes was measured. When VLA-4 

and Mac4 integrin molecules were cross-linked. a significant increase in monocyte TNF 

production was also observed (Figure 3-6). 

Effect of integrin ligation on induction of tyrosine phospborylation: 

Recent studies have suggested a role for tyrosine phosphorylation in the signaling 

pathway leading to the generation of macrophage products in response to a variety of 

stimuli (Weinstein, 1992). To examine the mechanisrn responsible for the ability of 

integrin ligation to induce monocyte PCA and TNF production, western blot analysis was 

performed to assess the effiect of receptor cross-linking on induction of tyrosine 



phosphorylation (Figure 3-7). Integrin ligation resulted in a significant increase in 

tyrosine phosphoprotein accumulation compared to control cells. Increases occurred at 

several rnolecular masses including 38-42,65,70,76, 1 10 and 120- 125 m a .  The effect 

of integrin ligation on induction of phosphotyrosine accumulation was inhibitable by the 

tyrosine kinase inhibitor genistein, suggesting an induction of kinase activity by this 

process. The wosine kinase inhibitor genistein also markedly inhibited integrin- 

mediated induction of PCA, irnplicating a role for tyrosine phosphorylation as a signaling 

mechanism in this process (Figure3 -8). 

Next, to examine these processes in a human cell and to identiQ potentid 

candidate tyrosine kinases and signaling cascades involved, the human monocyte THP 1 

ce11 line was studied. Increased accumulations of tyrosine phosphoproteins similar to the 

rat was observed when both VLA4 and Macl integrin receptors were cross linked 

(Figures 3-9,340). Similar to the observed functional data (PCA) cross linking was 

required for maximum induction of phosphotyrosine signal. Tyrosine phosphorylation of 

proteins in the 40 -45 kD is specifically evident. Recent studies have suggested a role for 

the MAP kinase pathway leading to the generation of monocyte/macrophage activation 

(Dong, 1993). These tyrosine phosphorylated proteins were found to co-migrate with a 

protein identified as MAP kinase when the ce11 lysate was probed with anti-Map kinase 

antibody (Figure 3-1 1). 



c o n t r o l  rn ig ra ted fM LP 

Fig.3-1: Effect of mononuclear ce11 migration on induction of procoagulant activity. 
Isolated human peripheral blood mononuclear cells (2 X 106/ml) were added to the top 
chamber of transweli migration chambers on fMLP (1 07M) or TNF (1 Ong/rnl) primed 
endothelid ce11 monolayers and allowed to migrate for 1 hr. Following migration, 
rnononuclear cells were collected, washed in HBSS and d e r  M e r  incubation at 37 OC 
for 4h, cells were pelleted, resuspended in RPMI and fiozen at -700C for later PCA 
assay. Control cells and fMLP treated cells did not undergo transmigration. The data 
s h o w  are the mean and SEM of 3 studies each performed in duplicate. *p< -05 vs 
control. 
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Fig. 3-2alb: Effect of mononuclear ce11 migration on induction of tissue factor 
expression: Assessrnent by flow cytometry. Isolated human penpherai blood 
mononuclear cells (2 X 106/ml) were added to the top charnber of transwell migration 
chambers on fMLP (10'7M) or TNF (lOngh1) primed endothelid ce11 rnonolayers and 
allowed to migrate for 1 hr. Following migration, mononuclear cells were collected, 
washed in HBSS and after M e r  incubation at 37 O C  for 4h cells were then pelleted, 
washed , resuspended in DMEM and labeled with primary mAb (Anti-human TF-FITC 
conjugated) for 30 min. at 4OC. Cells were washed and resuspended in PBS and 
analyzed using a Coulter EPICS XL-MCL cytofluorometer. Values are expressed as log 
mean channel fluorescence. Data is summarized in Fig.3a and representative traces s h o w  
in Fig. 3b. *p < -05 vs control, fMLP alone and TNF alone. 



- Tissue Factor 

Fig. 3-3: Effect of mononuclear ceil migration on induction of tissue factor 
expression: Assessrnent by immunoblotting. Isolated human peripheral blood 
mononuclear cells (2 X 106/ml) were added to the top chamber of transwell migration 
chamben on primed endothelia1 ce11 monolayes and allowed to migrate for 1 hr. 
Following migration. mononuclear cells were collected. washed in HBSS and after 
M e r  incubation at 3 7 O C  for 4h cells were then rapidly sedimented and resuspended in 
boiling Laemmli buffer. Tissue factor immunoblotting was evaluated as described in the 
text. The data show a representative blot of 2 sirnilar independent studies. 



c o n t r o l  i n t l  V L A 4  r n t i M A C 1  

Fig.3-4: Effeet of integrin ligation on monocyte procoagulant activity. Cells (5 X 
10~/rnl) were incubated with anti-VLA4 or anil-Mac4 antibody at 4OC for 20 min, 
washed and then incubated with goat-anti mouse crosslinking antibody for 20 min at 4OC. 
After M e r  incubation at 37 OC for 4h, cells were pelleted, resuspended in RPMI and 
fiozen at -700C for later PCA assay. The data shown are the mean and SEM of 3 studies 
each performed in duplicate. *p< -05 vs control. 

i n t l  V L A 4  i n t l  V L A 4  
C r o 8 r l l n k a d  N o  C r a a s l l n k l n g  

C e i l  T r e r t m a n t  

Fig.34: Effect of secondary antibody crosslinking on integrin induced monocyte 
procoagulant activity. Cells (5 X 106/ml) were incubated with anti-VLA4 antibody at 
4OC for 20 min, washed and then incubated with or without goat-anti mouse crosslinking 
antibody for 20 min at 4OC and then incubated at 37 O C  for 4h . Cells were then pelleted, 
resuspended in RPMI and fiozen at -700C for later PCA assay. The data shown are the 
mean and SEM of 3 studies. *p< .O5 vs control. 



control anti V U 4  anti MAC1 

Cell Treatment 

F ig.3-6: Effect of integrin ligation on monocyte tumor necrosis factor production. 
Cells (5 X 106/ml) were incubated with anti-VLA4 or anti-Mac4 antibody at 4*C for 20 
min, washed and then incubated with goat-anti mouse crosslinking antibody for 20min at 
4OC and then incubated at 37 OC for 4h. Cells were then pelleted and supernatant 
aspirated for measurement of TNF by ELISA. The data shown are the mean and SEM of 
4 studies. *p< .O5 vs control . 



Mono+ MonoNLA4.i. 
Mono VLA4 Genistein 

Fig. 3-7: Effect of integrin ligation on induction of tyrosine phosphorylation. Cells 
(1  0 X 106/ml) were preincubated with or without genistein (1 Opg/ml for 1 h) and then 
with an& K A 4  antibody at 4OC for 20 min, washed and then incubated with goat-anti 
mouse crossIinking antibody for 20 min at 4OC and then incubated at 37 O C  for 10 min. 
Cells were rapidly sedimented and resuspended in boiling Laemmli buffer. Anti- 
phosphotyrosine irnmunoblotting was evaluated as described in the text. The data show a 
representative study of 3 sirnilar independent studies. 



m o n o c y t e s  m o n o c y t e s  m o n o c y t e s  
V L A 4  V L A 4 l G E N  

Fig.3-8: Effect of the tyrosine kinase inhibitor genistein (10 pg/rnl) on integrin 
induced monocyte procoagulant activity. Cells (5 X 106/rnl) were preincubated with or 
without genistein for lh and then incubated with anti- VLA4 antibody at 4OC for 20 min, 
washed and then incubated with goat-anti mouse crosslinking antibody for 20rnin at 4OC 
and then incubated at 37 O C  for 10 min. Cells were then pelleted, resuspended in RPMI 
and frozen at -700C for later PCA assay. The data shown are the mean and SEM of 3 
independent studies. * p<.05 vs control: ** pc.05 vs anti VLA4. 



Fig. 3-9: Effect of integrin ligation on induction tyrosine phosphorylation in human 
mononuclear THPl e e k  CeIls (10 X 106/ml) were incubated with anti- VLA4 antibody 
at 4OC for 20 min, washed and then incubated with or without goat-anti mouse 
crosslinking antibody for 20 min at 4OC and then incubated at 37 OC for 10 min. Cells 
were rapidly sedimented and resuspended in boiling Laemmli buffer. Anti- 
phosphotyrosine immunoblotting was evaluated as described in the text. The data show a 
representative study of 3 similar independent studies. 



Fig 3-10 Effect of integrin ligation on induction tyrosine phosphorylation in human 
rnononuclear THPl ceUs. Cells (1 0 X 1 @/ml) were incubated with anti- Mac1 antibody 
at 4OC for 20 min, washed and then incubated with or without goat-anti moue  
crosslinking antibody for 20 min at 4OC and then incubated at 37 OC for 10 min. Cells 
were rapidly sedimented and resuspended in boiling Laemmli buffer. Anti- 
phosphotyrosine immunoblotting was evaluated as described in the text. The data show a 
representative study of 3 similar independent studies. 



Ant i-PY Anti-MAP Kinase 

VLA4-cross-lin ked, (t ime course) 

Fig. 3-1 1 : Effect of integrin ligation on induction tyrosine phosphorylation in 
human mononuclear THPl cells: Co-migration with MAP kinase. Cells (10 X 
106fml) were incubated with anti- VLA4 antibody at 4OC for 20 min, washed and then 
incubated with goat-anti mouse crosslinking antibody for 20 min at 4OC and then 
incubated at 37 OC. Cells were rapidly sedimented at 1.5.10.15.20 and 30' and 
resuspended in boiling Laemmli buEer. Anti-phosphotyrosine and anti-Map kinase 
irnmunoblotting was evaiuated as descnbed in the text. The data show a representative 
study of 3 similar independent studies. 

MAP 



DISCUSSION 

Integrins on the d a c e  of leukocytes have traditiondly been considered to play a 

central role in the process of ce11 adhesion to the surface of endothelid cells duruig ce11 

migration into the extravascular space (Hynes, 1987). Recent studies, however. suggest 

that engagement of these surface molecules are capable of inducing "outside-in '' 

signaling leadulg to aiterations in ce11 function (Kornberg, 199 1). The present studies 

investigated the ability of monocyte transmigration and integrin ligation to modulate 

monocyte function. In these studies, transendothelial migration and engagement of both 

VLA-4 (P 1 integrin) and Mac- 1 (PZ integrin) renilted in monocyte activation as 

evidenced by a rise in PCA, increased tissue factor expression and TNF release. 

Clustering of the integrins, as would occur under physiological situations, appears 

necessary since no increase in PCA was noted when a secondary crosslinking antibody 

was not used. Further, Fc receptor ligation did not appear responsible for two reasons. 

Fust, incubation with primary alone or secondary antibody did not mimic the effect. 

Second, the anti Mac-1 rat antibody was a F(ab)2 fiagrnent lacking an Fc tail and this 

antibody was an effective stimulus d e r  crosslinking. Considered together, these data 

support the notion that monocyte endothelial transmigration is able to induce ce11 

activation and that surface integrin engagement on monocytes is a possible mechanism of 

this process. 

The activation process appears to be related to the ability of integrin ligation to 

induce tyrosine phosphorylation. Crosslinking increased tyrosine phosphoryiation and its 

inhibition with the tyrosine kinase inhibitor genistein precluded the nse in PCA. The 



precise proteins undergoing phosphorylation and their role in s igd ing  require M e r  

study. The molecdar masses of two of the proteins, i-e. 76 and 125 kDa approximate 

those of previously identified tyrosine kinase substrates, paxillin and pp125fA (Burridge, 

1992). These proteins have been shown to locdize within focal adhesions in some cells 

and to be physically associated with cytoskeletal elernents. Future studies will define their 

roie in cells of monocyte/macrophage lineage and evaluate downstream signalhg 

pathways including MAP kinase activation, a protein found to CO-migrate with tyrosine 

phospho~lated protein in these studies and known to participate in signaling responses 

during macrophage activation (Dong, 1 993). 

As noted in the introduction to this chapter the upregulation of endothelial 

ce11 adhesion molecules ICAMI and VCAM is known to occur in inflammatory States 

such as sepsis and ailograft rejection. As cross-linking the receptors for these ligands on 

monocytes in these experiments resulted in increased monocyte tissue factor expression. 

we dso studied whether anti -tissue factor immunization in a mode1 of systemic 

endotoxemia in vivo might have beneficiai effects. Microvascular thrombosis with 

intravascular fibrin deposition is a characteristic pathologie alteration during endotoxic 

shock and this eRect is predominantly mediated by expression of tissue factor by both 

endothelial cells and cells of monocyte/ macrophage lineage resulthg in acceleration of 

the coagulation cascade and fibrin deposition. Disseminated intravascular coaguiittion 

with widespread deposition of fibrin in the microvasculahire commonly accompanies 

septic shock and is associated with the development of end organ failure. This hypothesis 

is explored in chapter 7. 



The process of monocyte or macrophage activation by the transmigratory process 

or interaction with extracellular ma& proteins may be important mechanistically in a 

number of other disease States. Macrophages in atherosclerotic plaques express tissue 

factor and secrete TNF (Tipping, 1989,1993), however the stimuli are unknown. The 

present data suggests that activation of these cells during monocyte transmigration or 

subsequent interaction with matrix proteins as a potential mechanism of this process and 

a potential target for therapy. 

In summary, these studies suggest that interactions of monocytes with the 

endothelid ce11 surface and underlying extracellular ma& proteins during 

transmigration as well as the subsequent exposure of cells to the inflammatory 

microenvironment within the tissues may modulate monocyte activation. The antibody 

cross-linking data suggests the mechanism of this effect to be integrin mediated signal 

transduction via induction of tyrosine phosphorylation. Modulation of tissue factor 

expression induced by these processes may have beneficid therapeutic effects. 



CHAPTER 4: 

MAST CELL I MACROPHAGE INTEXACTIONS IN THE 
MICROENVIRONMENT OF INFLAMMATION: A NEW 
PARADIGM FOR ANTI-INFL-TORY THERAPY 

The previous chapter examined the monocyte and then macrophage as it traveled fiom 
vasculature to the extraceIlular matrix via transendothelial migration. Foilowing 
migration into the extravascular infiammatory mileu, these ceiis, now macrophages, are 
exposed to a plethora of inflammatory stimuli and other cells that might act to modulate 
cellular function. Mast ceiis are lmown to inhabit areas surroundhg the post-capillary 
vende, the site of monocyte diapedesis or tram-endothelid migration and a portal of 
enw into the body where the macrophage CO-resides. The role of the mast ce11 in 
effecting macrophage activation is poorly understood. Herein we report a important role 
for these cells in macrophage activation. Mast ce11 sonicates and degranulated mas cells 
markedly increase macrophage tissue factor expression /procoagulant activity and 
secretion of TNF. These processes are also mediated via induction of tyrosine kinases. 



SUMMARY 

Extravascular fibrin deposition and -or necrosis factor production have been 

implicated as important contributors to the pathogenesis of various local inflammarory 

conditions including in£lamrnatory bowel disease, peritoneal abscess and the extracellular 

tumor matrix.. The expression of surface procoagulants and TNF production by 

macrophages represents an important mechanism underlying local fibrin deposition and 

cytokine activity at sites of extravascular innammation. Mast cells by Wnie of their 

penvascular location are in a potent position to influence the inflammatory process. The 

present studies investigated the role of the mast ce11 in the generation of macrophage 

procoagulant activity (PCA), tissue factor expression and turnor necrosis factor (TNF) 

production. The role of tyrosine phosphorylation as a mechanism of signal transduction in 

this cellular interaction was studied as was modulation of this interaction by antioxidants. 

Mast ce11 lysates caused a marked induction of macrophage PCA (dose and time 

dependent) and TNF release while whole mast cells had Little effect This effect was 

prevented by the tyrosine kinase inhibitors herbimycin and genisteui. P hysiologic 

degranulation of mast cells using calcium ionophores and the mast ce11 degranulating 

agent compound 48/80 resulted in a marked increase in TNF production in mast 

celVrnacrophage CO-cultures. At the molecular level, Northem blot analysis revealed 

marked induction of the murine macrophage tissue factor and TNF transcript in response 

to incubation with mast cell lysate . Inhibition of mast ce11 induced macrophage 

procoagulant activity was observed with antioxidant treatments. 

These studies thus suggest that mast ce11 - macrophage interactions promote 

macrophage rnediated fibrin deposition and TNF release and that this effect is in part 



mediated via induction of tyrosine phosphorylation. These observations suggest novel 

mechanisms of involvement of the mast ceiI in the infiammatory microenvironment and 

macrophage activation . As weii, these results suggest that modulating mas1 ce11 

degranulation or mast celV macrophage interactions rnay represent an approach to 

rnodiwg the local inflanmatory response and a novel approach to therapy. 



INTRODUCTION 

Fibrin deposition and tumor necrosis factor production are ubiquitous components 

of the inflammatory response. Skdies demomt ing  a salutory effect of anticoagulants 

and fibrinolytic agents on the development of inflammation in a variety of diseases have 

suggested a role for coagulation in the pathogenesis of these processes (Rotstein 1988. 

McRitchie 199 1. Chalkiadakis 1983). At sites of extravascular inflammation, fibnn 

deposition appears to be mediated by the expression of procoagulant molecules on the 

sunace of idlanunatory cells, in pariicular macrophages. Macrophage procoagulant 

activiw (PCA) has been shown to contribute to the pathogenesis of delayed-type 

hypersensitivity reactions (Irnarnura, 1993), ailograft rejection (Cole, l985), acute lung 

injury (Idell, 1987), bacterial and Wal infections (Ostenid 1983, Sullivan 199 1, 

Rosenthd 1989) a variety of gastrointestinal diseases (Wakefield 1990, More 1993), as 

well as the production of the fibrinous rnatrix supporting tumor growth (Dvorak, 1986). 

While several procoagulant molecules have been reported, the most cornmon of these is 

tissue factor. This 47 D a  surface expressed glycoprotein initiates the extrinsic pathway 

of the coagulation cascade by binding factor VU and augmenting its conversion to Factor 

VIIa (Bach, 1988).The resdting factor VIWna complex activates both Factor X and 

Factor IX ultimately leading to clot formation and fibrin deposition. 

TNF is an important monokine with pleiotropic effects on the host infiammatory 

response including the induction of fever, antiviral and antiîumor activity and 

augmentation of monocyte and granulocyte functions. It is thus important in the 

microenvironment of inflammation but also has significant systemic effects ( Beutler 

1989, Vilcek, 199 1). 



Mast cells have traditionally been considered to conaibute directly to the 

inilammatory response by the release of their grande contents, including histamine. 

serotonin and leukotrienes. The vasodilatory properties of these mediators as well as their 

ability to induce vascdar leakiness increases blood flow and exfravzscular fluid 

accumulation at sites of inflammation. Recent studies dernonstrating their ability to 

synthesize and release cytokines such as tumor necrosis factor (TNF) suggest a broader 

contribution to the development of the idammatory response. For example, TNF 

denved fiom mast cells has been shown to be responsible for the initial idlux of 

neutrophils into the peritoneal cavity in response to peritoneal inflammation (Zhang, 

1992). Their location in the vicinity of biood vessels, notably the postcapillary vende, 

the predominant site of leukocyte diapedesis, strategically positions them to subserve a 

variety of proinfiammatory functions. 

Macrophage function at sites of infiainmation is known to be modulated by a large 

number of mediator molecules. The purpose of the present studies was to examine the 

hypothesis that mast ceils might influence macrophage-mediated fibrin deposition, tissue 

factor expression and twnor necrosis factor production in the microenvironment of 

inflammation. Mast ce11 lysates caused a marked induction of macrophage PCA (dose and 

tune dependent) and TNF release while whole mast cells had Iittle effect. As tyrosine 

phosphorylation has been implicated in the signailhg pathway leading to the generation 

of macrophage products (Beaty 1994, Nishida 1993, Weinstein 1992, Han 1993) its role 

in mast ce11 macrophage interactions was also studied. Macrophage activation by mast 

cells was prevented by the tyrosine kinase inhibiton herbimycin and genistein. 

Physiologie degranulation of mast cells ushg calcium ionophores and the mast ce11 



degranulahg agent compound 48/80 resulted in a marked increase in TNF production in 

mast celUmacrophage CO-cultures. This eEect was not mediated by macrophage histamine 

receptors as ranitidine did not block the ef5ect and histamine did not reproduce it. At the 

molecular level, Northem blot analysis revealed marked induction of the murine 

macrophage tissue factor and TNF transcript in response to incubation with mast ceIl 

lysate compared to control. Modulation of mast cell/rnacrophage interaction with 

antioxidants, known to have beneficial anti-intlarnmatory effects, resulated in decreased 

macrophage procoagulant activity suggesting a novel therapeutic approach of this local 

idammatory resonse. 

MATERIALS AND METHODS: 

Animals. Six to eight week old female Swiss Webster mice were obtained fiom 

Taconic Laboratones. Following delivery to o u .  animal facility, anïmals were allowed to 

acclimatize for 2-4 days prior to use in these studies. Animals were then maintained in 

colonies of no more than five animals per cage and fed standard mouse chow and water 

ad libitum as per institution approved animal care protocol. 

Materials: Fetai bovine serum. Hanks' balanced sd t  solution (HBSS, c&- and 

~ ~ Z + - f i e e ) ,  genistein and herbimycin A were from Gibco. RPMi 1640 medium, rabbit 

brain thromboplastin, A23 187, ionomycin, compound 48/80, N-acetylcysteine, 

pyrrolidine dithiocarbamate(PDTC) , pyroglutamic acid (PGA) and DMSO were fiom 

Sigma Powdered Brewer's thiogIycolIate was obtained fiom Difco. The monoclonal 

hamster anti-murine TNF antibody was fiom Genzyme and the poIycIond rabbit anti- 



murine TNF antibody was nom Endogen. The goat anti-rabbit IgG conjugated with 

akaline phosphatase was fiom Jackson. The polyclonal antiphosphotyrosine antibody 

was fkom transduction laboratories. 

Solutions: Supplemented RPMI contained WMI 1640 with 10% heat-inactivated 

FBS. Herbimycin and genistein were suspended in DMSO, N-acetylcysteine. PDTC , 

PGA in water. 

Mast ceii he: The line is derived fiom a fetal liver murine ce11 line of a (B6 X 

A/T)FI mouse (ATCC # CRL 8306). It has receptors for IgE and produces histamine and 

leukotrienes. Mast ce11 lysates were generated by probe sonication of a mast ce11 

suspension. A mast ceIl suspension of 2 X 106 cellslml was sonicated using a probe 

sonicator to generate the mast ce11 lysate. 

Ce11 preparation. Murine macrophages were harvested by peritoneal lavage, 

using 1 O ml of sterile HBSS four days following intraperitoneal injection of 2 mi of 

thioglycollate medium. Lavage fluids were pooled and centrifkged at 750 x g for 10 min. 

The cell-containing pellet was then washed in sterile HBSS and centrifuged again at 750 

x g for 10 min. The supernatant was discarded and the pellet resuspended in 5 ml of 

sterile water for 15 seconds to lyse any red blood cells and then diluted to 45 ml with 

sterile HBSS. The suspension was sedimented again, the cells resuspended in RPMI, and 

then counted using a hemocytometer. The ce11 population was then diluted to 1 x 1 o6 cells 

per ml in supplemented RPMI, and aliquoted into polypropylene tissue culture tubes. This 

technique generated a ce11 suspension with a viability in excess of 95%, as assessed by 



trypan blue exclusion, and a ce11 population of 80 - 90% macrophages, as assessed by 

nonspecific esterase staining, Wright's staining and transmission electron microscopy. 

Cells were incubated for 1.0-8.0 hours at 370C in 5% CO2 either alone or in the 

presence of mast ce11 lysate or whole mast cells. In some experiments, macrophages were 

pretreated for two hours with the tyrosine kinase inhibiton herbimycin A (1 pgiml) or 

Genistein (1 Opg/ml) or vehicle, 0.1 % DMSO. At the end of the incubation period. cells 

were sedirnented by centrifugation at 750 x g for 10 min. Supernatants were aspirated and 

fkozen at -700C for later measurement of TNF. Ce11 pellets were resuspended in RPMI 

1640 and fiozen at -700C for measurement of PCA. In physiological degrandation 

expenments whole mast celYmacrophage CO-cultures were incubated in the presence or 

absence of calcium ionophores ionomycin (1 CIM) and A23 187 ( 0 . 8 m  or the mast ce11 

degranulating agent compound 48/80 (1 pg/ml). In antioxidant experiments, CO-culhues 

were incubated in the presence or absence of the antioxidants N-acetylcysteine (30mM), 

pyrrolidine dithiocarbamate(1 mM), or its structurai non antioxidant control, pyroglutamic 

acid (1mM) 

Measurement of macrophage procoagulant activity (PCA): PCA in fieeze- 

thawed macrophages was determined by measuring their capacity to shorten the 

spontaneous clotting tirne of normal citrated human plasma in a one-stage clotting assay. 

An 80 ul sample of macrophage ce11 lysates obtained by fieeze-thawing was added to 80 

ul of citrated normal human platelet-poor plasma, and then 80 ui of 25 mM CaC12 was 

added to initiate the reaction. The time taken for the appearance of a fibrin gel at 3 7 O ~  



with gentle agitation was recorded. Clotting times were converted to milliunits of PCA by 

comparison with clotting times of a rabbit brain thromboplastin standard in which 36 mg 

(dry weight) per ml was assigned a value of 100,000 mu of PCA. The induction of PCA 

from a baseiine of 1300 to 9 100 mu/ 1 O ~ M @  in cells stimulated by mast ceIl lysate 

represented a shortening of the clottïng time fkom 50 to 35 seconds. The assay was used 

over the range of 10 to 10,000 mU of PCA, this range being hear with normal plasma 

substrate. 

Measurement of tumor necrosis factor 0: TNF in supematants was 

measured by ELISA. The antibody sandwich was detected by fluorescence (Diamondi, 

1992) Microtiter plates were coated with a monoclonal anti-muriue TNF antibody, 

incubated with samples, washed and then exposed to the polyclonal rabbit ad-murine 

TNF antibody. The enzyme sandwich was then incubated with goat ad-rabbit IgG 

alkaline phosphatase for one h o u  at room temperature prior to the addition of the 

substrate solution, 5-fluorosalicyl phosphate and the developing reagent tebrium-EDTA. 

The fluorescence was measured with a time resolved fluororneter and the calibration 

curve and the data reduction were performed by automatic immunoandyzer (Cyber Fluor 

615). 

Tissue factor1 TNF mRNA induction: This was assessed by Northern blot 

anaiysis using the cDNA probe for murine TF (Ranganathan, 199 1) (kindly provided by 

Dr. Michael Getz, Mayo Clinic, Rochester MN) and the cDNA probe for murine 

TNF(Amersham). Briefly, 10 x 106 cells were pelleted and total RNA was extracted 

using the method of Chomczynski and Sacchi (Chomczynski, 1987). After 



electrophoresis, RNA was transferred to Genescreen and hybridized with 3 2 ~  random- 

labeled cDNA probe for m&e TF and TNF. Comparable RNA loading between lanes 

was assured by probing with a cDNA probe for rat a tubulin (Lemishka 1982). 

Western Blot analysis: For phosphotyrosine detection, cells were rapidly 

sedimented and pellets were imrnediately solubilized in boiling Laemmli sample buffer. 

Tyrosine phosphorylation was determined by immunoblotting with anti-phosphotyrosine 

antibodies . Following electrophoresis on 10% polyacrylamide gels, the samples were 

blotted onto Immobilon using the Bio-Rad Mini Trans-Blot system for 1.25 hours at 

100V. The blot was incubated with 10 ml of blocking solution and then exposed to a 

111 O00 dilution o f  a polyclonal anti-phosphotyrosine antibody (Transduction 

Laboratones) for 2 hours while shaking at room temperature. The blot was then washed 

four times with antibody bufYer solution and incubated with a 1/5000 dilution of goat 

anti-rabbit IgG mtibody conjugated to horseradish peroxidase (Amersham). The blots 

were washed and quantitated using an enhanced chemiIuminescence detection system 

(ECL, Amersham). 

Endotoxin contamination. RPMI- 1640, HBSS, and FCS were tested for 

endotoxin contamination using the standard Limulus amoebocyte lysate assay 

(Association of Cape Cod, Woods Hole, Massachusetts) and were found to contain <O. 1 

ng of endotoxin per ml, which constituted the Iower limit of the test. 

Statistics. Statistics were calcdated using one-way analysis of variance and Neu- 

mann-Keuls for comparison between groups. Data are expressed as the mean and 

standard error of n observations. 



RESULTS: 

Effect of mast cells on macrophage procoagulant activity (Figure 4- 1): The 

addition of mast cell lysate to macrophages caused a five-fold increase in macrophage 

procoagulant activity compared to macrophages alone, while whole mast celh had no 

effect. Neither whole mast cells or mast cell lysate exhibited procoagulant activity. To 

d e  out the possibility that endotoxin contamination may have contributed to the effect, 

two approaches were taken. Fint, the sonication probe used for lysis was imrnersed into 

the solution containhg whole mast cells. These cells remained unable to promote PCA, 

indicating that contaminants from the probe were unlikely to have contributed to the 

effect of the lysed mast cells on PCA. Second, the inclusion of polymyxin B in the mast 

ceIl lysatelmacrophage mixture did not prevent the induction of PCA. 

The tirne course and dose dependence of the effect of mast ce11 lysate on 

macrophage PCA was studied. As shown in figure 4-2, lysates induced macrophage PCA 

as early as two hours and reached a maximum by 6-8 hours. Figure 4-3 demonstrates a 

progressive effect of mast ceil iysates on PCA as the number of mast cells was increased. 

Effect of mast ceIl lysate on TF mRNA levels: To examine the mechanism 

responsible for the ability of mast cells to induce macrophage PCA Northern analysis 

was performed to assess TF mRNA levels in macrophages CO-incubated with mas  ce11 

lysate (Figures 4-4). Mast ce11 lysates induced a significant increase in TF mRNA 

compared to control cells. By contrast, no tissue factor expression was detected in mast 

cell lysates. 

Role of tyrosine phosphorylation in mast ceU induction of macrophage PCA: 

Recent studies have suggested a role for tyrosine phosphorylation in the signalling 



pathway leading to the generation of macrophage products in response to a variety of 

stimuli . To examine whether tyrosine kinases participated in mast cell-induced PCA the 

effect of Herbimycin A, an inhibitor of tyrosine kinases, was studied. Herbimycin A (Ip 

g / d  with two hour pretreatment) caused a signifïcant reduction in the ability of mast ce11 

lysate to augment macrophage PCA. (Figure 4-5) 

Effect of mast celi Iysates on macrophage tumor necrosis factor release: To 

discem whether the effect of mast ce11 lysates on macrophages was confined to the 

induction of PCA, TNF secretion was aiso measured. Co-incubation of macrophages 

with mast ce11 lysate resulted in a significant increase in macrophage TNF release. Whole 

mast cells did not significantly elevate TNF production and only a small arnount of TNF 

was detected in mast ce11 lysates (Figure 4-6.). 

Effect of physiological mast ceil degranulation on tumor necrosis factor 

release: To detennine whether physiological degrandation of mast cells might modulate 

macrophage TNF production studies were performed to determine whether physiological 

degranulation of these cells might modulate macrophage TNF production.Macrophages 

were CO-cultured with whole mast cells in the presence or absence of calcium ionophores, 

ionomycin and A23 1 87 or the mast cell degranulating agent compound 48/40. To 

initially detennine whether degranulation defmitively resulted nom beatrnent with these 

agents, mast ce11 degranulation was measured as beta glucuronidase secretion via a 

cornmercially supplied assay (Sigma). As can be seen in figure 4-7, treatment of mast 

cells with the calcium ionophore A23 187 significantly increases beta glucuronidase 

concentrations confirming that these agents were able to dehitively induce mast ce11 



degrandation. Treatment of macrophage/rnast ce11 CO-cultures with these degranulating 

agents markediy augmented TNF production compared to unstMulated cocultures. an 

effect in part accounted for by an increase in mast ce11 TNF release.(Figs. 4-8) To 

determine the mechanism whereby mast cells induce TNF by macrophages we studied the 

effect of mast cell lysate on macrophage TNF production. Northem blot analysis 

demonstrated significant induction of macrophageTNF mRNA expression by mast ceIl 

lysate suggesting modulation at the transcriptional level (Fig.4-9). This effect was not 

mediated by macrophage histamine receptors since ranitidine did not block the effect and 

histamine did not reproduce it. However, the effect appeared to be signaled via induction 

of tyrosine phosphorylation as the tyrosine kinase inhibitor herbimycin A (ipg/rnl) 

signincantly reduced the ability of mast ce11 lysate to augment macrophage TNF (Fig 4- 

i O). 

Effect of antioxidants on mast ce11 induced macrophage activation: Since antioxidant 

agents have been shown to have beneficial anti-inflamrnatory efTects, we tested the 

hypothesis that antioxidants might modulate mast cell mediated macrophage activation. 

Macrophages were incubated for 4 hours with mast cell lysate (in the presence or absence 

of the antioxidants N-acetylcysteine (NAC: 30rnM), pyrrolidine dithiocarbamate (PDTC: 

ImM), or its structurai non antioxidant control, pyroglutamic acid (PGA: 1rnM) Co- 

culture of MO with MCL resulted in a significant increase in M a  PCA. 'This effect was 

inhibited by both antioxidants NAC and PDTC without associated cytotoxicity (trypan 

blue exclusion > 88%) . PGA, the structural control for PDTC (Le. no antioxidant 

properties) was without effect, suggesting that the inhibitory effects of PDTC were due to 

its antioxidant properties.(Fig.4-11) In addition we were interested in the potential 



mechanism of thÎs effect. As the redox state of the ceil is known to be important insipal 

transduction (Fidkow, 1993), we tested the hypothesis that thes agents might be acting to 

reduce accumulation of tyrosine phosphoproteins. As seen in Figure 4-11 both PDTC and 

N-acetylcysteine decrease tyrosine phosphorylation in a fashion similar to that seen with 

tyrosine kinase inhibitors suggesting a mechanism for the observed functional response. 



M a  MCL WMC MaNVMC M@/MCL 

Fig.4-1: Effect of mast cells on macrophage (MO) procoagulant activity. Cells 
(106/m1) were incubated with whole mast cells (WMC) or mast ce11 lysate (MCL) (2 X 
106'rnl) for 4h. Cells were then pelleted, resuspended in RPMI and h z e n  at -700C for 
later PCA assay. The data shown are the mean of 3-1 5 independent studies, each 
performed in duplicate. *p< .O01 vs M4 alone. 



T I M  E ( h r s )  

Fig.4-2: T h e  course of the effect of mast ce11 lysate (MCL) on macrophage (Mb) 
procoagulant activity . Cells (l06/ml) were incubated with mast ce11 lysate (2 x 106/rnl) 
for varying times. At the indicated time, cells were pelleted, resuspended in RPMI and 
fiozen at - 700C for later PCA assay. The data shown are a representative experiment of 
three independent studies. 

M A S T  C E L L  L Y S A T E  ( X  1 0 4 C E L L S )  

Fig.4-3: Effect of mast ce11 iysste (MCL) on macrophage (Mt#) procoagulant activity: 
DOSE RESPONSE. Cells (10~1ml) were incubated with mast ce11 lysate at varying 
concentration. The data shown are a representative experiment of four independent 
studies. 
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Fig. 44:Northern blot analysis of the effect of mast ceii lysate (MC lysate) on the 
level of macrophage (Mt$) tissue factor &NA. Cells were incubated with or without 
mast ce11 lysate (2 X 106/rnl) for 2h. RNA was extracted and Northem blot analysis was 
performed using the cDNA probe for murine tissue factor. The blots were then stripped 
and reprobed with the cDNA for a tubulin to ensure equal loading. The blot shown is 
representative of three independent studies. 



Fig.4-5: Effect of the tyrosine kinase inhibitor Herbimycin A (HERBI) on mast ce11 

lysate (MCL) induced macrophage (Mt$) procoagulant activity. Cells (106/ml) were 

incubated with mast ce11 lysate (2 X 106/ml) for 4h in the presence or absence of 
herbimycin (1 @ml with 2h preincubation). Cells were then pelleted, resuspended in 
RPMI and fiozen at -700C for later PCA assay. The data shown are the mean of 6 
independent studies. * pc.001 vs M$ alone: ** p<.01 vs M$/MCL. 



M O  M C L  W M C  M @ / W M C  M O / M C L  

Fig.4-6: Effect of mast c e b  on macrophage (Mb) tumor necrosis factor production. 
Cells (106lml) were incubated with whole mast cells (WMC) or mast ce11 lysate (MCL) 
(2 X 106lml) for 4h. Cells were then pelleted and supernatant aspirated for measurement 
of TNF by ELISA. The data shown are the mean of 3-9 independent studies, each 
performed in duplicate. *p<.O 1 vs M4 alone. 



media mast cells (4 X 10~1200 ul) 

Fig 4-7: Phenolphthalein assay documenting mast celi degranulation via 
measurement of beta glucuronidase. Mast cells were treated with the calcium 
ionophore A23 187 as described in the text and beta glucuronidase measeured with a 
standard assay system (SIGMA). 
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Fig. 4- 8: Effect of physioIogical mast ce11 degranulation on tumor necrosis factor 
release. Cells were CO-cultured with whole mast cells in the presence or absence of 
calcium ionophore A23 187 (0.8pM) or the mast ce11 degranulating agent compound 
48/80 (lpg/mi) for 4 hours. Cells were then pelleted and supernatant aspirated for 
measurement of TNF by ELISA. The data shown are the mean of 4-6 independent 
studies.* p< .O5 vs control. 
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Fig.4-9: Northern blot analysis of the effect of mast ce11 Iysate (MC lysate) on the 
level of macrophage (M4) TNF mRNA. Cells were incubated with or without mast cell 
lysate (2 X 106/ml) for Zh. RNA was extracted and Northern blot analysis was performed 
using the cDNA probe for murine TNF. The blots were then stripped and reprobed with 
the cDNA for a tubulin to ensure equal loading. The blot shown is representative of three 
independentstudies. 



Fig.4-IO: Effect of the tyrosine kinase inhibitor Herbimycin A (HERB) on mast ce11 

Iysate (MCL) induced macrophage (M#) TNF secretion. Cells (l06lml) were 
incubated with mast cell lysate (2 X 106fml) for 4h in the presence or absence of 
herbimycin (1 pghl  with 2h preincubation). Celis were then pelleted and supernatant 
aspirated for measurement of TNF by ELISA. The data shown are the mean of 6 
independent studies. * pC.00 1 vs Mt$ alone: ** pc.0 1 vs M$/MCL. 



Fig.4-Il: Effect of antioxidants on mast celi induced macrophage activation: Cells 
(106/ml) were incubated with mast ce11 lysate (2 X 106/rnl) for 4h in the presence or 
absence of the antioxidants N-acetylcysteine(30mM), PDTC (1mM) or its structural non- 
antioxidant control PGA. (1m.M) Cells were then pelleted, resuspended in RPMI and 
fiozen at -700C for later PCA assay. The data shown are the mean of 6 independent 
studies* p<.01 vs control: ** pC.0 1 vs M@/MCL. 



Figure 4-12. Anti-oxidant modulation of mast ce11 induced macrophage tyrosine 
phosphorylation. Cells (2  X 106/ml) were preincubated with PDTC (IrnM for I h) or 
Nac (30 mM for I h) and then treated with mast ce11 lysate (MCL) for 15 min. Cells were 
rapidly sedimented and resuspended in boiling Laerndi buffer. Phosphorylation of 
tyrosine residues was evaluated as descnbed in the text. The data show a representative 
study of 3 similar independent studies. 



DISCUSSION: 

The present studies investigated the ability of mast cells to moddate macrophage 

fûnction. Mast cells caused a time and dose dependent increase in macrophage PCA and 

also increased TNF release fiom ceus. This was obsexved with mast ce11 lysate but not 

whole mast cells, indicating that the effect was likely mediated by mast ce11 granule 

contents. Physiological degranulation of mast ceUs also augmented macrophage TNF 

release. Increased T F m  mRNA levels in macrophages exposed to mast ce11 lysate 

revealed an effect at the transcriptional level or earlier. Considered together, these data 

provide evidence that degranulated mast ceils at sites of inflammation contribute to 

macrophage activation. Further studies are requïred to d e h e  the mast ceil products 

responsible for the observed macrophage activation. TNF has been previously shown to 

induce PCA in cells of monocyte/macrophage lineage (Tanaka 1989, Conkling 1988) 

although the levels measured in the mast ce11 lysate were extremely low and were 

unlikely to have accounted for the effect. Lysate levels however may have contained 

aitered TNF protein not detectable by the ELISA. The effect of histamine on macrophage 

PCA has not been previously examined, although histamine receptors are present on these 

cells and histamine has been shown to augment interleukin- 1 -induced IL-6 production in 

penpheral blood mononuclear cells (Vannier, 1994). Fuially, a mast cell-derived factor 

sensitive to aypsin, possibly a protease, has been shown to augment arachidonic acid 

metabolism in human lung macrophages (Salari, 1989). Regardless of the precise 

mediator molecule responsible, the present studies demonstrate that tyrosine 

phosphorylation appears to play a significant role in the signalling mechanisrn leading to 

tissue factor gene expression and consequent procoagulant activity as well as tumor 

necrosis factor production . T h i s  is significant because as noted above studies have 

reported that the induction of mosine phosphorylation in macrophages by a variety of 

stimuli is a central signalling event leadhg to the generation of macrophage products. 



Several studies have implicated the involvement of mast cells in fibrin deposition 

at sites of inflammation. Fibrin deposition in the reverse passive Arthus reaction is 

markedly reduced in mas cell-deficient mice (Ramos, 1992). Reconstitution with mast 

cells augmented the levels to that observed in normal mice. Similarly, in a mode1 of 

peritoned inflammation leading to adhesion formation in the rat, penoperative mast ce11 

stabilization with disodium cromoglycate or nedocromil sodium resulted in a significant 

attenuation of adhesion formation (Liebman, 1993). Fibrinous exudates provide the 

matrix for adhesion formation and thus, these fmdings are consistent with the conciusion 

that reduced mast ce11 activity might have lead to irnpaired fibrin deposition and hence 

reduced adhesions. Since macrophage PCA plays a central role in extravascular fibrin 

deposition, the present studies demonstrating the ability of mast cells to augment 

macrophage PCA provide a mechanistic explanation underlying these eflects. 

Physiologie degranulation of mast cells with calcium ionophores ionomycin and 

A23 187 as well as the mast ce11 degranulating agent compound 48/80 significantly 

increased TNF production in mast cellhacrophage CO-cultures.These data M e r  support 

the hypothesis that mast celYmacrophage interactions are an important component of the 

inflammatory microenvironment. The observed increase in TNF release was significantly 

greater than the additive effect of mast cells treated with ionophore and macrophages 

treated with ionophore. The data suggest that perhaps mast ce11 TNF potentiated by other 

mast ce11 mediaton results in macrophage activation via induction of tyrosine kinases. 

hterestingly neither Hl or H2 receptor antagonists were able to inhibit mast ce11 induced 

macrophage activation. A synchronous effect of macrophage products on the mast ce11 is 

also plausible. 

Several lines of evidence suggest that reactive oxygen species rnay contribute to 

ce11 activation (Grisham, 1 992). The fact that antioxidants were able to inhibit mast ce11 

induced macrophage activation via inhibition of tyrosine phosphoprotein accumulation 

support the concept that rnanipulating mast cell degranulation or modulating macrophage 



response are novel approaches to rnodi@hg this cellular interaction in the inflammatory 

microenvironment- 

In summary, these studies demonstrate a potential role for mast cells in the 

regulation of macrophage activity at sites of innammation. Modulation of mast tell/ 

macrophage interactions in various disease processes represents a novel approach to 

reducing inflammation and a new paradigrn for mû-inflammatory therapy . 



CHAPTER 5: 

INDUCTION OF MACROPHAGE PROCOAGUILANT ACTMTY 

BY MURINE HEPATITIS VIRUS STRAIN 3: ROLE OF TYROSINE 

PHOSPHORYLATION AND MAP KINASE ACTIVATION 

Chapter 5 details the investigation of the monocyte-now macrophage's first 
encounter with infectious stimuli. This stimulation may occur intravascularly or having 
been modulated by interaction with the mast-ce11 at the post-capillary venule' the ce11 may 
now be stimuiated in the extravascular infiammatory mileu by vinises, bacteria or yeast 
ce11 products. The role of murine hepatitis virus activation and the importance of tyrosine 
phosphorylation to this signaling process is explored in this chapter. The role of 
endotoxin and zymosan induced macrophage tyrosine phosphorylation and activation will 
be explored in chapter 6.  



SUMMARY 

Induction of  a unique macrophage procoagulant molecde by murine hepatitis 

virus saain 3 (MHV-3) correlates with the severity of Wal hepatitis. The role of tyrosine 

phosphorylation in the signaling pathway leading to procoagulant expression was snidied. 

MHV-3 initiated a rapid increase in phosphotyrosine accumulation, and induction of the 

map-kinase isoform. Tyrosine kinase inhibition precluded this increase and abrogated 

expression of the Wus-induced procoagdant mouse fibrinogen-like protein (musfiblp, 

fgl-2) gene. These ridings suggest novel approaches to treating this disease process. 



INTRODUCTION 

Studies using a model of viral hepatitis induced by infection with murine hepatitis 

virus strain 3 ( W - 3 )  have provided significant insight into the mechanisms underlying 

the pathogenesis of this disease and have suggested novel approaches to therapy (Chung. 

1993). Hepatitis. reclurent hepatitis and Liver failure result in significant morbidity and 

are a common indication for liver transplantation. Fulminant hepatitis induced by this 

virus is characterized by the presence of sinusoiciai thrombosis and associated 

hepatocellular necrosis. Several h e s  of evidence support the concept that viral-induced 

macrophage-rnediated fibrin deposition (Le. procoagutant active, PCA) plays a central 

role in the disease process. First, the degree of hepatocellular necrosis foiiowing 

infection correlates well with the induction of macrophage PCA @indzans 1986, Levy 

198 1). While macrophages from susceptible moue strains (Balb/cJ) infected with MHV- 

3 exhibit a marked increase in PCA, those recovered fkom resistant mice (AU) fail to do 

so. Second, administration of exogenous prostaglandin E2 completely abrogates virai 

induction of macrophage PCA both in vifro and in vivo and prevents the deveiopment of 

fulminant hepatitis (Abecassis 1987, Chung 199 1). Finally, pretreatment with a 

nettralizing monoclonal antibody directed against MHV-3-induced PCA prevents 

sinusoidal fibrin deposition, hepatocellular necrosis and mortality in infected mice (Li, 

1992). When considered in aggregate, these observations provide strong support for a 

causal relationship between MHV-3-induced PCA and the development of fulminant 

hepatitis in this model. 



MHV-3-induced PCA is unique among the famiiy of macrophage procoagulants 

by virtue of its direct prothrombin cleaving activity (Schwartz 1982). Recent cloning of 

the gene has identified it as a mouse fibrinogen-like protein (musfiblp) (Pm,  1995). The 

cellular mechanisms underlying the induction of this proteîn are presently being defined. 

Detailed studies by Holmes and colleagues have characterized the MHV receptor as a 

1 10- 120-kDa glycoprotein in the carcinoembryonic antigen family of glycoproteins 

(Compton 1992, Dveksler 1993). Expression of this receptor in human and hamster ce11 

lines confers susceptibility to MHV infection@veksler, 199 1). However, subseque~t 

events in the signalling pathway(s) leading to expression of musfiblp in MHV-Uifected 

macrophages have not been clearly elucidated. 

Recent stucLies have reported that the induction of tyrosine phosphorylation in 

macrophages by a variety of stimuli including LPS, zymosan and IgG is a central 

signalling event leading to the generation of macrophage products (Ghazizadeh 1994, 

Han 1993, Sanguedolce 1993, Weinstein 1 992). The cellular receptors for rnany of the 

ligands (e.g. CD14 and the FcIi receptor) do not fa11 into the family of receptor tyrosine 

kinases, but rather have been s h o w  to associate with and activate nonreceptor tyrosine 

kinases following their ligation (Bolen, 1993). The MHV receptor similady has a short 

cytoplasmic tail lacking domains capable of tyrosine kinase activity (Dveksler 199 1) 

although a splice variant of this receptor with a long cytoplasmic tail has been reported 

(Dveksler, 1993). The present studies were performed to examine the ability of MHV-3 

to induce tyrosine phosphorylation in macrophages and to investigate its role in the 

expression of musfiblp in MHV-3-stimulated cells. The data demonstrate that MHV-3 is 

able to induce rapid phosphotyrosine accumulation in these cells and that tyrosine kinase 



inhibitors prevent viral stimulation of PCA, both at the fiinctiond level and at the level of 

gene expression. 

MATERIALS AND METHODS 

Specific pathogen-fiee female Swiss Webster mice were obtained nom Taconic 

Laboratones. Peritoneal macrophages were hawested by lavage, using 10 ml of sterile 

HBSS, four days following intraperitoneal injection of 2 ml of thioglycolate medium. 

Lavage fluids were pooled and red blood cells were lysed by bnef hypotonie shock. The 

ce11 population was then diluted to 1 x 106 cells per ml in RPMI 1640 containhg HEPES 

20 mM (pH 7.4), and diquoted into polypropylene tissue culture tubes. This technique 

generated a ce11 suspension with a viability in excess of 95%, as assessed by trypan blue 

exclusion, and a ce11 population of 80 - 90% macrophages, as assessed by nonspecific 

esterase staining, Wright's staining and transmission electron rnicrosco py . MHV-3 was 

plaque purified on monolayers of DBT cells. it was grown to a titer of 1.5 x 107 plaque 

forming units per ml in 1 7 CL 1 cells. Viral titers were determined on monolayers of L2 

cells in a standard plaque assay as described (levy, 198 1 ). 

Cells were stimulated at 370C in 5% CO2 in the presence or absence of MHV-3 at 

a multiplicity of ùifection (MOI) of 2.5: 1. Ln some experiments, cells were pretreated 

with either genistein (Calbiochem, 10 pg/ml for 1 hour), herbimycin A (Calbiochem, 1 

pg/ml for 2 hours) or tyrphostin 5 1 ( Biomol, 25 pg /d  for 1 hour) pnor to stimulation. 



Control cells were exposed to vehicle, 0.1% DMSO, during the preincubation period. At 

the end of the incubation penod, cells were sedimented by centrifugation at 300 x g for 10 

mh,  resuspended in RPMI 1640 and h z e n  at -700C for measurement of PCA. For 

phosphotyrosine detection, cells were rapidly sedimented and pellets were immediately 

solubilized in boiling LaemmIi sample buffer. 

Tyrosine phosphorylation was detennined by imrnunoblotting with anti- 

phosphotyrosine antibodies (Cooper 1983, Grinstein 1992). Following electrophoresis on 

10% polyacrylamide gels, the samples were blotted onto Immobilon using the Bio-Rad 

Mini Trans-Blot system for 1.25 hours at 100V. The blot was incubated with 10 ml of 

blocking solution and then exposed to a 111 O00 dilution of a polyclonai anti- 

phosphotyrosine antibody (Transduction Laboratones) for 2 hours while shaking at room 

temperature. The blot was then washed four times with antibody bufTer solution and 

incubated with a 115000 dilution of goat anti-rabbit IgG antibody conjugated to 

horseradish peroxidase (Amersharn). The blots were washed and quantitated using an 

enhanced cherniluminescence detection system (ECL, Amersham(Whitehead, 1979)). 

PCA in fieeze-thawed macrophages was determined by m e a s d g  their capacity to 

shorten the spontaneous cloning time of nomal citrated human plasma in a one-stage 

clotting assay (Levy 1 98 1). An 80 pl sarnple of macrophage ce11 lysates obtained by 

freeze-thawing was added to 80 pl of citrated normal human platelet-poor plasma, and 

then 80 pl of 25 mM CaC12 was added to initiate the reaction. The time taken for the 

appearance of a fibrin gel at 3 7 " ~  with gentle agitation was recorded. Clotting times were 

converted to milliunits of PCA by cornparison with clotting tirnes of a rabbit brain 



thromboplastin standard in which 36 mg (dry weight) per ml was assigned a value of 

100,000 mU of PCA. The induction of PCA nom a baseline of 1030 m ~ / l x l 0 6  

macrophages to 4800 mU/lxlO 6 macrophages in cells stimulated by MHV-3 alone 

represented a shortening of the dotring time fkom 50 to 37 sec. The assay was used over 

the range of 10 to 10,000 mU of PCA, this range being hear  with normal plasma 

substrate. Previous studies have shown that PCA induced with MHV-3 has 

prothrombinase-like activities (Schwartz, 1982). 

Induction of musfiblp mRNA was assessed by Northem blot analysis using the 1.3 

kb cDNA probe for musfiblp (Parr,1995). Briefly, 10 x 106 ceils were pelleted and total 

RNA was extmcted using the method of Chomczynski and Sacchi previously discussed 

(Chornczynski, 1987). M e r  electrophoresis, RNA was m f e r r e d  to lmmobilon and 

hybridized with 3 2 ~  random-labelled cDNA probe for murine musfiblp (Parr, 1995). 

Comparable RNA loading between lanes was assured by probing with a cDNA probe for 

rat -tubuiin (L,emischka, 1982). 

To assess for map-kinase activation. western blotting as above, 

immunoprecipitation and in vitro-kinase assays were performed. Pelleted cells were lysed 

in ice-cold ce11 lysis buf5er containhg 1 % Triton X 100, l5OmM NaCl, 1 O m M  Tns-HCl 

(pH 7.4), 2mM sodium orthovanadate, 1 Ouglml leupeptin, 50m.M NaF, 5mM EDTA, 

1mM EGTA, and ImM PMSF. Postnuclear supematants were collected following 

centrifugation at 1 0000g for 5mh and diluted with 2X Laemmli buEer/O. 1 M DTT. The 

lysate prepared fiom 100 000 cells was loaded and run on 12.5% SDS-PAGE. Proteins 

were transferred to PVDF membrane (Mobilion) and blocked in TBS/5%BSPLIO.OS% 



Twee11.20. The blots were then probed with monoclonal 4G10 (UBI) and polyclonal rabbit 

(Transduction Labs) anti-phosphotyrosine antibody, rabbit anti-phosphoERK Ab (New 

England Biolabs), or rabbit polyclonal anti-ERK- 1 or ERK-2 antibody (Santa Cruz 

Biotechnologies). Following incubation with the appropriate HRP-conjugated secondary 

Ab (Sigma), blots were developed using an ECL-based system (Amersharn). 

For immunoprecipitation studies, 3x10~ cells were lysed as before, and the 

postnuclear supernatant pre-cleared with Protein G-Sepharose (Pharrnacia Biotech Inc). 

Cellular proteins were immunoprecipitated using Pc anti-phophotyrosine Ab 

(Transduction) or anti-ERK-1 and ERK-2 Ab (SCB) for 1 hour at 40C. Protein G- 

Sepharose was added and incubated at 4OC for I hour. The resulting imm~flocomplexes 

were washed 5 times with cold PBS/O.Ol% Tween20, and then separated from beads by 

2X Laemlli bufTed0.1 M DTT and boiling at 1 OO°C for 5rni.n. Beads were sedimented by 

ultracentrifugation, and the supernatant collected for Western Blotting as before. 

ERK-2 immunocomplexes were washed with 5 changes of cold PBS/O.O 1 % 

Tween 20, and then incubated for 30min at 30°C with Zoug of ultra-pure myelin basic 

protein (MBP, Upstate Biotech Inc) in kinase assay buffer composed of 0.4m.M cold and 

0.4mM P~~ -yATP (NEN), 50mM Tris-HCL@H 7.4) and 1 OmM MgC12. Reactions were 

stopped with the addition of 2X Laemmli bufTer/ 0.1M DTT and boiling at 100°C for 

5minutes. Equal volumes were loaded and run on 10% SDS-PAGE. The radioactivity of 

the phosphorylated MBP band ninning at 2OkDa was quantified on a Molecula. 

Dynamics SI Phosphoimager. 



Ail solutions were tested for endotoxin contamination using the standard Limuh.s 

amoebocyte lysate assay (Association of Cape Cod, Woods Hole, Massachusetts) and 

were found to contain <O. 1 ng of endotoxin per ml, which constituted the lower limit of 

the test. Statistics were calcuiated using one-way analysis of variance and Neumann- 

Keuls for coinparison between groups. Data are expressed as the mean and standard error 

of n observations. 

RESULTS 

Figure 1 shows the time course of phosphotyrosine accumulation in macrophages 

exposed to MHV-3 (MOI 2.5). MHV-3 induced a tirne-dependent increase in 

phosphorylated tyrosine residues starting as early as one min. Bands were observed at 

rnolecular masses of 33,38,41,44,49,65,86. and 91. Previous studies had s h o w  that 

this antibody was specific for phosphotyrosine residues rather than phosphoserine or 

phosphothreonine residues (Grinstein, 1992). Two inhibitors of tyrosine kinase activity 

were used to confirm that the increase represented a nse in kinase activity. As shown in 

Figure 2, both genistein and herbimycin significantly reduced the level of 

phosphotyrosine accumulation observed at 2 hours, without affecthg ce11 viability (> 

90% by trypan blue exclusion). 

To determine the fûnctionai significance of tyrosine phosphorylation in response 

to MHV-3, the effect of tyrosine kinase inhibition on macrophage PCA was studied. 

Figure 3 shows the time course of the effect of herbimycin on MHV-3-induced PCA. In 

MHV-3-stimdated cells, an increase in PCA was observed by 3 hr, with a marked rise 



o c c e g  d e r  6 hours. At di t h e  points studied, herbimycin markediy reduced MHV- 

3-induced PCA. Baseline PCA remained stable over the 9 hour incubation period and 

was reduced slightly by the inclusion of herbimycin. To support the concept that this 

effect was due to inhibition of tyrosine phosphorylation rather than a nonspecific effect of 

herbimycin, MO other inhibitors of tyrosine kinase activity with different mechanisms of 

action were used (Akiyama 1987, Levitzki 1992). As illustrated in Figure 4, both 

genistein and tyrphostin, in addition to herbimycin, reduced MHV-3 induced PCA. 

Induction of PCA by MHV-3 has been shown to require viable organisms and is 

roughiy proportional to the size of the initial viral inoculurn (Sinclair, 1990). Since 

tyrosine kinase inhibitors have been shown to inhibit replication of some viruses (Esther, 

1999, viability studies were perfonned to d e  out the possibility that the inhibitors acted 

by this mechanism. At concentrations used to inhibit PCA induction, none of the 

inhibitors altered the viability or growth kinetics of MHV-3 (data not shown). 

MHV-3 induced PCA has been previously shown to exhibit direct prothrombin 

cleaving activity as its mechanism for initiating the coagulation cascade. The cDNA has 

recently been cloned and the MHV-3 induced PCA has been identified as mouse 

fibrinogen-like protein (Parr,1995). To determine the effect of tyrosine kinase inhibition 

on musfiblp gene expression, Northern blot analysis was used (Figure 5) .  While there 

was no constitutive expression of the musfiblp gene, incubation caused a marked increase 

by 5 hou, as previously reported (Parr, 1995). Genistein completely prevented the 

MHV-stimulated rise in mRNA transcnpts. 

Finally as western blotting demonstrated phosphorylation of proteins in the 42-44 

kDa range we hypothesized that rnap-kinase activation was integral to the cellular 



activation process. By western blotting tyrosine phosphorylated proteins and then probing 

with specific ad-phosphomap-kinase antibodies it is observed that map-kinase is 

phosphorylated during viral induced cell activation in CO-migration studies. This is 

confmed by in vitro kinase assay demonstrating h-ue kinase activation of the ERK2 

MAPK isoform (Fig. 6). The specific inhibitor (PD 98509) of MAPK activation was 

investigated in in vitro-kinase assay. Kinase activity was inhibited by addition of this 

inhibitor (Fig. 6). 
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Figure 5-1: Induction of tyrosine phosphorylation by MHV-3 in murine peritoneal 
macrophages. Cells (1 06/ ml) were incubated with MHV-3 (2.5~106 ph) for varying 
tirne points, rapidly sedimented and resuspended in boiling Laemmli buffer. 
Phosphorylation of tyrosine residues was evaluated as described in the text Time=O 
consisted of cells immediately following addition of virus. The data shown is 
representative of three separate similar studies. 

Figure 5-2: EfEect of tyrosine kinase inhibiton on MW-3-induced tyrosine 
phosphorylation. Cells (1 06/ ml) were preincubated with genistein (1 0 pg/d for 1 h) 
or herbimycin ( l p g / d  for 2 h) and then treated with MHV-3 for 2 h. Cells were rapidly 
sedimented and resuspended in boiling Laemmli bufFer. Phosphorylation of tyrosine 
residues was evaluated as described in the text. The data show a representative study of 3 
similar independent studies. 
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Figure 5-3: Time course of the effect of herbimycin on MRV-3-induced PCA. Cells 
(106/ mi) were preincubated with herbimycin (1  pgh l  for 2 h) or vehicle and then 
exposed to MHV-3 for varying times. At the indicated tirne, cells were pelletted, 
resuspended in RPMI and frozen at -700C for later PCA assay. The data shown are the 
mean of duplicate sarnples in a single experiment and are representative of four 
independent studies. 
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Figure 5-4: The effect of difi'erent tyrosine kinase inhibitors on MW-3-induced 
PCA. Celis ( 1  06/rnl) were stimulated with MHV-3 (MOI 2.5) in the presence or absence 
of herbimycin ( l  pg/ml with 2 h preincubation), genistein (10 pg/ml for 1 h 
preincubation), tyrphostin 5 1 (35 pg/ml with 2 h preincubation) or vehicle and incubated 
for 6 h. Cells were then pelletted, resuspended in RPMI and fiozen at -700C for later 
PCA assay. nie  data shown are the mean of 3-8 independent studies, each performed in 
duplicate . Symbols: *p<0.0 1 vs M+ alone * *p<0.0 1 vs MHV-3 alone. 
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Figure 5-5: Northern blot analysis of the effect of genistein on the level of musfiblp 
mRNA transcripts. Cells were incubated with or without genistein (10 @ml with 1 h 
preincubation) in the presence or absence of MHVJ (MOI 2.5) for 5h. RNA was 
extracted and Northern blot analysis was performed using the cDNA probe for musfiblp. 
The blots were then stnped and reprobed with the cDNA for a-tubulin to ensure equd 
RNA loading. The blot s h o w  is representative of three independent studies. 
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Fig. 5- 6: Induction of map-kinase phosphorylation by MHV 3. Western Blotting 
and In Vitro Kinase Assay. 
Western bloning was perfomed as described in materiais and methods. Membranes were 
stripped and the re-probed with anti-phospho-mapkinase antibody. In vitro kinase assays 
for map-kinase activation were employed as described in materials and methods. 



DISCUSSION 

The present studies demonstrate a role for tyrosine phosphorylation in the 

signalling pathway leading to the induction of macrophage PCA by MHV-3. The virus 

induced a rapid and time-dependent increase in phosphotyrosine accumulation, an effect 

which was prevented by specific tyrosine kinase inhibitors. These inhibitors were also 

able to abrogate MHV-3-sthulated functional PCA as weil as the expression of the gene 

encoding the unique MHV-3-induced prothrombinase, musfiblp. This effect was not due 

to altered ce11 viabiiiq nor was viral viability or replication af3ected. Recent studies have 

shown that endotoxin-stimdated tyrosine phosphorylation participates in macrophage 

activation leading to the expression of various macrophage products (Han 1993, 

Weinstein 1 992). Several lines of evidence suggest that endotoxin contamination was not 

responsible for the observations described in these studies. First, al1 solutions including 

the viral inoculurn were essentially endotoxin-fiee as determined by the limulus lysate 

assay. Second, the assays were performed in serum-fiee medium. Since LPS-stimulated 

tyrosine phosphorylation at low endotoxin concentrations is mediated via the CD 14 

receptor (Weinstein, 1993), the absence of s e m  (and thus any source of 

li po polysacc haride binding protein) would preclude ce11 stimulation through this pathway. 

even if minute amounts of endotoxin were present. Finally, the Northern blot analysis 

indicated expression of musfiblp gene following exposure to vins and its level was 

reduced by treatment with genistein. Endotoxin does not induce this gene and thus, its 

expression must be amibuted to the presence of the v i m .  

The mechanisms underlying the induction of tyrosine phosphorylation in response 

to virus and the precise role of the phosphorylated proteins in ce11 activation were not 

investigated in the present studies. The receptor for MHV-3 is a 1 10 kDa glycoprotein 

which is a rnember of the murine carcinoembryonic antigen family. Its short intracellular 



domain precludes its ability to function as a receptor tyrosine kinase, thus suggesting the 

possible involvement of associated protein tyrosine kinases. In this regard, a protein with 

a molecular mass of -65 kDa was seen to be tyrosine phosphorylated in the virus-treated 

cells. Several src-family tyrosine kinases h o m  to be present in macrophages (cg. hck. 

fgr and src) lie close to this mass and thus may be substrate proteins (Bolen, 1992). The 

present studies also showed rapid phosphorylation of two proteins (41 and 44 kDa) whose 

molecuiar masses correspond to that reported for two distinct mitogen-activated protein 

kinases in macrophages (Weinstein, 1992). These kinases are felt to play an important 

role in ce11 signaliing in a variety of ce11 types (Nishida, 1993). Experiments using a 

phosphomapkinase antibody demonstrates increased MAPK phosphorylation and activity 

of the ERK 2 kinase by in vitro kinase assay. However, the use of the specific MAPK 

inhibitor resulted in only partial inhibition of functional activity and mRNA transcnpt 

suggesting the potential for other kinase involvement such as the p 38 pathway. Further 

studies are needed to precisely define the identity of the various substrate proteins and 

their participation in MHV-3-induced tyrosine phosphorylation and activation of musfiblp 

gene expression. 

In summary, the data reported herein indicate a role for tyrosine phosphoxylation 

in the signalling pathway leading to the induction of the musfiblp gene and expression of 

the unique procoagulant in MHV-3 stimuiated macrophages. A recent report has 

documented the ability of tyrosine kinase inhibition to abrogate lethdity in a murine 

endotoxemia mode1 (Novogrodslq, 1994). This effect correlated with the ability of the 

inhibitor to abrogate endotoxin-stimulated release of tumor necrosis factor. Since the 

expression of macrophage PCA correlates with lethality associated with MHV-3-induced 

viral hepatitis, the present studies suggest a novel approach to the treatment of this 

disease. 



THE ROLE OF TYROSINE PHOSPHORYLATION IN 
LIPOPOLYSACCHARTDE- AND ZYMOSAN-INDUCED 
PROCOAGULANT ACT][V][TY IN MURINE PERITONEAL 
MACROPHAGES 

The next two Mectious stimuli that the macrophage may encounter in the 
microenvironment of inflammation are bacterial endotoxin and the yeast ce11 wall produc t 
zymosan. Experirnents in this chapter ident* tyrosine phosphorylation to be the 
dominant pathway involved in LPS mediated induction of tyrosine phosphorylation and 
tissue factor expression in contradistinction to protein kinase C mediated pathways. 



SUMMARY 

The expression of surface procoagulants by exudative macrophages represents an 

important mechanism underlying local fibrin deposition at sites of extmvascular 

inflammation. The present studies investigated the contributim of tyrosine 

phosphorylation to the generation of macrophage procoagulant activity (PCA) in response 

to proidammatory stimuli. Both LPS and zymosan rapidly stimulated tyrosine 

phosphorylation in elicited murine peritoneal macrophages. This effect was prevented by 

the tyrosine kinase inhibitors, genistein and herbimycin, and augmented by the addition of 

the phosphotyrosine phosp hatase inhibitor, vanadate. The vanadate-mediated rise in 

phosphotyrosine accumulation was abrogated by the use of diphenylene iodonium, an 

inhibitor of the respiratory burst oxidase, suggesting a role for peroxides of vanadate as 

contributos to the tyrosine phosphorylation. This notion was supported by the finding 

that vanadyl hydroperoxide induced intense accumulation of phosphotyrosine residues. 

To define the role of tyrosine phosphorylation in the induction of macrophage 

PCA by LPS, the effect of tyrosine kinase inhibition with genistein and herbimycin was 

investigated. Both agents inhibited the expression of macrophage PCA. Further, 

Northem blot analysis using the cDNA probe for murine tissue factor indicated that the 

inhibition occurred at the level of transcription or earlier. Since vanadate augmented 

phosphotyrosine accumulation, it was hypothesized that it might enhance generation of 

macrophages products. However, vanadate reduced induction of PCA in response to 

LPS. By contrast, vanadate augmented basal and stimulated PGE2 release by 

macrophages. Indomethacin prevented the rise in PGE2 and also restored PCA towards 

normal. These data point to an increase in phospholipase A;! activity with the generation 



of irnmunosuppressive prostanoids as contributïng to the effect of vanadate. These 

-dies thus demonstrate that tyrosine phosphorylation plays a role in the regulation of 

macrophage PCA expression in response to proinnarnmatory stimuli. 



INTRODUCTION 

Fibrin deposition is a ubiquitous response to inflammation. Studies over the past 

decade have implicated a role for macrophage-mediated coagulation (i.e. procoagulant 

activity, PCA) in the pathogenesis of a varïety of pathological processes. For example, 

the accumulation of fibrin in delayed type hypenensitivity (DTH) responses is 

responsible for the induration observed at these sites (Colvin,1979, : 973). F i b ~  

deposition in these lesions is mediated by the infiux of macrophages and subsequent 

expression of the surface procoagulant, tissue factor (TF). Antibodies inhibiting the 

interaction between TF and Factor W N I I a  prevent the development of the DTH 

response by precluding the initiation of the coagulation cascade (Imarnura, 1993). 

Extravascular coagulation also appears to contribute to the development of 

intraabdominal abscesses containing a mixed bacterial flora. Reduction in local fibrin 

deposition effected by the use of anticoagulants or fibrinolytics or alternatively, by 

systemic defibrinogenation abrogates abscess foxmation, in part by augmenting bacterial 

clearance by host phagocytic cells (Rotstein 1988, McRitchie 1991, Chalkiadakis 1983, 

Fabri 1983). While gram negative enteric bacteria are known to induce macrophage 

PCA, both in vivo and in vino. (Almdahl 1986, 1987, Prydz 1978) the cellular 

mechanisms leading to the expression of PCA remain poorly defined. 

LPS is an integral component of the ce11 wall of gram negative entenc bacilli. It is 

a potent stimulus for the expression of macrophage PCA as well as for the release of 

other macrophage-derived mediators such as TNF, both in vino and in vivo (Beutler 

1986, Michie 1988). LPS binds to the CD14 receptor on the surface of macrophages afier 

associating with LPS-binding protein (Schumann 1990, Wright 1990) or the recently 



described septin complex (Wright, 1992). The contribution of the various componenrs of 

the s i gnahg  pathway to the ultimate effector fiuictions of macrophages has received 

extensive study. Studies using pemissis toxin have irnplicated a role for guanine 

nucleotide binding proteins in mediating LPS- shulated ceIl activation (Daniel-Issakani 

1989, Jakway 1986, Zhang 1993). Inhibitors of ~a~+/calmodulin cause variable effectç 

on the transcription of mRNAs for a number of cytokines (Ohmori 1992, Kovacs 1988). 

while agents which impair phosphofipase A2 activity have been shown to block the 

induction of TNF transcnpts (Mohri, 1990). Initial studies examiiUng the ability of LPS 

to induce protein phosphorylation suggested that this event was mediated via protein 

kinase C (Prpic 1987, Wightman 1984). However, subsequent studies have observed no 

significant increase in protein kinase C activity following ceU stimulation with 

LPS(Dong, 1989). Further, inhibitors of protein kinase C have quite varied effects on the 

ability of LPS to stimulate the production of rnediator molecules by macrophages or to 

effect macrophage priming (Kovacs 1988, Kucey 1992, Raduoch 1988, Car 1990, Car 

199 1), suggesting the existence of protein kinase C-independent signalling pathways in 

these cells. 

Recent studies have implicated a role for tyrosine phosphorylation in the 

generation of mediator molecules by macrophages in response to a variety of 

stimuli.(Geng 1993, Dong 1993, Weinstein 199 1, Scholl 1992, Sanguedolce 1993, Boulet 

1 992, Weinstein 1 993, Dong, 1 993, Beaty 1 994). For example, tyrosine phosphorylation 

is required for induction of several cytokines including tumor necrosis factor (TNF), 

interleukin- 1, and interleukin-6 following stimulation of monocytes by LPS, as evidenced 



by the ability of tyrosine kinase inhibitors to abrogate release of these products(Geng 

1993, Beaty 1994). The early signaihg mechanisms contributing to LPS-induced 

tyrosine phosphorylation have, in part, been characterized. Although CD 14, the glycosyl- 

phosphatidylinosito1-linked protein receptor for the LPS-LBP cornplex, has no intrinsic 

tyrosine kinase acùvity (Haziot, 1986), there is physical coupling and activation of one 

member of the src family of tyrosine kinases, lyn, and activation of two others, hck and c- 

fgr following LPS treatment (Stefanova, 1993). Recent studies have a l s ~  shown that 

tyrosine kinase inhibitors prevent activation of the transcription factor NF-& by LPS 

(Han 1993). 

Induction of PCA in LPS-treated murine pentoneal macrophages is due to 

increased expression of siirface TF, a process which is regulated both transcriptionally 

and posttranscriptionally (Gregory 1989, Brand 199 1). The promoter region of the 

murine TF gene has been shown to contain consensus binding sequences for Spl, egr-1, 

AP-1 and NF-icB. Functional analysis of the promoter region indicate that ligation of both 

the AP-1 and the NF-& binding sequences is required for optimal gene transcription. 

Since tyrosine kinase inhibitors have been s h o w  to impair NF-KB activation, it was 

hypothesized that these agents might impair induction of macrophage PCA by reducing 

LPS-induced transcription of the TF gene. 

MATERIALS AND METHODS: 

Animals. Six to eight week old female Swiss Webster mice were obtained fiom 

Charles River Laboratories. Following delivery to our animal facility, animais were al- 



lowed to acclimatize for 2-4 days prior to use in these studies. Animals were then main- 

tained in colonies of no more than five animds per cage and fed standard moue chow 

and water ad libitum. 

Materîals: Fetal bovine senim , Hanks' balanced sait solution (HBSS, ~ a 2 + -  and 

~~2+-£iee), glutamine, penicilliD/streptomycin, genistein and herbimycin A were fiom 

Gibco. WMI 1640 medium, zymosan, rnolecular mass standards, Coomassie biue, 

Nonidet 40, Hepes, rabbit brain thromboplastin and DMSO were fiom Sigma. 

Bisindolylmaleimide was purchased fiom Calbiochem. S taurosporine was fiom Biomol. 

Sodium orthovanadate was fiom Aldrich Chemicds and hydrogen peroxide was fiorn 

Fisher Scientific. The monoclonal anti-phosphotyrosine antibody PY20 IgG 2B was ob- 

tained frorn ICN. The polyclonal anti-phosphotyrosine antibody was fiom Transduction 

Laboratones. The goat anti-rabbit IgG and sheep anti-mouse IgG conjugated to 

horseradish peroxidase were fiom Amersham. Escherichia coli 1ipopoIysaccharide and 

powdered Brewer's thioglycolate were obtained fiom Difco. 

Solutions: Supplemented RPMI contained RPMI 1640 with 10% heat-inactivated 

FBS, L-glutamine (4mM), penicillin (SOU/ml)-streptomycin (50 pg/ml) and 20 m M  

Hepes (pH 7.4). Zymosan and 1ipopoIysaccharide were supended in HBSS. 

Cell prepamtion: Murine macrophages were harvested by peritoneal lavage, 

using 10 ml of sterile HBSS with 1 unit of heparin per ml, four days following 

intraperitoneal injection of 2 ml of thioglycolate medium. Lavage fluids were pooied and 

cen-ged at 750 x g for 10 min. The cell-containing pellet was then washed in sterile 

HBSS and cenûifuged again at 750 x g for 10 min. The supernatant was discarded and the 



pellet resuspended in 5 ml of sterile water for 15 seconds to lyse any red blood cells and 

then diluted to 45 ml with sterile HBSS. The suspension was sedimented agaia the cells 

resuspended in RPMI, and then counted using a hemocytometer. The ce11 population was 

then diluted to 1-2x 106 cells per ml in supplemented RPM, and aliquoted into 

polypropylene tissue culture tubes. This technique generated a ce11 suspension with a 

viability in excess of 95%, as assessed by trypan blue exclusion, and a cell population of 

80 - 90% macrophages, as assessed by nonspecific esterase stainllig, Wright's staining and 

transmission electron microscopy. 

Cells were stimulated for 0.5-4.0 hours at 370C in 5% CO2 with either 

lipopolysaccharide or zymosan. In some experiments, cells were pretreated with 

inhibitors of signalling pathways as indicated in the text. Control cells were exposed to 

vehicle, 0.1% DMSO, during the pretreatment period. At the end of the incubation 

period, cells were sedimented by centrifugation at 750 x g for 10 min. Supematants were 

aspirated and fiozen at -700C for later measurement of PGE2. Ce11 pellets were 

resuspended in RPMI 1640 and fiozen at -700C for measurement of PCA. For 

phosphotyrosine detection, cells were rapidly sedimented and pellets were immediately 

solubilized in boiling Laemmli sample buffer. 

Detection of tyrosine phosphorylation: Tyrosine phosphorylation was 

determined by immuno blotting with anti-phospho tyrosine antibodies (Grinstein, 1 992). 

Following electrophoresis on 10% polyacrylamide gels, the samples were blotted ont0 

nitrocellulose using the Bio- Rad Mini Trans-Blot system for 1 h o u  at 100V. The blot 

was then incubated with 10 ml of blocking solution containhg the monoclonal antibody 



for 2 hours while shaking at room temperature. The blot was then washed three times 

with blocking solution and then incubated in 2 pCi of 125~-protein A in blocking solution 

for 1 hour at room temperature. The blots were washed and dried and autoradiography 

was performed with h t e n s w g  screens at -700C. In some experiments, electrophoresed 

samples were blotted onto Immobilon using the Bio-Rad Mini Trans-Blot system for 1 

hour at 100V. The blot was incubated with 10 ml of blocking solution and then exposed 

to a 1/1000 dilution of the primary antibody for 2 hours while shaking at room 

temperature. The blot was then washed three times with antibody b a e r  solution and 

incubated with a 1/5000 dilution of anti-IgG antibody conjugated to honeradish 

peroxidase. The blots were washed, dned and quantitated using an enhanced 

chemiluminescence detection system (ECL, Amersham)( Whitehead, 1 979) 

Measurement of macrophage procoagulant activity (PCA): PCA in fieeze- 

thawed macrophages was determined by measuruig their capacity to shorten the 

spontaneous clotting time of normal citrated human plasma in a one-stage clotting assay 

(Levy, 198 1). An 80 ul sample of macrophage ce11 lysates obtauied by freeze-thawuig was 

added to 80 ul of citrated normal human platelet-poor plasma, and then 80 ul of 25 rnM 

CaC12 was added to initiate the reaction. The time taken for the appearance of a fibrin gel 

at 3 7 " ~  with gentle agitation was recorded. Clotting times were converted to milliunits of 

PCA by cornparison with clotting times of a rabbit brain thromboplastin standard in 

which 36 mg (dry weight) per ml was assigned a value of 100,000 mU of PCA. Results of 

previous studies have demonstrated that LPS-induced mouse macrophage PCA is only 

slightly less effective at shortening the clotting time of human plasma than at shortening 



the clotting time of mouse plasma (Lando, 1985). The induction of PCA fkom a baseline 

of 300 mU/lxl06 macrophages to 2800 rnU/lxlO 6 macrophages in cells stimulated by 

LPS alone represented a shortenhg of the clotting time fiom 70 to 52 sec. The assay was 

used over the range of 10 to 10,000 mU of PCA, this range being linear with normal 

plasma substrate. Previous studies have shown that PCA induced with E. coii LPS has 

tissue factor-like activities, making cornparison with a thromboplastin srandard valid 

(Rosenthal 1989). 

Tissue factor mRNA induction. This was assessed by Northem blot anaiysis 

using the cDNA probe for murine TF (Ebnganathan, 1991) (kindly provided by Dr. 

Michael Getz, Mayo Clinic, Rochester MN). Briefly, 10 x 106 cells were pelleted and 

total RNA was extracted using the method of Chomczynski and Sacchi (Chomczynski, 

1987). After electrophoresis, RNA was transferzed to Genescreen and hybndized with 

3 2 ~  random-labelled cDNA probe for murine TF. Comparable RNA loading between 

lanes was assured by probing with a cDNA probe for rat a tubulin (lemischka, 1982). 

Measuremeot of prostaglandin E2. PGE2 in ce11 supematants was measured 

using a PGE2 [125r] radioimmunoassay systern fiom Amersharn International, Markham, 

Ontario. 

Endotoxin contamination. EWMI- 1640, HBSS, FCS, sterile water, sterile saline, 

and a l l  other reagents were tested for endotoxin contamination using the standard Limulus 

amoebocyte lysate assay (Association of Cape Cod, Woods Hole, Massachusetts) and 

were found to contain <O. 1 ng of endotoxin per mi, which constituted the lower limit of 

the test. 



Statistics. Statistics were calculated using one-way analysis of variance and Neu- 

mann-Keuls for cornparison between groups. Data are expressed as the mean and 

standard error of n observations- 

RESULTS: 

Tyrosine phosphorylation in stimulated macrophages: 

Stimulation of cells with LPS (1 0 pg/rnl) caused a time-dependent increase in 

phosphotyrosine accumulation in peritoned macrophages (Figure 6-1). The specificity of 

the PY20 IgG 2B monoclonal antibody for tyrosine-phosphorylated polypeptides had 

been previously established by cornpetitive displacement fiom the blots by 

phosphotyrosine but not by phosphoserine or phosphothreonine (Grinstein, 1990). 

Tyrosine phosphorylation occurred rapidly (as early as 2 min) and persisted for up to 4 

hours (Figure 6-2). The most prominent bands had molecular masses of approximately 

38 ,4  1,47,55,6 1,73,80 and 102 kDa The rapid induction of tyrosine phosphorylated 

proteins, particularly in the molecular m a s  range of 38-47 kDa has previously been 

reported (Weinstein 199 1, Han 1993, Weinstein 1992). Pretreatment of cells for 1 hour 

with the tyrosine kinase inhibitor, genistein (10 pg/ml) reduced the accumulation of 

phospho tyrosine (Figure 6-2). 

Incubation of pentoneal macrophages with the particulate stimulus, zyrnosan, 

similarly resulted in a the-and dose-dependent increase in tyrosine p hospho rylation of 

several proteins (Figure 6-3). Tyrosine phosphorylation increased as early as 1 0 min and 

peaked at 60- 120 min, using an optimal concentration of zymosan (1 00-500 pg/ml). The 

major bands had molecular masses of approximately 39,s 1,7 1 and 94 m a .  Several other 



minor bands were observed particularly at the higher molecular masses. Preincubation of 

cells with genistein irnpaired phosphotyrosine accumulation (data not shown). 

The level of phosphotyrosine accumulation represents a balance between tyrosine 

kinase activity and opposing tyrosine phosphatase activity. Vanadate, an inhibitor of 

tyrosine phosphatase activity, was tested for its effect on tyrosine phosphorylation 

induced by zymosan and LPS (Figure 6-4A and 6-4B, respectively). While vanadate 

treatment alone c a w d  little effect on phosphotyrosine accumulation (data not shown), its 

addition to zymosan resulted in a marked augmentation (Figure 6- 4A). Similady. 

vanadate stimulated phosphotyrosine accumulation in LPS-treated cells, albeit to a much 

lesser extent (Figure 6-43}. Peroxides of vanadate were recently shown to be potent 

inhibitors of tyrosine phosphatases (Trudel1991). Since the reaction of vanadate with 

superoxide and hydrogen peroxide leads to the generation of peroxovanadyl and vanadyl 

hydroperoxide respectively (Liochev 199 1, Liochev 1 990) and macrophages are known to 

release these reactive oxygen species in response to various stimuli (Tsunawaki, 1984), 

studies were perfomed to discem whether peroxides of vanadate may be contributing to 

the accumulation of tyrosine-phosphorylated proteins in macrophages exposed to 

vanadate. The effect of diphenylene iodonium (DPI), an inhibitor of the respiratory burst 

oxidase (Ellis, 1988), on phosphotyrosine accumulation in stimulated cells exposed to 

vanadate was studied. Figure 6-4C illustrates the cherniluminescent response of 

macrophages as a measure of the respiratory burst. Stimulation was observed with both 

agents, but was more profond with m o s a n  (not shown) than LPS. DPI reduced 

stimulated chemiluminescence to below control levels. DPI also caused a slight 

reduction in the zymosan- and LPS-induced phosphotyrosine accumulation in the absence 



of vanadate. The addition of DPI abrogated the vanadate-induced increase in tyrosine 

phosphorylation in cells exposed to both zymosan and LPS (Figure 64A and 6-4B 

respectively). ùi addition, vanadyl hydroperoxide, prepared by mWng equimolar 

concentrations of sodium orthovanadate and hydrogen peroxide, markedy enhanced 

phosphotyrosine accumulation (Figure 6-4A). DPI had no effect on phosphotyrosine 

accumulation induced by vanadyl hydroperoxide, indicating that its inhibition of tyrosine 

phosphorylation by zymosan in the presence of vanadate was unlikely amfactual. 

Role of tyrosine phosphorylation in induction of PCA: 

Inhibitors of tyrosine kinase activity were used to determine whether LPS-induced 

tyrosine phosphorylation participated in the signalhg pathways for the generation of 

macrophage PCA. At concentrations shown to impair LPS-induced phosphotyrosine 

accumulation, both genistein (1 0 pg/ml with one hour pretreatment , Figure 6-5A) and 

herbimycin A (1 pg /d  with two h o u  pretreatrnent, Figure 6-5B) reduced PCA 

expression by macrophages following stimulation with LPS. Shni1a.r inhibition was 

observed when PCA was stimulated by the addition of zymosan (data not shown). 

Inhibition was not due to the use of DMSO (0.1%) as a vehicle nor due to ce11 toxicity 

since viability remained greater than 84% as detexmined by tiypan blue exclusion. 

PCA induced by LPS treatment of monocyteslmacrophages has been shown to be 

due to increased surface expression of the surface glyco protein tissue factor (Rosenthal, 

1989). Tissue factor gene transcription has been shown to regulated by the presence of 

AP-I and NF-* binding sites in the promoter region. Since tyrosine kinase inhibitors 

have been shown to prevent NF-kB translocation in LPS-stimulated cells (Han, 1993), it 

was hypothesked that their effect on PCA expression might be due to reduced TF gene 



transcription. To examine this possibility, Northem blot analysis of TF mRNA in LPS- 

treated cells was performed. Both genistein and herbimycin reduced the level of TF 

mRNA transcripts observed in LPS-treated cells to control levels (Figure 6-6A and 6-6B. 

respectively). 

Since vanadate augmented phosphotyrosine accumulation in stimulated cens. it 

was postulated that it might increase production of macrophage PCA in response to LPS. 

As shown in Figure 6-7, vanadate (100 PM) unexpectedly reduced PCA expression by 

macrophages stimulated with LPS. The mechanism underlying the vanadate-induced 

inhibition of LPS-stimdated PCA production was examined in M e r  detail. Recent 

studies have reported a correlation between arachidonic acid release and tyrosine 

phosphorylation in LPS-stimulated macrophages (Weinstein, 1 99 1). Since several 

products of arachidonic acid rnetabolism, including those of the prostaglandin E series, 

have been shown to impair PCA in response to LPS (Crutchley, 199 1), it was 

hypothesized that vanadate effected inhibition by augmenting PGE2 production. 

Vanadate increased basal PGE;! release by cells (control: 54k6 p g h l  vs vanadate: 

136k34 pg/rnl, n=6, pCO.05, Figure 6-8A). Vanadate also increased LPS-induced PGE7 - 

release by -89% (range 8-273%, n=6, pc0.05). To detemine whether this nse in PGE2 

could account for the reduction in PCA, cells were simultaneously treated with 

indomethacin (3 PM). This agent completely prevented the release of PGE2 by LPS- 

stimulated cells (Figure 6-9A). In keeping with o u  previous reports (Kucey, 1992) 

indomethacin had no effect on LPS-stimulated PCA (Figure 6-8B). In the presence of 



vanadate, indomethach caused a partial restoration (-38%) of LPS-stimulated PCA 

(Figure 6-8B). This effect was observed in al1 six experiments perfonned. 

The role of protein kinase C activation in LPS-induced PCA 

Previous studies have reported an important role for protein kinase C stimulation 

in the induction of monocyte/macrophage PCA by LPS (Car 1 99 1, Temisien, 1 993). The 

PKC signalling pathway may overlap with that defined for tyrosine phosphorylation in 

severai ways. First, tyrosine phosphorylation of the y-l isoform of phospholipase C may 

lead to phosphatidylinositol hydrolysis and subsequent activation of PKC (Hamett, 1992). 

Second, treatrnent of cells with phorbol esters may induce phosphotyrosine accumulation 

(Han 1993, Scholl 1992). Havuig defined that tyrosine phosphorylation paiticipated in the 

induction of PCA by LPS, the relative contribution of PKC to the signalling pathway was 

evaluated using inhibitors of PKC activation. The specific PKC inhibitor, 

bisindolylmaleirnide (BIM, 2.5 @kl), was tested for its ability to inhibit LPS-induced 

PCA.. BIM did not inhibit PCA induction by LPS (Figure 6-9A), despite its ability ro 

totally abrogate phorbol ester-stimulated cherniluminescence (Figure 6-9B), thereby 

confming its ability to inhibit PKC activation. Similarly, another PKC inhibitor, 

staurosporine, caused only partial inhibition of PCA induction (Figure 6-9A). Thus, 

inhibition of LPS-induced PCA correlated better with reduction in tyrosine 

phosphorylation than it did with inhibition of PKC activation. 
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Figure 6- 1: The effect of LPS on phosphotyrosine accumulation in macrophages. 
Macrophages (2x 106/ml) were incubated with LPS (10 pg/rnl). At the indicated tirne 
points, cells were rapidly sedimented and pellets were immediately solubilized in boiling 
Laemmli sarnple buffer. Ty-rosine phosphorylation was determined as described in the 
Materials and Methods section. A representative blot is shown. 
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Figure 6- 2: The effect of genistein on LPS-induced tyrosine phosphorylation. Celis 
(2x 106/ml) were preincubated with genistein (1 Opg/ml) or vehicle (0.1 % DMSO) for 1 
hour and then stimdated with LPS (10 pg/ml) for 240 min. Ceiis were then sedimented 
and pellets were immediatel y solu bilized and imrnunobloted for phosphotyrosine. 
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Figure6- 3: The effect of ymosan on phosphotyrosine accumulation in 
rnaerop hages. Macrophages (2x 1 06/ml) were incubated with zymosan (0-500 pglml) for 
up to 60 min. At the indicated tirne points, cells were rapidly sedimented and pellets were 
immediatel y so lubilized in bo iling Laemmli sample buffer. Tyrosine phos pho ry lation 
was determined as descnbed in the Materials and Methods section. A representative 
blot is shown, 
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Figure 64A: The effect of vanadate and DPI on zyrnosan-induced phosphotyrosine 
accumulation in macrophages. Macrophages ( 2 ~  106/ml j were treated with LPS (1 0 
pg/ml) for 30 min in the presence or absence of vanadate (100 PM) and diphenylene 
iodonium (1 0 &ml). Cells were then sedimented and the pellets were irnrnediately 
soiubilized in boiling Laemmli sample buffer. Tyrosine phosphorylation was determined 
as descnbed in the Materials and Methods section. A representative blot is shown. 

Figure 64B:  The effect of vanadate and DPI on LPS-induced phosphotyrosine 
accumulation in macrophages. Macrophages (2x1 06/rnl) were treated with LPS (10 
&ml) for 1 hours in the presence or absence of vanadate (100 PM) and diphenylene 
iodonium (10 pghl).  Cells were then sedimented and the pellets were immediately 
solubilized in boiling Laemrnli sarnple buffer. Tyrosine phosphoryiation was determined 
as descnbed in the Materials and Methods section. A representative blot is shown. 
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Figure6 4C: The effect of DPI on LPS-induced cherniluminescence. Macrophages 
(2~106/ml) were stimdated with LPS (10 pg/ml) in the presence or absence of DPI (1 0 
pg/rnl). Cells were preincubated with DPI for 45 min. The data s h o w  are representative 
of six experirnents and indicate the mean and standard error of triplicate samples at each 
t h e  point. The area under the cuve correlates with the release of reactive oxygen 
species. The mean areas for six experiments were: Control: 1.1 %O. 16; LPS: 1.9610.13; 
LPS plus DPI: 0.1 WO.02. 
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Figure60 5A: The effect of genistein on induction of PCA activity by LPS. 
Macrophages (1~106/rnl) were stimulated with LPS (10 &ni) in the presence or 
absence of genistein (1 0 &ml) for 4 hours. Cells were preincubated in genistein for 1 
hour prior to stimulation. At ~4 hours, cells were pelleted, resuspended in RPMI and 
fiozen at-700C for later assay of PCA activity. The data represent the mean and standard 
error of three separate experiments each performed in duplicate. Symbols: Clear 
column=Untreated; Hatched column=genistein-treated; 
* ~ ~ 0 . 0 5  vs untreated for each group. 



I None 
Herbimycin A 
DMSO 

Medium LPS 

Stimulus 

Figure 6-SB: The effect of herbimycin on induction of PCA activity by LPS. 
Macrophages (1x1 06/ml) were stimulated with LPS (1 0 pg/ml) in the presence of 
herbimycin (1 pg/ml) or DMSO (0.1 %) for 4 hours. Cells were preincubated in 
herbimycin for 2 hours pnor to stimulation. At t4 hours, cells were pelleted, 
resuspended in RPMI and fiozen at -700C for later assay of PCA activity. The data 
represent the mean and standard error of four separate expenments each performed in 
duplicate. S ymbols : Clear coIumn=Untreated; Filled column=herbimycin-treated; 
Hatched column=treated with 0.1 % DMSO; * px0.05 vs untreated for each group. 
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Figure 6-6: Effect of tyrosine kinase inhibitors on leveb of tissue factor mRNA 
transeripts. Macrophages (1 0x 106/ml) were pretreated with genistein (Fig 6A, 10 @ml 
for 1 hour) or with herbirnycin (Fig 6B, 1 pg/ml for 2 hours) and then stimdated with 
LPS. At t== hours, nuclei were extracted and subjected to Northem blot analysis using 
32~-labelled cDNA probes for murine TF and a tubulin. The blots shown are 
representative of three sirnilar experiments. 
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Figure6- 7: The effect of vanadate on LPS-stimulated PCA activity in macrophages. 
Celis (1X106/ml) were stimdated with LPS (10 &ml) with or without vanadate (100 
FM) for 4 hours. At t4 hours, cells were pelleted, resuspended in RPMI and fiozen at- 
700C for later assay of PCA activity. The data represent the mean and standard error of 
six separate experiments each performed in duplicate. Syrnbols: * p<0.0 1 vs LPS aione. 
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Figure6- 8A: The effect of vanadate on PGE2 release from macrophages. Control or 
LPS- stimulated macrophages were incubated with vanadate (100 PM) in the presence or 
absence of indomethacin (3 FM). At 14 hours, cells were sedimented and the supernatant 
was aspirated for determination of PGE? by radioimmunoassay as described in the 
Materials and Metbods section. nie  data represent the mean and standard error of 5-6 
experiments each done in duplicate. 
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Figure6- SB: The effect of indomethnein on LPS-stimulated PCA activity. Cells were 
treated as in Figure 8A and the ce11 pellets were pelleted, resuspended in RPMI and 
fiozen at -700C for Iater assay of PCA activity. The data represent the mean and standard 
error of six experiments each perfomed in duplicate. 
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Figure 6- 9A: The effect of protein kinase C inhibitors on induction of PCA 
activity by LPS. Macrophages (1~106/ml) were stimulated with LPS (10 pg/ml) in the 
presence or absence of bisindolylmaleimide (BIM12.5 pM) or staurosporine (100 nM) for 
4 hours. At r= hours, cells were washed, resuspended in RPMI and fiozen at -700C for 
later assay of PCA activity. The data represent the mean and standard error of four 
separate experiments each per formed in duplicate. Symbols: Clear colurnn=Untreated; 
Filled column=BIM-treated; Hatched CO lumn=staurosporine-treated. 
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Figure 6-9B: Effect of bisindoIy1maleimide (BIM) on phorbol ester-induced 
cherniluminescence. Macrophages (2x1 06/ml) were stirndated with phorbol myristate 
acetate (PMA 2 pgfrnl) in the presence or absence of BIM (2.5 PM). The data shown are 
representative of 2 separate experiments and indicate the mean and standard error of 
triplicate samples at each time point.. The area under the cuve  correlates with the release 
of reactive oxygen species. The areas for this representative experiment were: Control: 
1.8 ; BIM: 1.4 ; PMA: 66.5; PMA + BIM: 1.2 . 



DISCUSSION 

The present studies investigated the role of tyrosine phosphorylation in the 

induction of macrophage PCA following exposure to proinflammatory stimuli. Both LPS 

and zymosan induced phosphotyrosine accumulation and a rise in PCA. The hctional 

relevance of the tyrosine phosphorylation was demonstrated by the ability of two distinct 

tyrosine kinase inhibitors, genistein and herbirnycin, to inhibit PCA induction in murine 

peritoneal macrophages. Northem blot analysis of TF mRNA expression revealed that 

the effect of tyrosine phosphorylation occurred at the transcriptional level or earlier. 

Considered together, these data support the concIusion that tyrosine phosphorylation is an 

important component of the signalhg pathway leading to the expression of PCA in 

stimulated murine pen toneal macrophages. 

Several studies have suggested a role for protein kinase C-dependent signaliing in 

the stimulation of monocyte/macrophage PCA by LPS . These concIusions were based 

on the ability of PKC agonists to stimulate PCA (Car 199 1, Ternisien 1993, Komberg 

1982, Lyberg 1982, J a c o  1985, Lyberg l983), as well as the observation that various 

PKC inhibitors were able to abrogate LPS-stimulated PCA (Car 199 1, Ternisien 1993). 

However, these findings have not been uniformly reported. Brozna and Carson (Brozna, 

1988) demonstrated that phorbol rnynstate acetate, at concentrations sunicient to 

translocate PKC activity fiom the cytosolic to the particdate fiaction in adherent human 

monocytes, blocked adherence-induced PCA expression and suppressed PCA expression 

in cells activated by adherence or LPS treatrnent. Our laboratory has previously shown 

that PMA alone had little direct effect on PCA in thioglycolate-elicited murine peritoneal 

macrophages, although it primed cells for increased PCA expression in response to LPS 



and live bacteria (Kucey 1992, Kucey 199 1). The variability observed with respect to the 

role of PKC in LPS-induced PCA in monocytes/macrophages may be related to the 

source of the ce11 studied as well as the degree of cellular activation. In the present 

studies, thioglycolate-elicited murine peritoneal macrophages were used. These cells are 

considered to be in a state of heightened activation, by v h e  of the fact that they are 

induced to migrate into the peritoneal cavity by the initiation of sterile inflammation. 

Presumably, these ceils are representative of those which might be recruited into the 

peritoneal cavity during intraabdominal infection. In these cells, two tyrosine kinase 

inhibitors, genistein and herbimycin, completely prevented the stimulation of PCA by 

LPS, while bisindolylmaleimide, a PKC inhibitor which completely abrogated phorbol 

ester-stirnulated cherniluminescence, had no ef5ect on LPS-induced PCA. These findings 

are consistent with those recently reported by Han and colleagues (Han, 1993). These 

investigaton reported that herbimycin A, but not the PKC inhibitor GF 109203X, 

prevented the induction of tyrosine phosp horylation and activation of NF-& by LP S. 

Given that LPS-stimulated tissue factor gene expression requires NF-& activation 

(Mackman, 199 1) these data support the notion that signalling rnay occur through a 

pathway requiring tyrosine phosphorylation but independent of PKC activation. Another 

PKC inhibitor, staurosporine, caused partial inhibition of PCA. This agent is known to 

have tyrosine kinase inhibitor activity and thus, its partial inhibitory eEect may be related 

to this action (Hidaka, 1992). The inhibition of LPS-induced PCA reported for other 

PKC inhibitors such as H7 might be explained on a similar basis (Car 199 1, Ternisien 

1993). Altematively, under the experimentd conditions used in those studies, PKC- 



dependent signalling pathways, possibly via induction of tyrosine phosphorylation. may 

have participated in PCA induction (Sanguedolce, 1 993). 

Vanadate, a tyrosine phosphatase inhibitor augmented phosphotyrosine 

accumulation in stimulated cells. Recent studies performed in permeabilized HL60 cells 

differentiated dong granulocytic lines demonstrated that vanadate-induced tyrosine 

phosphorylation was mediated in part by the reaction products of reduced oxygen 

metabolites and vanadate (Le. vanadyl hydroperoxide or peroxovanadyl) (Trudel, 1 99 1). 

The present studies demonstrate that a similar mechanism is active in intact macrophages. 

Three lines of evidence support this conclusion. First, DPI reduced the vanadate-induced 

increase in phosphotyrosine accumulation in response to both zymosan and LPS, at a 

concentration which abrogated the respiratory burst. Secondly, vanadyl hydroperoxide, 

generated by the coincubation of hydrogen peroxide and sodium orthovanadate, 

rnimicked the effect of vanadate seen in stirnuiated cells. The addition of DPI had no 

effect on this response, indicating that its ability to reduce vanadate-induced 

phosphotyrosine accumulation was not artifacnial. Finally, the increase in 

phosphotyrosine accumulation seen with the addition of vanadate correlated well with the 

magnitude of the respiratory burst induced in the cells. Specifically, it was relatively 

small in LPS-treated cells and comparatively large following exposure to zymosan. The 

precise mechanism whereby peroxides of vanadate mediate their effect is not clear, 

although recent studies performed in neutrophils suggest that the redox state of the ce11 

may directly modulate accumulation of tyrosine phosphoproteins (Fidkow 1993, Downey 

1994). The importance of this phenornenon was also studied in chapter 4 where anti- 



oxidants inhibited mast ce11 induced macrophage activation by decreasing accumulation 

of tyrosine phosphoproteins. 

Despite increasing phosphotyrosine accumulation, vanadate unexpectedly caused 

an inhibition of LPS-stimulated PCA production. Ce11 viability, as detemiined by trypan 

blue exclusion, remained high in LPS-treated cells incubated with vanadate Q84%). 

More importantly, another celi product, PGE2, was released in greater amounts in 

vanadate-treated cells, thus making it unlikely that ce11 toxicity played a significant role in 

the observed reduction in PCA production. Stimulation of PGE2 release by vanadate 

represents one possible rnechanism contnbuting to this effect, since this and other 

prostaglandins have been shown to inhibit the generation of macrophage products 

(Kunkel 1986, Crutchley 1992). The present studies showed a nse in PGE2 release by 

vanadate in both stimuiated and unstimulated cells. To determine the contribution of 

prostaglandins, including PGE2, to the inhibition of LPS-induced PCA, the effect of 

indomethacin on the vanadate-induced nse in PGE2 and reduction in PCA was examined. 

Aithough indomethacin abolished PGE2 release, PCA was only paaially restored towards 

levels observed in the absence of vanadate. Clearly, whiie PGE2 accounts in part for the 

depression in PCA generation, other inhibitory influences appear to be effected by the 

vanadate-mediated phosphotyrosine accumulation. 

Vanadate has been s h o w  to increase arachidonic acid metabolism in response to 

various stimuli in rat hepatocytes, dog kidney cells, and bovine aorta smooùi muscle cells 

(Levine, 199 1) and in the present studies, augmented PGE2 release in elicited peritoneal 

macrophages both in the presence and absence of a second stimulus LPS. The precise 



mechanism underlying this effect has not been defined. A recent report has documented 

the ability of p42 mitogen-activated protein (MAP) kinase to phosphorylate 

phospholipase A2 and induce its activation (Nemenoff, 1993). In this regard, stimulation 

of macrophages with LPS has recently been shown to induce tyrosine phosphorylation 

and activation of several different MAP kinases (Dong 1993, Han 1993, Weinstein 

1992). LPS-induced tyrosine phosphorylation of proteins with similar molecuiar masses 

as those previously identified as MAP kinases (38,41 kDa) was also observed in the 

pesent studies. Thus, the ability of vanadate to augment phosphorylation of these 

kinases may represent one possible mechanism leading to increased arachidonic acid 

release and synthesis of PGE2. 

In summary, the present studies demonstrate a role for tyrosine phosphorylation in 

the induction of macrophage PCA by proinflammatory stimuli. A recent report has 

documented the ability of tyrosine kinase inhibition to abrogate lethality in a murine 

endotoxemia model (Novogrodsky , 1994). Since previous studies have demonstrated 

that anti-tissue factor antibody as well as tissue factor pathway inhibitor reduced rnortality 

in an experimentai E. d i  septic shock model (Taylor 199 1, Creasey 1993) data presented 

herein suggest the possibility that the beneficial effect of tyrosine kinase inhibition may in 

part be attributed to inhibition of endotoxin-induced tissue factor expression. 



CHAPTER 7: 

PREVENTION OF ENDOTOXIN INDUCED MORTALITY BY 

ANTI-TISSUE FACTOR IMMUNIZATION 

Potential therapeutic strategies to m o d e  monocyte and macrophage activation were 
described and investigated in the preceding chapters and experirnents. Until now, this has 
consisted of in vitro work to inhibit signal transduction mechanisms via tyrosine kinase 
inhibition or anti-oxidant therapies. The present chapter of experiments details in vivo 
work with anti-tissue factor immunization where immunization prevents endotoxin 
induced mortality. Antibody based strategies have had some but limited success in 
clinicai trials. Perhaps combined regimens where macrophage or monocyte signaling 
pathways are interrupted, for example by tyrosine kinase inhibition, will have synergistic 
effects with antibody based strategies. 



MicrovascuIa. thrombosis with intravascular fibrin deposition is a characteristic 
pathologie alteration during endotoxic shock. This effect is predominantly mediated by 
expression of the cellular procoagulant tissue factor by both endothelid cells and cells of 
monocyte/ macrophage lineage resulting in acceleration of the coagulation cascade and 
fibrin deposition. We hypothesized that modulation of this response by treatment with 
anti TF antibody might have beneficid effects. A polyclonal Ab to murine TF was 
prepared by injecting rabbits with a synthesized peptide sequence of murine TF. To 
detemine activity of the Ab, elicited murine peritoneai m$ were treated for 4h with LPS 
(10pghl) and procoagulant activity (PCA) determined in a clotung assay (m~/10~m$) .  
The TF Ab abrogated LPS induced m$ PCA connrming activity of the Ab; (m$:236&28, 
rn(dLPS:3801&1 go*, m$/LPS/aTF:753f 92*, at 1 : 1000 dilution ; meanfsem, n=3,* p<.Oj 
by ANOVA). Additionally, Ab/ protein &ty was confirmed by western blot analysis. 
Having detemüned the activity of the Ab in vitro, we tested its efficacy in vivo in a lethal 
endotoxemia model. Mice were imrnunized with 200 pI of anti-senun IP 2h prior to 
injecti of saline. 

(meanksem;n=3- 14*p<.05:Fisher7s Exact Test * * pt05: T-test) 

Al1 animals initially exhibited lethargy and piloerection characteristic of the predicted 
response to LPS. However, imrnunized animds had a significantiy reduced mortality 
compared to control animais. Fibrinogen levels were significantly higher in the 
immunized mice suggesting decreased consumption of coagulation factors, a finding 
consistent with an anti TF effect. Further, plasma TNF levels 90 minutes post LPS 
injection were similar in both groups, suggesting normal induction of the cytokine 
cascade. Modulation of microvascular fibnn deposition by abrogating TF mediated 
coagulation significantly improved survival in this model without aîtenuating the 
initiation of the cytokine cascade. These findings suggest a pathogenic role for 
coagulation in the induction of acute organ injury during sepsis. 



INTRODUCTION 

Over the past decade, it has become increasingly evident that endotoxin, a 

component of the gram-negative bacteria ce11 wall, is an important pathogenic factor in 

the development of septic shock by effecting initiation of the cytokine cascade(Paril10. 

1990). Concomitant with this response is activation of the coagulation system with 

microvascular thrombosis and Ïntravascular fibrin deposition, findings which are 

characteristic of the pathoiogic response associated with sepsis(Van Der Poll, 1990). This 

. effect is predominantly mediated by expression of thc cellular procoagulant tissue factor 

by both endothelid cells and cells of monocyte/ macrophage lineage resulting in 

acceieration of the coagulation cascade and fibrin deposition. The end result of these 

processes, disseminated intravascdar coagulation and microvascular thrombosis is one of 

the pathophysiologic processes contributing to the development of multi-system organ 

faiiure( C M c o  1986, Shibayama 1987). 

Tissue factor is a 47 kDa surface expressed glycoprotein that initiates the extrinsic 

pathway of the coagulation cascade by binding factor W and augmenthg its conversion 

to Factor W a  (Bach, 1988) .The resulting factor VIINIIa complex activates both Factor 

X and Factor IX ultimately leading to fibnn deposition. The initiation of the coagulation 

cascade not only resdts in thrombosis but also leads to the M e r  release of pro- 

inflammatory coagulation derived mediator molecules such as fibrinopeptide B, fibrin 

degradation products and thrombin. Together these support the notion that coagulation 

contributes to the inflammatory response. 

Several lines of evidence suggest that prevention of coagulation might induce 

beneficial effects in vivo. Heparin administration in animal models of intra-abdominal 



infection has been shown to reduce rnortality rate(Hau 1978, Challciadakis 1983). Further. 

systemic defibrinogenation preventec! induction of intra-abdominal abscesses in a mouse 

model (McRitchie, 1 99 1) 

Since tissue factor expression is known to increase in animal models of infection 

(Drake, 1993) we hypothesized that anti -tissue factor immunization in a model of 

systemic endotoxernia in vivo might have beneficid effects. In the present study. anti- 

tissue factor immunized animals had a significantly reduced rnortality compared to 

control animals with decreased consumption of the coagulation factor fibrinogen and 

normal induction of the cytokine cascade measured as peripheral TNF levels. These 

findings suggest a pathogenic role for coagulation in this murine endotoxemia model and 

potential for shidy of other disease processes where tissue factor expression and fibrin 

deposition are important in disease pathogenesis. 

MATERIALS AND METHODS 

Animals: 

Six to eight week old female Swiss Webster mice were obtained from Taconic 

Laboratones. Following delivery to our animal facility, animals were allowed to 

acclimatize for 2-4 days prior to use in these snidies. Animais were then maintained in 

colonies of no more than five animais per cage and fed standard mouse chow and water 

ad libitum as per institution approved animal care protocol. 



Ma terials: 

Fetd bovine senun (FBS) , Hanks' balanced sait solution (HBSS, ~ a 2 +  - and ~ ~ I + f r e e )  

and LPS were fiom Gibco. RPMI 1640 medium and rabbit brain thromboplastin were 

fiom Sigma Powdered Breweh thioglycollate was obtained fiom Difco. n i e  monoclonal 

hamster anti-murine TNF antibody was fiom Genzyme and the polyclonal rabbit anti- 

murine TNF antibody was nom Endogen. The goat anti-rabbit IgG conjugated with 

akaline phosphatase was from Jackson. 

Solutions: 

Supplemented RPMI contained RPMI 1640 with 1 0% heat-inactivated FBS. 

CeU preparation: 

Murine macrophages were harvested by peritoned lavage, using 10 ml of sterile HBSS 

four days following intraperitoneal injection of 2 ml of thioglycollate medium. Lavage 

fluids were pooled and centrifuged at 750 x g for 10 min. The cell-containing pellet was 

then washed in sterile HBSS and centrifuged again at 750 x g for 10 min. The supernatant 

was discarded and the pellet resuspended in 5 ml of sterile water for 15 seconds to lyse 

any red blood cells and then diluted to 45 ml with sterile HBSS. The suspension was 

sedimented again, the cells resuspended in RPMI, and then counted using a 

hemocytometer. The ce11 population was then diluted to lx 106 cells per ml in 

supplernented RPMI, and aliquoted into polypropylene tissue culture tubes. This 

technique generated a cell suspension with a viability in excess of 95%, as assessed by 

trypan blue exclusion, and a ce11 population of 80 - 90% macrophages, as assessed by 

nonspecific esterase staining, Wright's staining and electron microscopy. 



Murine Anti-Tissue Factor Antibody Preparation: 

As an anti-murine tissue factor antibody was not commerciaily available, a 15 aa peptide 

sequence based on homology and imrnunogenicity analysis was identified and 

synthesized at Chiron Mimotopes Peptide Systems (San Diego, CA.) The amino acid 

sequence chosen based on these analyses was -CITYRKGSSTGKKTN-. Rabbits were 

injected subcutaneously with 500 pg of the KLH conjugated peptide with 50% Freund's 

adjuvant followed by two booster doses at approximately six week intervals of 250 pg of 

peptide (Harlow, 1 988). S e m  was harvested at 3 months following initial 

irnmunization. Tissue factor anti-sera was aliquoted and stored at -20°C. Activity of the 

antibody was determined in vitro by western blot analysis and inhibitory capacity in 

clotting assay. 

In vivo studies 

Mice were immiinized with 200 pl of anti-semm ip 2 hours prior to injection with 250 

pg of LPS ip and at 24 hours. Control animals received 2004 of saline. 

Measurement of macrophage procoagulant activity (PCA) 

PCA in fieeze-thawed macrophages was detemiined by measuring their capacity to 

shorten the spontaneous clotting time of normal citrated human plasma in a one-stage 

clotting assay. An 80 ul sample of macrophage ce11 lysate obtained by fieeze-thawing was 

added to 80 d of citrated normal human platelet-poor plasma, and then 80 ul of 25 mM 

CaC12 was added to initiate the reaction. The time taken for the appearance of a fibrin gel 



at 3 7 ' ~  with gentle agitation was recorded. Clotting times were converted to milliunits of 

PCA by cornparison with clottuig times of a rabbit brain thromboplastin standard in 

which 36 mg (dry weight) per ml was assigned a value of 100,000 mU of PCA. The 

induction of PCA from a baseline of 236 to 380 1 m ~ / 1  o6 macrophages in cells subject 

to LPS represented a shortening of the clotting t h e  60m 60 to 36 seconds. The assay was 

used over the range of 10 to 10,000 m u  of PCA, this range being linear with normal 

plasma substrate. 

Measurement of Tumor Necrosis Factor 0 

TNF in mouse senun was meanired by ELISA. The antibody sandwich was detected by 

fluorescence (Diamondi, 1992). Microtiter plates were coated with a monoclonal anti- 

murine TNF antibody, incubated with samples, waçhed and then exposed to the 

polyclonal rabbit anti-rnurine TNF antibody. The-enzyme sandwich was then incubated 

with goat anti-rabbit IgG alkaline phosphatase for one hour at room temperature prior to 

the addition of the substrate solution, 5-fluorosalicyl phosphate and the developing 

reagent terbium-EDTA. The fluorescence was measured with a time resolved fluororneter 

and the calibration curve and the data reduction were performed by automatic 

irnmunoanalyzer (Cyber Fluor 6 1 5). 

SDS PAGE and Immunoblotting 

For tissue factor protein detection, cells were rapidly sedimented and pellets were 

immediately solubilized in boiling Laemmli sarnple buffer and analyzed by 

immunoblo tting with the anti-tissue factor anti-serum. Equal protein loadhg was assured 

by BCA protein assay (Pierce) and Coomassie blue gel stahing. Following 

electrophoresis on 10% polyacrylamide gels, the samples were blotted ont0 Immobilon 

using the Bio-Rad Mini Trans-Blot system for 1.25 hours at 100V. The blot was 



incubated with 10 r d  of b l o c h g  solution and then exposed to a 1/1000 dilution of tissue 

factor antiserum for 2 hours while shaking at room temperature. The blot was then 

washed four times with antibody bdTer solution and incubated with a 1/5000 dilution of 

goat anti-rabbit IgG antibody conjugated to honemdish peroxidase (Amersham). The 

blots were washed and quantitated using an enhanced cherniluminescence detection 

system (ECL, Amersham) (Whitehead, 1 979). 

Measurement of Fibrinogen Levels 

Fibrinogen levels were measured in a clottîng based assay on a STA analyzer (STAGO) 

in the coagulation laboratory at The Toronto Hospital. 

Endotoxin Contamination 

RPMI-1640, HBSS, and FCS were tested for endotoxin contamination using the standard 

Limulus amoebocyte lysate assay (Association of Cape Cod, Woods Hoie, Massachusetts) 

and were found to contain CO. 1 ng of endotoxin per ml, which constituted the lower b i t  

of the test. 

S ta tis tics 

Statistics were calculated using one-way analysis of variance and Neumann-Keuls for 

compatison between groups. Chi square analysis and Fisher's Exact Test employed for 

tissue factor murine immunization data Data are expressed as the mean and standard 

error of n observations. 



RESULTS 

In Vitro Experiments: Confirmation of Antibody Activity: 

Hawested ad-sera fiom rabbits immunized with the KLH conjugated peptide was tested 

to determine activity of the antibody. Initially, ahbody/ protein affinity was confirmed by 

western blot analysis. Tissue factor expression correspondhg to the 47 kDa glycosyiated 

and 33 M>a non-glycosylated tissue factor proteins was detected in LPS(1 Opg/mi) 

stimuiated muRne peritoneal macrophages (Figure 7-1). AdditionaIIy up-regdation of 

tissue factor protein expression was seen in cells cultured in fetal bovine senun and 

treated with LPS (Figure 7-2). Finally antibodyfprotein affinity could be inhibited by 

competitively blocking antibodyfprotein interaction when the immunizing peptide was 

added to anti-body buffer medium (Figure 7-3). As well the anti- tissue factor antibody 

reduced LPS- induced murine macrophage PCA in a clotting assay confrming it's 

inhibitory activity in the in vitro setting (Figure 7-4). Pre- immune senim did not 

significantly inhibit the LPS induced response at this concentration. 

In Vivo Studies 

Having determined the activity of the antibody in vitro, we tested it's efficacy in vivo. 

Al1 animais treated with LPS initially exhibited lethargy and piloerection characteristic of 

the predicted response to LPS. In control animals this persisted while it subsided in the 

anti-tissue factor treated animals. As shown in Figure 7-5 mortality in immunized mice 

was significantly reduced compared to control anirnals, (29% vs. 79%) (Figure 7-5). To 

determine whether anti -sera administration resulted in preservation of clotting factor 



levels, fibrinogen levels in the mice were assessed. Fibrinogen levels were significantly 

higher in the irnmunized mice suggesting decreased consumption of coagulation factors. a 

finding consistent with au anti tissue factor effect (Figure7- 6). Prevention of endotoxin 

induced moaality and prevention of coagulation factor consumption occurred in the 

sening of normal induction of the cytokine cascade as plasma TNF levels 90 minutes 

post LPS injection were similar in both groups niling out a non-specific effect of anti-sera 

administration (Figure 7-6). 



g lycosy lated 

non-g lycosy lated 

Fig.7- 1 : Activity of rabbit-anti rnouse tissue factor antibody. Thioglycollate elicited 
murine pentoneal macrophages were incubated with LPS (10pgM) for 4hr at 37OC 
rapidly sedimented and resuspended in boiling Laemmli buffer. Anti-tissue factor 
immunonoblotting was evaiuated as described in the text. n ie  data show a representative 
blot of 3 independent studies. 



Fig.7- 2: Activity of rabbit-anti mouse tissue factor antibody. Modulation of tissue 
factor expression by FBS and LPS. Thioglycollate elicited murine peritoneal 
macrophages were incubated with FBS / LPS (10pg/mi) for 4hr at 37OC rapidly 
sedimented and resuspended in boiling L a e d  b&er. Anti-tissue factor 
imrnunobloning was evaiuated as descnbed in the text. The data show a representative 
study of 3 similar independent studies. 



LPS LPS + 
PEPTIDE 

f ig 73:. Activity of rabbit-anti mouse tissue factor antibody: Blocking effect of 
peptide. Thioglycollate elicited murine peritoneal macrophages were incubated with LPS 
(1 Opg/ml) for 4hr at 3 7OC rapidly sedimented and resuqended in boiling Laemmli 
buffer. Anti-tissue factor immunoblotting, in the absence or presence of immunizing 
peptide was evaluated as descnbed in the text. The data show a representative study of 2 
similar independent studies. 



C O  n t r o  I L P S  L P S l a n t i  T F  

Fig.7- 4: Effect of anti-tissue factor anti-serum (1:1000 dilution) on LPS induced 
macrophage procoagulant activity. Thioglycollate elicited murine peritoneal 
macrophages were incubated with LPS (10pg/ml) for 4hr at 37OC , sedimented and 
freeze-thawed for determination of PCA as dexribed in the text. Ce11 lysate was 
incubated with anti-sera for 30' pnor to addition of CaClt to initiate the clotting reaction 
(n=3,* p < .O5 by ANOVA) 



IMMUNlZED 

NON-IMMUNIZED 

O 1 2 3 4 

D A Y  

Fig 7 5 :  Prevention of endotoxin induced mortality by anti-tissue factor 
immunization. Mice were immunized with 200 pl of anti-serum IP 2h prior to injection 
with 250pg of LPS IP and at 24 hours. Control animds received 200@ of saline. p x -05 
by Fisher's Exact Test. 



c o n t r o l  ant l - t l raue f a c t o r  
lm m un Ixatto n 

c o n t r o l  in r l - t i rsua  fac to r  
lm m u niratIo n 

Fig 7-6:Systemic fibrinogen and TNF levels in control and anti tissue factor 
immunized mice. Murine blood was harvested by cardiac puncnire and collected in 
sodium citrate blue top tubes and fibrinogen levels analyzed by immunoassay.( n=3 * p< 
.O5 by T-test) and plasma TNF measured by ELISA 90 min. post LPS injection (~5). 



DISCUSSION 

Induction of the coagulation cascade is an important component of the systemic response 

to infection. For example in hepatitis in a murine model, pretreatment with an antibody 

which neutralizes the macrophage PCA induced by murine hepatitis virus prevents 

sinusoidal fibrin deposition, hepatocellular necrosis and mortaiity in infected mice (Li, 

1992). In addition, in bacterial infection, systemic expression of tissue factor with 

resultant fibrin deposition is a recognized phenomenon(Drake, 1993). Based on this up- 

regulation of tissue factor and induction of the coagulation cascade with resultant fibrin 

deposition, we hypothesized that anti -tissue factor immunization in a model of murine 

systemic endotoxemia in vivo rnight have beneficial effects. In these studies, ant-tissue 

factor immunized anirnds had a significantly reduced mortality compared to control 

animals. Interestingly, al1 anirnals initially exhibited lethargy and piloerection in response 

to LPS administration. However, only immunized animals had a significantly reduced 

mortality compared to control animals. Several lines of evidence suggest suggest that the 

antibody worked by virtue of it's anti- tissue factor activity. In vitro, affinity of the 

antibody for tissue factor protein was demonstrated by western blot analysis and the 

antibody reduced LPS induced macrophage procoagulant activity. Further evidence of an 

anti-tissue factor effect was provided in vivo by fibrinogen levels where significantly 

higher measurements were detected in the immunized rnice suggesting decreased 

consurnption of coagulation factors. Plasma TNF levels 90 minutes post LPS injection 

were similar in both groups, suggesting normal induction of the cytokine cascade and 

preservation of this component of the inflammatory response indicating that a non- 

specific effect of the a d - s e m  did not account for the observed in vivo effect. We thus 



conclude fiom these studies that modulation of microvascular fibrin deposition by 

abrogating tissue factor mediated coagulation is an effective strategy to prevent lethdity 

in this model without attenuating the initiation of the cytokine cascade. This is in 

agreement with Levi et al who reported that anti-tissue factor immunization in a 

chimpanzee mode1 of endotoxic shock abrogated thrombin generation but did not affect 

cytokine levels (Levi, 1994) and Taylor et al who showed that lethal E. coli septic shock 

is prevented by blockuig tissue factcr with monoclonal antibody (Taylor, 199 1). A major 

advantage of the anti-tissue factor strategy is preservation of the inilammatory response 

indicated by maintenance of senim TNF levels, important for it's anti-bacterial eEect. 

Antibody based strategies have had some success in clinical trials (Ziegler. 199 1). 

Perhaps combined regimens where macrophage or monocyte signaling pathways are 

intempted, for example by tyrosine kinase inhibition, will have synergistic effects with 

antibody based strategies (Novogrodsky, 1 994). 

in addition to the pathogenic ef5ects of tissue factor expression in the phenornenon 

of septic shock, procoagulant activity secondary to expression of procoagulants such as 

tissue factor has been s h o w  to contribute to the pathogenesis of a number of disease 

states of surgicd importance including allograft rejection (Cole, 1 %S),  acute lung injury 

(Idell, 1 98 7), bacterial infection (Rosenthal, 1 98 9), a variety of gastrointestinal diseases 

(Wakefield 1990, More 1993), multiple organ dysfunction (Sullivan, 1991), as well as the 

production of the fibrinous matrix supporting tumor growth@vorak, 1986). Development 

of an anti-tissue factor model in the mouse will hopefùlly allow M e r  study of 

pathophysiologic processes where tissue factor expression and fibrin deposition are 

important in disease pathogenesis. 



DISCUSSION 

This body of work has exarnined the path of the monocyte through the endothelid 

ce11 layer and ultimately to the extracellular m a W  extravascular hflammatory milieu 

and the sequentiai role of potential idammatory stimuli on this ce11 and it's 

differentiated descendant, the macrophage. Central to cellular activation in these 

processes was the induction of the tyrosine phosphorylation signaling cascade. This 

joumey began with interaction of the monocyte and the endothelid celi and extracellular 

matrix as detailed in Chapter 3 .The data clearly demonstrate the importance of 

monocyte endotheliai celI/extracellular matrix interactions not only as a passive migratory 

process, but also as being central to cellular activation. In addition, specific studies 

demonstrated the importance of integrin-ligand interactions as being vital to this 

activation, the mechanism being induction of the tyrosine phosphorylation signaling 

cascade. As noted integrins on the surface of leukocytes have traditionally been 

considered to play a centrai role in the process of cell adhesion to the surface of 

eridothelial cells during ce11 migration into the extravascula. space. The fact that 

engagement of these surface molecules resulted in inducing "outside-in " signaling 

leading to alterations in ce11 function is intriguing(Komberg, 1991). The experiments 

presented herein investigated the ability of monocyte transmigration and integrin ligation 

to modulate monocyte function. In these studies, transendothelial migration and 

engagement of both VLA-4 (p 1 integrin) and Mac-1 (P2 integrin) resulted in monocyte 

activation as evidenced by a nse in PCA, increased tissue factor expression (by FACS 



and Western blot analysis) and TNF release. Clustering of the integrins, as would occur 

under physiological situations in the formation of focal adhesions, was necessary since no 

increase in PCA was noted when a secondary crosslinkllig antibody was not used. Thus 

these data support the conclusion that monocyte endothelid transmigration is able to 

induce cell activation and that surface integrin engagement on monocytes is a possible 

mechanism of this process. 

The activation process appears to be related to the ability of integrin ligation to 

induce tyrosine phosphorylation. Crosslinking increased tyrosine phosphorylation and its 

inhibition with the tyrosine kinase inhibitor genistein precluded the rise in PCA. The 

precise proteins undergoing phosphorylation and their role in signaling require fbrther 

study. The molecular masses of two of the proteins, i.e. 76 and 125 kDa, approxirnate 

those of previously identified tyrosine kinase substrates, paxillin and pp 1 2sf& (Bmidge, 

1992). These proteins have been show to localize within focal adhesions in some cells 

and to be physically associated with cytoskeletal elements. Future studies will define their 

role in cells of monocyte/macrophage lineage and evaluate downstream signaling 

pathways including MAP kinase activation, a protein found to CO-migrate with tyrosine 

phosphorylated protein in these studies and known to participate in signaling responses 

during macrophage activation (Dong, 1993). 

Future studies will need to introduce the use of more specific inhibitors of 

individual tyrosine kinases to dissect out the relative importance of the MAPK signaling 

pathway in cornparison with, for example, the p38 or SAPK pathways. Specinc inhibition 



of signalhg processes could result in more efficacious therapies with fewer untoward 

side-effects of a global signaiing inhibition. 

The upregulation of endothelial ceil adhesion molecules ICAMI and VCAM is 

known to occur in infiammatory states such as sepsis and allograft rejection. As cross- 

Linking the receptors for these ligands on monocytes in these experiments resulted in 

increased monocyte tissue factor expression, we hypothesized anti -tissue factor 

immunization in a mode1 of systemic endotoxemia in vivo might have beneficial effects. 

Microvascular thrombosis with intravascular fibrin deposition is a characteristic 

pathologie alteration during endotoxic shock and this effect is predominantly mediated by 

expression of tissue factor by both endothelial cells and cells of monocyte/ macrophage 

lineage resulting in acceleration of the coagulation cascade and fibrin deposition. 

Disseminated intravascular coagulation with widespread deposition of fibrin in the 

rnicrovasculature commonly accornpanies septic shock and is associated with the 

development of end organ failure. This hypothesis is explored in chapter 7 and is 

discussed further below. 

The process of monocyte or macrophage activation by the transmigratory process 

or interaction with extracellular matrix proteins may be important mechanistically in a 

number of other disease states where fibrin deposition rnay be important pathogenically. 

This may include any of the diseases in which procoagulant activity is contributory such 

as bacterial abscess formation, idammatory bowel disease, tumor matrix, hepatitis or 

allograft rejection. Macrophages in atherosclerotic plaques (foam cells) express tissue 

factor and secrete TN-F (Tipping,1989,1993), however the stimuli are unlaiown. The 



experiments detailed in Chapter 3 suggest activation of these cells during monocyte 

transmigration or subsequent interaction with maîrix proteins as a potential mechanism of 

this process and a potential target for therapy in atherosclerosis. 

In summary, these studies suggest that interactions of monocytes with the 

endothelid ce11 surface and underlying extracellular matrix proteins during 

transmigration as well as the subsequent exposure of cells to the idammatory 

microenvironment within the tissues/extraceilular matrix may modulate monocyte 

activation. The antibody cross-lhkcg data suggests the mechanism of this effect to be 

integrin mediated signal transduction via induction of tyrosine phosphorylation. 

Modulation of tissue factor expression induced by these processes rnay have beneficial 

therapeutic effects. 

As mast cells cluster at the post-capillary venule. the primary site of monocyte 

diapedesis and a known macrophage locale, the next logical hypothesis to explore was 

whether these cells influenced activation of the rnonocyte/macrophage lineage on this 

next phase of the monocyte journey into the extracellular matrix and ultimate maturation 

into the macrophage. Chapter 4 explores this hypothesis in detail. Experiments clearly 

dernonstrate the importance of mast ce11 pro ducts in activating macrophages. This 

observation is ioteresting as intuitively, secondary to the mast cell's strategic location at 

the post-capillary venule, this may be the next indirect cell-ce11 interaction via 

inflammatory mediators following the monocyte-endothelid cell interaction. 



The experiments perfonned in Chapter 4 cleariy delineate an important role for 

the mast celi in macrophage activation. Mast cens caused a time and dose dependent 

increase in macrophage PCA and also increased RIF release fiom cells. This was 

observed with mast ce11 lysate but not whole mast cells, suggesting that the effect was 

likely mediated by mast ce11 granule contents. Physiological degranulation of mast cells 

aiso augrnented macrophage TNF release. Lncreased T F / '  rnRNA levels in 

macrophages exposed to mast ce11 lysate revealed an effect at the transcriptional level or 

earlier. Considered together, these data provide evidence that degranulated mast cells at 

sites of inflammation contribute to macrophage activation. Further studies are required to 

define the mast cell products responsible for the observed macrophage activation. TNF 

has been previously shown to induce PCA in cells of monocyte/macrophage lineage 

(Tanaka 1989, Conkling 1988) although the levels measured in the mast ce11 lysate were 

extremely low and were unlikely to have accounted for the effect. Lysate levels however 

may have contained aitered RJF protein not detectable by the ELISA. The ef5ect of 

histamine on macrophage PC A has no t been previously exarnined, although histamine 

recepton are present on these cells and histamine has been show to augment interleukin- 

1 4nduced IL6 production in peri pheral blood mononuclear cells (Vannier, 1 994). 

Finally, a mast cell-denved factor sensitive to trypsin, possibly a protease, has been 

shown to augment arachidonic acid metabolism in huma. lung macrophages (Salari, 

1989). Regardless of the precise mediator molecule responsible, the present studies 

demonstrate that tyrosine phosphorylation appears to play a significant role in the 

signahg mechanism Ieading to tissue factor gene expression and consequent 



procoagulant activity as well a s  turnor necrosis factor production . This is significant 

because as noted above studies have reported that the induction of tyrosine 

phosphorylation in macrophages by a variew o f  stimuli is a central signaling event 

leading to the generation of macrophage products. 

Several studies have implicated the involvement of mast cells in fibrin deposition 

at sites of inflammation. Fibrin deposition in the reverse passive Aahus reaction is 

markedly reduced in mast cell-deficient mice (Ramos, 1992). Reconstitution with mast 

ceus augmented the levels to that observed in normal mice. Similady, in a model of 

peritoneal inflammation leading to adhesion formation in the rat, perioperative mast ce11 

stabilization with disodium cromoglycate or nedocromil sodium resulted in a significant 

attenuation of adhesion formation (liebrnan, 1993). Fibrinous exudates provide the 

matrix for adhesion formation and thus, these findings are consistent with the conclusion 

that reduced mast ceil activity might have lead to impaired fibrin deposition and hence 

reduced adhesions. Since macrophage PCA plays a central role in extravascular fibrin 

deposiiion, the present studies demonstrating the ability of mast cells to augment 

macrophage PCA provide a mechanistic exphnation underlying these effects. In addition 

two recent reports by Malaviya and Echtenacher in Nature demonstrate that mast ce11 

deficient mice have a greatly increased sensitivity to acute septic peritonitis and that the 

protection af5orded by mast ceils depends on the production of tumor necrosis factor. 

Echtenacher et al report a critical protective role of mast celis in a model of acute septic 

pentonitis (Echtenacher 1996). Using a caecd Iigation and puncture (CLP) model of 

acute septic peritonitis these investigators show a significdy increased mortaiity in mast 



ce11 deficient mice compared to control mice . In addition the subsequent re-constitution 

of the mast ce11 deficient mice with mast cells from control mice protected them fiom the 

lethal effects of CLP. An anti TM? antibody used in these mice suppressed this protective 

effect. In the same issue of Nature, Malaviya et al report the importance of the mast ce11 

in modulation of neutrophil influx and bacterial clearance at sites of infection through 

TNF. Experiments demonstrate that mast cell deficient mice were 20 fold less efficient in 

clearing enterobacteria than control mice. When higher bacteriai ïnnocuia were then used. 

only the mast celi deficient mice died. In addition, the limited bacterial clearance in the 

mast ce11 deficient mice directly correlated with impaired neutrophil influx, an effect 

found to be dependent on TNF. A possible mechanistic explmation for the resdts 

descnbed in these studies based on the work presented herein is that the absence of mast 

cells and associated TNF resulted in impaired macrophage activation and fibrin 

deposition with decreased bacterial abscess localization and the development of 

generalized peritonitis and death. Further studies are required to determine the relative 

importance of bacterial locdization in abscesses versus the phenornenon of bacterial 

clearance in these moaality models with specific attention to the peritoneal cavity.. 

In the experiments conducted in Chapter 4, physiologie degranulation of mast 

cells with calcium ionophores ionomycin and A23 187 as well as the mast ce11 

degranulating agent compound 48/80 significantly increased TNF production in mast 

cewrnacrophage CO-cultures. These data M e r  support the hypothesis that mast 

ceUmacrophage interactions are an important component of the inflarnmatory 

microenvironment. The observed increase in TNF release was signûIcantly greater than 



the additive effect of mast cells treated with ionophore and macrophages treated with 

ionophore. The data suggest that perhaps mast ce11 TNF potentiated by other mast ce11 

mediators results in macrophage activation via induction of tyrosine kinases. A 

synchronous effect of macrophage products on the mast cell is dso plausible. 

Several lines of evidence suggest that reactive oxygen species may contribute to 

ce11 activation (Grisham 1992, Fialkow 1993). The importance of oxidative stress 

moduiating signal transduction pathways is being elucidated. The fact that antioxidants 

were able to inhibit mast ce11 induced macrophage activation via inhibition of tyrosine 

phosphoprotein accumulation support the concept that manipulathg mast ce11 

degranulation or modulating macrophage response are novel approaches to m o d i m g  this 

cellular interaction in the inflammatory microenvironment by moduiating the cellular 

redox state. 

In summary, these studies demonstrate a potential roIe for mast cells in the 

regdation of macrophage activity at sites of inflammation. Modulation of mast celV 

macrophage interactions in various disease processes represents a novel approach to 

reducing inflammation and a new paradigm for anti-inflanmatory therapy. 

The macrophage, now mature and in the extracellular matnxl extravascular 

inflammatory mileu is exposed to a plethora of inflammatory stimuli. These stimuli 

uiclude viruses, endotoxin, yeast, and cytokines such as TNF. The potential for TNF 

stimulation from mast ce11 stores is descnbed above noting the experiments in Chapter 4. 

Chapters 5 and 6 address the hypotheses that viruses, bacteria and zymosan result in 



macrophage activation via induction of tyrosine kinases and ulbate ly  lead to activation 

expressed as procoagulant activity and TNF secretion. Experirnents performed 

demonstrate that induction of tissue factor and the Wal induced prothombuiase, musfiblp. 

are mediated by induction of tyrosine kinases in endotoxin/zymosan and Wal stimulated 

cells respectively. 

The experiments conducted in Chapter 5 demonstrate a role for tyrosine 

phosphorylation in the signalhg pathway leading to the induction of macrophage PCA by 

MHV-3. The virus induced a rapid and time-dependent increase in phosphotyrosine 

accumulation, an effect which was prevented by specific tyrosine kinase inhibitors. These 

inhibitors were also able to abrogate MHV-3-stimulated functional PCA as well as the 

expression of the gene encoding the unique MHV-3-induced prothrombinase, musfiblp. 

Future studies are specifically required to address the mechanisms underlying the 

induction of tyrosine phosphorylation in response to v i m  and the precise role of the 

phosphorylated p ro tek  in ceil activation as these issues were not uivestigated in the 

thesis work. The receptor for MHV-3 is a 1 10 kDa glycoprotein which is a member of 

the murine carcinoernbryonic antigen fami ly@veksier, 1993). Its short in~cel lular  

domain precludes its ability to function as a receptor tyrosine kinase, thus suggesting the 

possible involvement of associated protein tyrosine kinases. In this regard, a protein with 

a molecular mass of -65 kDa was seen to be tyrosine phosphorylated in the Wus-treated 

cells. Several src-family tyrosine kinases known to be present in macrophages (e.g. hck, 

fgr and src) lie close to this mass and thus may be substrate proteins (Bolen, 1992). The 

present shidies also showed rapid phosphorylation of two proteins (41 and 44 kDa) whose 



molecula. masses correspond to that reported for two distinct mitogen-activated protein 

kinases in macrophages (Weinstein, 1992). These kinases are feIt to play an important 

role in celi signaling in a variety of ce11 types (Nishida, 1993). Experiments using a 

phosphornaplcinase antibody demonstrates increased MAPK phosphorylation and activity 

of the ERK 2 kinase by in vitro kinase assay. However, the use of the specific MAPK 

inhibitor resulted in only partial inhibition of functional MHV-induced procoagulant 

activity and the mRNA transcript suggesting the potentiai for other kinase invohement 

such as the p 38 pathway. Further studies are needed to precisely define the identity of 

the various substrate proteins and their participation in MHV-3-induced tyrosine 

phosphorylation and activation of musfiblp gene expression. The mechanisms underlying 

resistance/susceptibility in the A/J and BALB C mice respectively have not been 

completely elucidated. As the resistant mice are known to express MHV receptoe 

(Dveksler, 1993) an interesting hypothesis might be that differences in intracellular 

transduction pathways account for the resistance/susceptibility phenornenon. This 

hypothesis requires M e r  study. 

In summary, the data reported in Chapter 5 indicate a role for tyrosine 

phosphorylation in the signaling pathway leading to the induction of the musfiblp gene 

and expression of the unique procoagulant in MHV -3 stimulated macrophages. A recent 

report has documented the ability of tyrosine kinase inhibition to abrogate lethality in a 

murine endotoxernia mode1 (Novogrodsky, 1994). This effect correlated with the ability 

of the inhibitor to abrogate endotoxin-stimulated release of tumor necrosis factor. Since 

the expression of macrophage PCA correlates with lethality associated with MHV-3- 



induced Wal hepatitis, the present studies suggest a novel approach to the treatment of 

this disease. 

Similar findings suggesting the importance of the induction of the tyrosine 

phosphorylation signaling cascade was found for bacterial and the yeast ce11 wall product 

zymosan stimuli. The studies presented in Chapter 6 investigated the role of tyrosine 

phosphorylation in the induction of macrophage PCA following exposure to 

proinflammatory stimuli. Both LPS and zymosan induced phosphotyrosine accumulation 

and a rise in PCA. The hctional relevance of the tyrosine phosphorylation was 

demonstrated by the ability of two distinct tyrosine kinase inhibitors, genistein and 

herbimycin, to inhibit PCA induction in murine peritoneal macrophages. Northem blot 

analysis of TF mRNA expression revealed that the effect of tyrosine phosphorylation 

occurred at the transcriptionai level or earlier. These data support the conclusion that 

tyrosine phosphorylation is an important component of the signahg pathway leading to 

the expression of PCA in stimulated murine peritoneal macrophages. 

The major goal of these experiments was to help dissect out the relative 

importance of the tyrosine kinase cascade in contradistinction to protein kinase C 

mediated signaling pathways. Several studies have suggested a role for protein kinase C- 

dependent signaling h the stimulation of monocyte/macrophage PCA by LPS . These 

concIusions were based on the ability of PKC agonisa to stimulate PCA (Car 199 1, 

Temisien 1993, Komberg 1982, Lyberg 1982, Janco 1985, Lyberg I983), as well as the 

observation that various PKC inhibitors were able to abrogate LPS-stimulated PCA (Car 



199 1, Temisien 1993). However, these findings have not been uniformly reported 

(Broznq 1988). Our laboratory has previously shown that PMA alone had little direct 

effect on PC A in thioglycollate-elicited murine pentoneal macrophages, although it 

primed cells for increased PCA expression in response to LPS and live bacteria (Kucey 

1992, Kucey 1991). The variability observed with respect to the role of PKC in LPS- 

induced PCA in rnonocytes/macrophages may be related to the source of the ce11 studied 

as well as the degree of cellular activation. In the thesis experiments, thioglycollate- 

elicited rnurine peritoneal macrophages were used. These cells are considered to be in a 

state of heightened activation, by v h e  of the fact that they are induced to migrate into 

the pentoneal cavity by the induction of a sterile idiamrnatory process. These cells 

should be most representative of those that rnight be recruited into the peritoneal cavity 

during inflanmatory processes. In these cells, two tyrosine kinase inhibitors, genistein 

and herbimycin, completely prevented the stimulation of PCA by LPS, while 

bisindolyimaleimide, a PKC inhibitor which completely abrogated phorbol ester- 

stimulated cherniluminescence, had no effect on LPS-ïnduced PCA. These findings are 

consistent with those recently reported by Han and colleagues (Han, 1993). These 

investigatos reported that herbimycin A, but not the PKC inhibitor GF 109203X, 

prevented the induction of tyrosine phosphorylation and activation of NF-KB by LPS. 

Given that LPS-stimulated tissue factor gene expression requires NF43 activation 

(Mackman, 199 1) these data s ~ p p o a  the notion that signaling may occur through a 

pathway requiring tyrosine phosphorylation but independent of PKC activation. Another 

PKC inhibitor, staurosporine, caused partial inhibition of PCA. This agent is known to 



have tyrosine kinase inhibitor activity and thus, its partial inhibitory effect may be related 

to this action (Hidaka, 1992). The inhibition of LPS-induced PCA reported for other 

PKC inhibitors such as H7 might be explained on a similar basis (Car 199 1, Ternisien 

1993). Altematively, under the experimentd conditions used in those studies, PKC- 

dependent signaling pathways, possibly via induction of tyrosine phosphorylatioa may 

have participated in PCA induction (Sanguedolce, 1993). 

Vanadate, a tyrosine phosphatase inhibitor augmented phosphotyrosine 

accumulation in stimulated cells. Recent studies performed in pemeabilized HL60 cells 

differentiated dong granulocytic lines demonstrated that vanadate-induced tyrosine 

phosphorylation was mediated in part by the reaction products of reduced oxygen 

metabolites and vanadate (Le. vanadyl hydroperoxide or peroxovanadyl) (Grinstein 1990, 

Trudel 199 1). The present studies dernonstrate that a similar mechanism is active in 

intact macrophages. Three lines of evidence support this conclusion. First, DPI reduced 

the vanadate-induced increase in phosphotyrosine accumulation in response to both 

zymosan and LPS, at a concentration which abrogated the respiratory burst. Secondly, 

vanadyl hydroperoxide, generated by the coincubation of hydrogen peroxide and sodium 

orthovanadate, mimicked the effect of vanadate seen in stimulated cells. The addition of 

DPI had no effect on this response, indicating that its ability to reduce vanadate-induced 

phosphotyrosine accumulation was not artifactual. Finally, the increase in 

phosphotyrosine accumulation seen with the addition of vanadate correlated well with the 

magnitude of the respiratory burst induced in the cells. Specificaily, it was relatively 

srnail in LPS-treated cells and comparatively large following exposure to zymosan. The 



precise rnechanism whereby peroxides of vanadate mediate their effect is not clear. 

although recent studies perfomed in neutrophils suggest that the redox state of the ce11 

may directly modulate accumulation of tyrosine phosphoproteins (Fialkow 1 993. Downey 

1994). The importance of this phenornenon was dso  studied in chapter 4 where anti- 

oxidants inhibited mast celI induced macrophage activation by decreasing accumulation 

of tyrosine phosphoproteins. 

Despite hcreasing phosphotyrosine accumulation, vanadate unexpectedly caused 

an inhibition of LPS-stimulated PCA production. CeU viability, as determined by trypan 

blue exclusion, rernained high in LPS-treated cells incubated with vanadate (>84%). 

More importantiy, another ce11 product, PGE2, was released in greater arnounts in 

vanadate-treated ceils, thus making it unlikely that ce11 toxicity played a significant rote in 

the observed reduction in PCA production. Stimulation of PGE2 release by vanadate 

represents one possible mechanism contributhg to this effect, since this and other 

prostaglandins have been shown to inhibit the generation of macrophage products 

(Kunkel 1986, Crutchley 1992). The present studies showed a nse in PGE2 release by 

vanadate in both stimulated and unstirnulated cells. To determine the contribution of 

prostaglandins, including PGE2, to the inhibition of LPS-induced PCA, the eEect of 

indomethach on the vanadate-induced rise in PGE2 and reduction in PCA was examined. 

Although indomethach abolished PGE2 release, PCA was only paaiaily restored towards 

levels observed in the absence of vanadate. Clearly, while PGE2 accounts in part for the 

depression in PCA generation, other inhibitory influences appear to be effected by the 

vanadate-mediated phosphotyrosine accumulation. 



Vanadate has been shown to increase arachidonic acid metabolism in response to 

various stimuli in rat hepatocytes, dog kidney cells, and bovine aorta smooth muscle ceils 

(Levine, 199 1) and in the present studies, augmented PGE2 release in elicited peritoneal 

macrophages both in the presence and absence of a second stimulus LPS. The precise 

mechanism underlying this effect has not been defined. A recent report has docurnented 

the ability of p42 mitogen-activated protein (MAP) kinase to phosphorylate 

phospholipase A2 and induce its activation (Nemenoff, 1993). In this regard, stimulation 

of macrophages with LPS has recentty been shown to induce tyrosine phosphorylation 

and activation of several different MAP kinases (Dong 1993, Han 1993, Weinstein 

1992). LPS-induced tyrosine phosphorylation of proteins with similar molecular masses 

as those previously identified as MAP kinases (38,41 kDa) was also observed in the 

present studies. Thus, the ability of vanadate to augment phosphorylation of these 

kinases may represent one possible mechanism leading to increased arachidonic acid 

release and synthesis of PGE2. 

In summary, the present studies demonstrate a role for tyrosine phosphorylation in 

the induction of macrophage PCA by proinflammatory stimuli. A recent report has 

documented the ability of tyrosine kinase inhibition to abrogate lethality in a murine 

endotoxemia model (Novogrodsky , 1994). Since previous studies have demonstrated 

that anti-tissue factor antibody as well as tissue factor pathway inhibitor reduced mortaiity 

in an experimental E. coli septic shock model (Taylor 199 1, Creasey 1993) data presented 

herein suggest the possibility that the beneficid effect of tyrosine kinase inhibition may in 

part be attributed to inhibition of endotoxin-induced tissue factor expression. 



A M e r  member of the MAPK family, p 38 has also been implicated in LPS induced 

cellular activation (Han, 1993). The relative roles of these paraIlel pathways in signal 

transduction in these celis requires M e r  study. Specific inhibitors such as PD 98059 

which blocks the activation of MEK1, the upstream activator of ERKlERK2 and SB 

202190 or SB 203580 which specifïcaliy inhibit p38 will allow dissection of the relative 

importance of these pathways 

Finaily and most interestingiy, recent studies have suggested a direct link between 

these signaling pathways, in effect a "team blue sees red" connection whereby a protein 

tyrosine kinase acts to relay messages fiom PKC to Shc, (a Grb-2 adapter protein), thus 

activating Ras mediated regulation. The shc protein acts as go-between the two pathways 

via a newly discovered protein tyrosine kinase PYK2 and a hypothetical kinase labeled 

PTK-X directly linking g-proteins to shc (Bourne 1995, Lev 1995). The relative 

importance of these relay kinases in other systems remah to be examined and will be 

important in fiiture studies. 

Finally, as noted, induction of fibrin deposition and TNF secretion has been 

implicated in a nurnber of pathologic processes. These are as diverse as contributhg to 

abscess formation and liver failure to the formation of an extracellular ma& supporting 

tumor growth. The introduction to this thesis details the importance of these end-products 

in numerous disease States. Attempts at therapeutic modulation of macrophage activation 

and fibrin deposition/TNF secretion was addressed for each inflamrnatory stimulus 

examined. The importance of tyrosine kinase activation as being an essential factor in 



these processes and a potential target for therapeutic manipulation is suggested by 

experiments herein which show that tyrosine kinase inhibitors impair monocyte and 

macrophage activation specifically for these end-products. Anti-oxidant mediated effects 

be they pre-or post transcriptional were also demo-ted to be of potential therapeutic 

benefit . Although antibody mediated strategies have not been un i fody  successful in 

improving clinical outcornes, perhaps combined regimens where macrophage or 

monocyte signahg pathways are intempted, for example by tyrosine kinase inhibition, 

will have synergistic effects with antibody based strategies as explored in chapter 7 . 

The coagulation cascade as an important component of the systernic response to 

infection is becoming increasingly understood. For example, as noted, in hepatitis in a 

murine model, pretreatment with an antibody which neutralizes the macrophage PCA 

induced by murine hepatitis virus prevents sinusoida1 fibrin deposition, hepatocellular 

necrosis and mortality in infected rnice (Li, 1992). In addition, in bacterid infection, 

systernic expression of tissue factor with resultant fibrin deposition is a recognized 

phenornenon (Drake, 1993). Based on this up-regdation of tissue factor and induction of 

the coagulation cascade with resultant fibrin deposition, we hypothesized that anti -tissue 

factor immunization in a model of murine systemic endotoxemia in vivo rnight have 

beneficial effects. In these studies, ant-tissue factor immunized animals had a 

significantly reduced mortaliv compared to control animals. Several lines of evidence 

suggest that the antibody worked by virtue of it's anti- tissue factor activity. In vitro, 

afnnity of the antibody for tissue factor protein was demonstrated by western blot 

analysis and the antibody reduced LPS induced macrophage procoagulant activity. 



Fuaher evidence of an anti-tissue factor effect was provided in vivo by fibrinogen levels 

where signifïcantly higher measurements were detected in the immiinized mice 

suggesting decreased consumption of coagulation factors. Plasma TNF levels 90 minutes 

post LPS injection were similar in both groups, suggesting normal induction of the 

cytokine cascade and preservation of this component of the inflammatory response 

indicating that a non-specific effect of the anti-serum did not account for the observed in 

vivo effect. Thus the experiments conducted in Chapter 7 demonstrate that modulation of 

microvascular fibrin deposition by abrogating tissue factor mediated coagulation is an 

effective strategy to prevent lethality without attenuating the initiation of the cytokine 

cascade. Levi et al reported that anti-tissue factor immunization in a chimpanzee model 

of endotoxic shock abrogated thrombin generation but did not affect cytokine levels 

(Levi, 1994) and Taylor et al who showed that lethal E. coli septic shock is prevented by 

blocking tissue factor with monoclonal antibody (Taylor, 199 1 ). A major advantage of the 

anti-tissue factor strategy is preservation of the inflammatory response indicated by 

maintenance of semm TNF levels, important for it's anti-bacterial effect. Antibody based 

mategies have had some success in clinical trials (Ziegler, 1991). As noted above, 

perhaps combined regimens where macrophage or monocyte signaling pathways are 

intempted, for example by tyrosine kinase inhibition, will have synergisfic effects with 

antibody based strategies (Novogrodsky, 1994). 

In addition to the pathogenic effects of tissue factor expression in the phenornenon 

of septic shock, procoagulant activity secondary to expression of procoagulants such as 

tissue factor has been shown to contribute to the pathogenesis of a number of disease 



states of surgicai importance including allograft rejection (Cole. l985), acute lung i n j q  

(Ideii, 1987), bacterial infection (Rosenthal, 1989), a vkety  of gastrointestinal diseases 

(Wakefield 1990, More 1993), multiple organ dysfunction (Sullivan, 199 1 ), as well as the 

production of the fibrhous ma& supporting -or growth(Dvorak, 1986). Development 

of an anti-tissue factor model in the mouse will hopefidly allow fuaher study of 

pathophysiologic processes where tissue factor expression and fibrin deposition are 

important in disease pathogenesis. 

Thus the journey of the monocyte into the extracellular ma& and it's ultimate 

maturation into the macrophage and the interactions of this lineage with specific 

inflammatory mediators has been expiored in detail in this thesis. Specinc attention has 

been paid to potential therapeutic modulation of cellular activation. Future studies using 

these in vitro and animal model findings must explore the potential translational benefits 

of this work to our patients. Be this in modulating the host response to sepsis, the local 

tumor microenvironment, or as therapies for other cryptogenic uinammatory disorders 

such as inflammatory bowel disease or aahntis, the potential role of modulating these 

responses in the human remains to be discovered. As current clinical regimens to & e t  

infection consist of multi-antibiotic regimens to prevent resistance and, analogously, for 

tumors, multi-modality therapy result in the best response rates, perhaps molecula. multi- 

modality therapy with tyrosine kinase inhibitors, anti-oxidants and antibodies will also be 

beneficial. This work will hopefully be a step in part of the bridge tu understanding and 

treating these disease processes. 
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