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Abstract 

The role of material. plateléts. and complcrnrnt on material-induced Ieukocyte 

activation was investigated using an in ilitro bend (45 pm) assay aith polystyenr. (PSI. 

polyethylene glycol-irnmobilized polystyrene (PS-PEG). and PS-PEG-Mi:. Blood contact 

with beads activated leukocytes (tissue factor (TF) expression. CD l 1 b upregulation and 

association with platelets). resulting in increased procoagulant activity. In the bulk. 

activation was independent of material surface chemistry: ncti~,ation of adhrrent leukocytcs 

was material-dependent. 

In blood. tissue factor espression on monocytes. but not CD1 l b upregulation on 

leukocytrs in the hulk. \tas indrpendent of material surface area. Material-inducrd TF 

expression. but not CD\ 1 b upregulation. required the presrncr of plarelets. In fact. TF 

expression was dependent on the association between platelets and monocytes. Both anti- 

IIbiIIla and anti-P-selectin reduced TF expression. Inhibiting complement alone with sCRl 

(a specitic complement inhibitor) was ivithout effect on matrrial-induced TF expression. 

However. combining sCRl and the platelrt antagonist anti-GPIIbiIIIa significantly reduced 

material-induced TF espression in blood. 

Complement inhibition with sCRl w s  only effective in reducing CD 1 l b 

upregulation in the bulk in the presencr of a material that strongly activatrd complement. 



such as PS-PEG. but not with the moderate activator PS. When effective. complement 

inhibition with sCRl only partially reducsd matrnal-induced CD1 l b  upregulation in the 

bulk. suggesting that other mechanisms exist. Platelet activation was identitïed as the other 

mechanism contributing to material-induced CD1 1 b upregulation in blood. Inhibiting both 

complement (u-ith sCR1) and platelets (with anti-GPIIbiIIIa) blocked material-induced 

CD 1 1  b upregulation. The presencr of pyidosal-5-phosphate alone also signiticantly 

reducrd both TF expression and CD1 Ib upregulation in the bulk: this is belirved to br 

associated with its C 1 q and platelet inhibitory activitirs. 

Both adsorbed complement products and adherent platelets mediated leukocp 

adhesion. TF expression on adherent monocytes was strongly dependent on the presencr of 

adherent platelets. whilc adsorbed complement products regulated CD 1 1 b upregulation on 

adherent leukocytes. 

1t1 ïiîro material-induced leukocytr activation. rtssociatcd u-iih the espression of 

procoagulant activities. appeared to be secundan. to both çomplerneni and platelet activation. 

Blood-material cornpatibility ma!. be greatly improwd iiiih a matrrial that minirnally 

activates both platelets and complement. or by the use of therapeutic agents. such as PSP. 

that simultaneously inhibit platelets and cornplement. 



Acknowledgments 

First 1 would like to thank my supervisor. Professor Michael Sefton, for letting me try 

new paths without letting me get forever lost in the labynnth of science, for his patience and 

honesty. and for correcting al1 the "Maud-isms" in my thesis. 

1 also would like to acknowledge the members of my reading committee. Professor 

Kim Woodhouse and Dr. Erik Yeo. for their enthusiasm and insightful direction during my 

doctoral research. Thank you also to Dr. James Anderson. my external reviewer. for his 

input into making this thesis better. 

Je veux aussi remercier ma famille: Robert pour son soutien. sa patience et son amour 

durant mes longues journées au labo et mes longues nuits de rédaction: mes parents. et aussi 

Charleen et Fred pour leurs encouragements constants et leur confiance totale en moi; mes 

sœurs et frères et enfin Améline pour m'avoir fait rire et oublier ma thèse dans les moments 

de doute. Je garde des souvenirs mémorables des nombreuses discussions sur ma recherche. 

Thank you also to the people in Sefton's lab in room WB 3 19 for their friendship and 

help: John. Shahab. Adam. Julie. Mike, Shannon. Evelyn. Bev. Carole et Isabelle (the past 

students), Jenn, Kim, Ali. Eric (the new grads) and Chuen. 1 was rarely in WB 319, but I 

dways enjoyed my discussions with them about science and other more down to emh 

matters. 

I spent most of my time at the lab at the Red Cross with Elaine Chung and Cynthia 

Gemrneli. Their friendhip and support has meant a lot to me dunng the Iast seven years. 

The people on the 4Lh floor were always most helpful and willing to donate blood. Their 

friendship and support made my PhD experience ali the more memonble. Thank you 

especially to Casey for sharing his Facscan expertise with me. 

Finalement je voudrais aussi remercier tous mes amis. en France et au Canada pour 

leurs encouragements et. le  n'ai pas (encore) gagné le prix Nobel (désolée Agnès) mais je 

suis fière de ma recherche. 

Lest  but not last 1 want to thank al1 the voluntary blood donors (grad students and 

staff). without whom this research would not have been possible! 

The financial support of NSERC and NM is also acknowledged. 

Enfin, j'ai une pensée spéciale pour Tante Germaine. qui par son destin. m'a poussée 

vers la recherche biomédicale. 



Table of contents 

Abstract 
Acknow ledgements 
Abbreviations 
Glossary 
List of tables 
List of figures 
List of appendices 

Chapter 1. Thesis scope and hypotheses 
1. Introduction 
II. Thesis scope and format 
iIï. Hypotheses 
References for Chapter 1 

Chapter 2. Thrombosis and Biomaterials 

I. Introduction 
II. Important components in  biocompati bili ty of cardiovascular devices 

1 ) Coagulation cascade 
a )  The intrinsic patlrtvay 
b) The extrinsic pcitliwuy 
C )  PIysiologic irlltibiturs u j ' c ~ a g ~ h t i o ~ i  
d )  Bio~riaterials arid coagitlatiorl putlncuys 
e )  Anticoagdurtts ami biomuterictls 

2) Complement 
a )  Classical patli way 
b) Altemative pa t l i iq  
C) Regiiluton) niolecules of' coniplr~nr~r t activcltiori 
d)  Interacriotis of conrpletne~it and coagitlatioti cascade 
e )  Cornplenient uctivatio~i and bionruteriuls 

3) Platelets 
a )  Plutelet biology 
b )  Platelets and biontaterials 

4) Leukocytes 
a )  Leitkoqte biology 
b) Leukocyte activation and biomaterials 

5) Other important factors in blood-material interactions 
a)  Flow 
b) Endotu-rin 

III. Leukocyte activation and procoagulant activities 
1) Membrane-associated procoagulan t activi ty 

a )  The tissue facto r-dependent patliway. 
b) TF-independen t mechanisms 

... 
111 

v 
xi  
... 

XI11 

X V  

xvii 
xi  x 



2) Release of procoagulant mediators 
a)  Effect of proteases on proteins involved in coagulation 
6 )  Effecr of leiikocytr release on platelet activutioii 

3) Platelet-leukocyte aggegates 
4) Are leukocyte procoagulant activities relevant to thrombus formation? 
5 )  Biornaterials and expression of leukocyte procoagulant activities 
6) Conclusion 

N. Conclusions 
1) Thrombosis and inflammation 
2) Perspective to contribute to the research on blood compatibility of 

biomaterids 
References for Chapter 2 

Chapter 3. Leukocyte activation and leukocyte procoagulant activi ties 
following blood contact with polystyrene and PEG-immobilized polystyrene 
beads. 

Abstract 
1. introduction 
U. Materials and methods 

Reagents and antibodies 
Beads 
Blood-material contact 
Flow cytometry 
Procoagulant functional activity 
a)  F~oictional assq for TF 
b)  Fuicnctional assay for CD1 1 b 

Statistical analysis 

Surface characteristics of ;icid/base/ethanol washed beads 
Effect of incubation time 
Effect of surface area on leukocyte activation in the bulk 
Effect of surface area on leukocyte dhesiodactivation 
Effect of material chemistry on activation and adhesion 
Effect of endotoxin: experiments using unwüshed PS beads 
Measure of procoagulant activity 

W .  Discussion 
1) In vitro mode1 
7) Material Chemistry 
3) Effect of endotoxin contamination 
1) Potential procoagulant activities of matenal-induced leukocyte 

activation 
V. Conclusion 
References for Chapter 3 

Chapter 4. Role of platelets in material-induced leukocyte activation: studies 

vii 



with isolated cells 

Abstract 
1. Introduction 
II. Materials and methods 

Reagents and antibodies 
Beads 
Leukocyte isolation 
Hepainized plasma 
Leukocyte-material contact 
Flow cytometry 
Statistical analysis 

Effect of platelet concentration on leukocyte activation 
Effect of anti-llb/ma and anti-P-selectin on leukocyte activation 
induced by PS 
Effect of platelets on leukocyte activation induced by PEG- 
immobilized PS berids 

IV. Discussion 
1) In vitro mode1 with isolated mixed leukocytes 
3) Effect of platelets on leukocyte adhesion 
3) Effect of platelets on leukocyte activation 

a )  TF expression 012 ntmocytes 
b)  CD1 l b upregitlatiori oti leikocyies 
C) Plaielet-lrukocyr crggregcrtes 

V. Conclusion 
References for Chapter 4 

Chapter 5. Role of complement in leukocyte activation induced by polystyrene 
and PEG-immobilized polystyrene beads 

Abstract 
1. Introduction 
II, Materials and rnethods 

1 ) Reagents and antibodies 
2) Beads 
3) Leukocyte isolation 
4) Serum and hepainized plasma 
5) Leukocyte-material contact 
6) Flow cytometry 
7) Complement activation with beads 
8) Statistical analysis 

iII. Results 
1) Complement activation by PS and PS-PEG 
2) Isolated leukocytes (autologous heparinized plasma): leukocyte 

adhesion and activation on beads 
3) Isolated leukocytes (autologous heparinized plasma): bulk activation 



with beads 138 
4) PMA-stimulated leukocyte CD 1 1 b upregulation 142 
5 j Isolated leukocytes: pooled serum and pooled-heparinized plasma 142 

IV. Discussion 144 
1) Leukocyte activation wi th isolated leukocytes 144 
2) Cornplement activation with PS and PS-PEG beads 146 
3) Leukocyte activation and complement inhibition in the isolated 

leukocyte system 147 
a) Pentamidine 147 
b )  NAAGA 149 
C) sCRl 149 
cl) Pyido.ral 5-pliospliate 15 1 

4) Leukocyte adhesion and complement inhibition in  the isolated leukocyte 
system 153 

V. Conclusion 154 
References for Chapter 5 156 

Chapter 6. Role of complement and platelets in Ieukocyte activation induced by 
polystyrene and PEG-immobilized polystyrene beads in whole blood 162 

A bstrac t 
1. Introduction 
II. Materials and methods 

1 ) Reagents and an ti bodies 
2) Beads 
3) Blood-material contact 
4) Flowcytometry 
5) Complement activation in the presence of anticoagulants 
6) Statistical analysis 

m. Results 
L) Effect of sCR1. P5P and anti-iib/IiIa on leukocyte ûdhesion. 
2) Effect of sCR1, P5P and anti-IbAIa on leukocyte activation in the 

bu1 k. 
3) Effect of sCR1 and anti-IIbma on bulk leukocyte activation and 

leukocyte adhesion in PPACK whole blood. 
1) Effect of anticoagulant on complement activation 

IV, Discussion 
1) Effect of complernent and platelets on leukocyte adhesion in 

heparinized whole blood 
2) Effect of complement inhibition on Ieukocyte adhesion in PPACK 

whole blood. 
3) Effect of sCR 1 and anti-IIblIIIa on platelet adhesion in whole blood 
4) Effect of complement and platelets on leukocyte activation in the bulk 

in whole blood 
a)  Anti-ZIbDIIa 
6) sCR1 
C )  sCR l and anti-IlbflIIa 



d) Pyridoxal-5 plzospitate 190 
5) Effect of complement inhibition on platelet activation in whole blood 19 1 
6) Effect of anticoagulants on complement activation 192 

V. Conclusion 193 
References for Chapter 6 196 

Chapter 7. Sumrnary and perspectives 
1 ) Materials activate leukoc ytes and induce the expression of procoagulant 

activity. 
2) Mechanisms of material-induced TF expression 
3) Mechanisms of material-induced CD 1 1 b upregulation 
4) Mechanisms of formation of platelet-leukocyte aggregates 
5 )  Mechanisms of leukocyte adhesion to rnaterials 
6) Role of platelets and complernent activation in material-induced 

leukoc yte 
7) Perspectives on blood-material compati bili ty 
8) Contributions 

Chapter 8. Conclusions 213 

Appendix A 
Appendix B 
Appendix C 
Appendix D 
Appendix E 



Abbreviations 

m 
A m  

BSA 
Cl-DEI 

EDTA 

EFW 

€LIS A 

EU 

FBS 
FDA 

FlTC 

FL 

FSC 

FVII 

GP 

GPIIbAia 

EEPES 

KMWK 

HTB 

[CAM- 1 

IgG 

iibma 

LDL 
LPS 

MPs 

NAAGA 

P5P 
PAF 

PBS 

PE 

PE-C y5 

PEG 

PEO 

PET 

activated prothrombin time 

antithrornbin tU 
Bovine serum albumin 

C 1 inhibitor 

Ethylenediaminetetraactic acid 

Endotoxin free water 

Enzyme linked immunosorbent assay 

Endotoxin units 

Fetal bovine serum 

U.S. Food and dnig administration 

Fluorescein isothiocyanate 

Fluorescent 

Forward side scatter 

Factor VU 

Gl ycoprotein 

Glycoprotein iIbl[IIa 

N-2-h ydrox yethylpi perazine-N-2-e thanesulnic iicid 

High molecular weight kininogen 

Hepes tyrode's buffer 

intercellular adhesion rnolecule- 1 

Immunoglobulin G 

GPIIb/lIia 

Low-density lipoprotein 

Lipopol ysaccharide 

Microparticles 

N-acetyl aspartyl glutamic acid 

Pyridoxal-5-phospate 

Platelet activating factor 

Phosphate buffer saline 

R-phycoerythrin-cytochrome 5 

Polyethylene glycol 

Polyethylene oxide 

Pol ye thylene terephtalate 



PMA 

PPACK 
PPP 

PRF' 

PS 
PSGL- 1 

PTT 
sCR I 

SEM 

SSC 

TAT 

TF 

TFPI 

vWF 

XPS 

Phorbol 12-rnyristate 13-acetate 

D-phenylalanyl-L-propyl-arginyl chloromethyl ketone 

Platelet-poor plasma 
Platelet-rich plasma 

Polystyrene 

P-selectin gl ycoprotein ligand- 1 

Prothrombin time 

Soluble complement receptor Type 1 

Scanning electron microscopy 

Side size scatter 

thrombin-antithrombin iTI complex 

Tissue Factor 

tissue factor pathway inhibitor 

von Wil Iebrand factor 

X-Ray photoelectron spec troscopy 

xii 



Glossary 

Coagulation 

Complernent 

Endotoxin 

GPIIbAIIa (or IIbfIIIa) 

Leu kocytes 

Microparticles 

Pentamidine 

Classical cornplement protein. Circulates in plasma as a 
subunit of the fint component of complement Cl.  
Participates in the activation of the classical complement 
pathway by antipn-antibody complexes. 
Leukocyte integrin receptor. Binds ICAM- 1. fibrinogen, 
Factor X and iC3b. CD 1 lb is constitutively expressed on 
leukocytes and is upregulated upon leukocyte activation. 
System of piasma proteins involved in the seneration of 
thrombin and fibrin. 
System of plasma proteins participatin; in the 
intlarnmatory response. Complement is activated by the 
presence of antigen-antibody complexes and any 
foreignlnon-sel f material. 

w 

Also called lipopol ysaccharide (LPS ). Endotoxins are part 
of the outer membrane of gram-negative bacteriü and are 
released upon death or lysis of the bacteria. Endotoxin is 
a common contaminant in water and materials. Blood 
cells, such as leukocytes. become activated in  the presence 
of endotoxin. 
Platelet glycoprotein receptor. Binds îïbrinogen (pnmary 
ligand) and enables platelet aggre_pütion. Blocking the 
GPIIbma receptor is seen as a useful mems to block 
platelet aggregation and hence prevent throm bus 
formation. 
Inactivated complement protein. generated upon 
complement activation. Bindsktdsorbs to cells or 
materials and promotes leukocyte adhesion. 
Nucleated white blood cells. Pÿniçipate in the 
in flammatory and irnmunologic response. Neutrophi 1s 
and monocytes are the major cellular componenis of the 
inflammatory response triggered by the presence of a 
material. 
Leukocyte receptor. Initiates rolling of leukocytes on 
cells and materials prior to adhesion. Shed upon 
leukocvte activation. 
Small particles generated upon vesiculation of cellular 
membranes. 
Non-speci ficw complement inhibi tor. Bloc ks both the 
classical and alternative pathway of complement 
activation. 
Co-enzyme f o n  of vitamin-Bs. Non-specific agent with 
both platelet and classical complement inhibitory 
activities. 
Antiprotozeal dmg. Non-speci fic complement in hi bi tor 
(serine protease inhibi tor). B locks classical complement 

..* 
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activation bv inhibiting C 1s. 
Platelets 

Reopro 

Thrombus 

Tissue factor (TF) 

d Y 

Small anuclear blood cells which main role is to preserve 
the integnty of the vesse1 wall through the formation of 
platelet plug via platelet aggregation (clot, thrombus). 
Platelet receptor expressed upon platelet activation. P- 
selectin mediates the formation of platelet-leukocyte 
aggregates by binding to its ligand on leukocytes. 
GPIIbl[IIa antagonist. Commercial name of a chimenc 
antibodv to GPIlb/IIïa. 
Complement protein generrited upon activation of the 
terminal pathway. lndicates the extent of complemen t 
activation oenerated bv a foreion surface. 
Specific complernent inhibitor. Blocks the activation of 
the alternative pathway of comptement. 
Composed of fibrin and blood cells (platelets, red blood 
cells and leukocytes). May fom in and obstnict (pxtially 
or entirelv) anv part of the cardiovascular svstem. 
Transmembrane glycoprotein receptor. TF initiates the 
extrinsic pathway of coagulation. It is expressed 
constitutively on tissue buriers between the body and the 
environment. Leukocytes, such as monocytes and 
macrophages, aiso synthesize and express TF on their 
membrane mon activation. 

Herein. non-speci fic implies that these agents have other anti-in flamrnatory propenies than 

the rnentioned anti-complement activities. 
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Chapter 1 

Thesis scope and hypotheses 

1. Introduction 

Blood-material interaction triggers a complex series ents including pro 

adsorption. platelet and leukocyte activation/adhesion, and activation of the çornplernent and 

coagulation cascade. In the wide variety of blood-contacting devices. no material has been 

found yet to be truly blood-compatible. Despite anticoagulant and ami-platelet activation 

therapy, thrombosis and thromboembolism continue to occur in cardiovascular devices'.'. 

When assessing the thrombotic properties of biomateriüls. most studies focus on platelets 

andfor Factor XII activation. However. while platelets are a key cellular component to 

thrombosis. material-induced leukocyte activation may also be an important ployer in 

c;udiovascular material failure. possibly by contributing directly to thrornbin production 

(thrombogenesis) ündor by releasing procongulan t mediators. 

ln vitro'" material-induced leukocyte activation. ru: measured by increüsed 

degranulation, oxidûtive burst and CD 1 1 b upregulation. hris been reponed with little 

difference arnong materiitls. regardless of chernistries and protein coatings. Monocytes were 

also recently s h o w  to express procoagulan t activi ty. through tissue factor (TF). during 

cardiopulmonary bypass7.' and simulated extracorporeal c i rcula t i~n~)~ '~ .  There is however 

very little known on monocyte expression of TF following material contact and material- 

induced leukocyte activation wi th CD 1 l b upregulation: boih have potential procoagulant 

activities but have rarely been studied sirnultüneously. The mechanisms of material-induced 

leukocyte activation are also unclear: platelets. complement, releüsed in tlammatory 

mediators, adsorbed proteins, and material chemistry may al1 have a role in leukocyte 

activation. The role of complement on leukocytes has been extensively studied but its 

relative coninbution to matenal-induced leukocyte activation is uncenain. 

Improvernents in the blood compatibility of cardiovascular materials will be difficult 

unless we can achieve a better understanding of al1 relevant interactions with biomaterials. 

Our underlying premise is that this requires understanding of the rnechanisms of leukocyte 

activation as well as defining the impact of this activation. While many investigations on 

leukocyte activation have focused on one factor (usually materid chemistry or complement), 



we have undenaken a more global approach where the effects of cornplement, platelets and 

material were assessed on parameters of leukocyte activation that can be linked to 

procoagulant activity. While complex. this approach allowed us to better understand the 

multifactorial aspects of blood-material interactions. Such an understanding was expected to 

help in the design of better biornaterials andfor lead to novel therapeutic approaches that 

effectively reduce thrombotic complications with cardiovascular devices. The objectives of 

my thesis were to: 

1. evaluate tissue factor expression and other membrane-associated procoagulant 

activities on leukocytes following blood materiai-contact (Chapter 3): 

2. characterize some of the mechanisms of material-induced leukocyre activation 

associated to procoagulant activity: 

a) role of platelets (Chapters 1 and 6) 

b) role of complement activation (Chapters 5 and 6). 

II. Thesis scope and format 

An iri vitro assay with small beads (45 Pm) was used to üssess the role of materid. 

complement and platelets on material-induced leukocyte activation that rnay be associated 

with procoagulant activi ty. Our previous experience has shown that little di fference appears 

to exist among materials of di fferent chemistries5? There fore. we focused on two materials. 

polystyrene and polyethylene glycol-immobilized polystyrene. as model of blood activating 

surfaces. Material-induced leukocyte activation was chmcterized by tlow cytometry and 

both leukocytes in the bulk and adherent to the beads were studied. Our parameters of 

leukocyte activation that are linked to procoagulant activi ty were TF expression. CD 1 1 b 

upregulation and leukocyte association with platelets. To assess the role of complement in 

material-induced leukocyte activation. the complement inhibiton. sCR 1. pentarnidine. 

NAAGA, and pyridoxal-5-phosphate were chosen. Two platelet antibodies. anti-GPIIbIbrma 

and anti-P-selectin. were selected for Our studies on the role of platelets in material-induced 

leukocyte activation. 01 vitro experirnents were perfonned with either PPACK or heparin as 

anticoagulants. 

Each chapter is presented as an independent unit. Chapter 2 provides an overview of 

the current knowledge on the different cornponents of blood-material interactions 



(coagulation. complement, leukocytes and platelets) as well as a review of leukocyte 

procoagulant activities. Chapters 3 to 6 present our investigations on the effect of matetial, 

platelets, and complement on material-induced leukocyte activation in  whole blood or 

isolated cells. Chapter 7 provides a synopsis of the lessons leanied and offers perspectives 

for future work. Chapter 8 summarizes the conclusions. 

III Hypotheses 

The primary hypothesis of this work was that material-induced leukocyte activation 

results in  the expression of membrane associated procoagulant üctivities. As illustrrited in 

Figure 1 (next page). leukocyte activation occurs in both the circulating blood and on the 

surface. Adherent activated leukocytes have an i mponant role. by contri buting directly ro 

localized intravascular thrombosis. 

Di fferent h ypotheses were then formed to assess materid-induced leukocyte 

activation and the mechanisms involved. tn Chapter 3. two hypothrses were tested. ( 1 )  In 

whole blood. the presence of a biomaterial induces significant tissue factor expression and 

other membrane-associated procoagulant acti vities on leu koc ytes. ( 2) Material-i nduced 

leukocyte activation is independent of material chemistry. In Chapter 4. we hypothesized 

that leukocyte activation in the bulk was independent of plateleis while adherent platelets 

played a role in monocyte adhesion and subsequent activation. In Chapter 5. Our hypothesis 

was that inhibiting complement activation reduced leukocyte activation and adhesion 

independently of the materiül. Finally, in Chapter 6. we hypothesized that. in  whole blood. 

inhibiting both platelet and complement activation reduced material-induced leukocyte 

activation. 
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Figure 1: Blood-material interactions, leukocyte activation and potential leukocyte 

procoagulant activities. Following material contact. leukocytrs becorne activated. Monocytes 

synthesize and then transport tissue factor (TF) to the ce11 surface. TF is a triinsrnrmbrane 

glycoprotein initiating the rxtrinsic pathway of coagulation. An intrgrin leukocyte adhesion 

molecule. CD1 lb is expressrd on monocytes. nrutrophils and narural killer crlls and is upregulatrd 

following activation. CD1 Ib  can bind ICAM-1. iC3b. fibrinogen and Factor X. the latter two being 

rnost important for the procoagulant propertirs of Irukocytes. The membranes of rctivatrd 

lrukocytes will d so  providr negatively charged phospholipids for the assembly of the 

prothrombinase cornplex (Factor Xa - Factor Va). inflamrnatory mediaton such as proteases. 

oxidants. and the platelet acrivating factors c m  also be releascd and result in platelet activation as 



well as funher activation of the leukocytes. Sirnilady to platelets. lrukocytes also generats 

micropartic les. 
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Chapter 2 

Thrombosis and Biomaterials 

1 Introduction 

Biocornpatibility is defined as "the ability of a material to perform with an 

appropriate host response in a specific application". Biocompatibility of' blood contactino_ 

devices or hemocompatibility relates in part to the thrombogenic and inflarnmatory response 

induced by the materials, but also to their toxicity, their immunogenicity, and to the level of 

hemolysis. Although no material has been found tmly biocompatible, many cardiovascular 

devices function with low or acceptable nsks of complications'. Hemol ysis. toxic. and 

immunologic reactions have usually been dedt with eariier in the development of a material 

to be used for cardiovascular devices and are rarely an issue with their use. However. 

thrombotic and thromboembolic complications. as well as bleeding risks associated with the 

necessary anticoagulant therapy remain of serious concem with cardiovascular devices. 

Clinical manifestations of the bioincompatibility of cardiovascular devices are nurnerous 

such as sudden and complete obstruction of stents within weeks2: acute and subücute 

thrombotic occlusion in medium sized grüfts (4-6 mm)': embolie complicütions with 

ÿ n i  ficial hearts4. catheters5, and prosthetic  valve^"^: thrornbotic complications during 

cardiopulrnonary bypass5 and angioplastyY. Larger vascular grafts also rernain thrombogenic 

for many years, but fewer thrombotic complications are observed as high fiows disperse the 

clotting factors. However. occasional embolic episodes occur as high tlows may dislodge 

the thrombotic deposits. Even i f  the risk of thrombotic complication appears to be iow 

(varying between 2 and 10% depending on the device). they rnay have fatal outcornes and 

the cost associated with the new intervention is not negligible. Furthemore. these 

thrombotic complication with cardiovascular devices also occur despite the use of 

antiplatelet and anticoagulant therapies underlining the in herent thrombogenicity of the 

materials. Material thrombogenicity is funher illustrated by the acute failure of small 

diameter vascular gafts despite the strong anticoagulant regimen. The rnany years of 

intensive research on materials have not yet produced a material. which has proven suitable 

for this application. 



To improve the blood compatibility of cardiovascular devices, surface modifications, 

such as attachment of antithrombotic agents, increase of the material hydrophilicity with 

polyethylene oxide (PEO), and substitution of hydroxyl groups. have been considered but 

their success has been limited. Despite more than 10 years of research, coating surfaces with 

polyethylene glycol or PEO, which reduces protein adsorption and prevents platelet 

adhesion, has remained at the labontory stage. Different methods of heparin coatings have 

been developed and have actually been able to reach the commercial stage in 

cardiopulmonary bypass9. However. reports on the improvement of Ni vivo biocompatibility 

have been m i ~ e d ' ~ - ' ~ .  Heparinized cardiopulrnonary bypass circuits appear to partially 

reduce the inflarnmatory response associated with cardiopulrnonq bypass17'18. But to date. 

heparin coating has not yet been proved to significantl y reduce the number of postoperütive 

complications. improve patient outcome, or reduce hospital stay 16; l9 ;3 l  . This illustrates 

another lirnit of Our undentanding of blood-material interactions: we do not know the levels 

at which the inflammatory and thrombosis response induced by the device alter the normal 

hemostasis and result in harmful consequences. 

Since chemical surface modification has not brought solution to the biocompati bili ty 

issue of cardiovascular devices, di fferent pharmacological approaches are now being 

investigated. Complement inhibition with the use of SCRI" or anti-Ch antibodyE. serine 

protease inhibitors such as aprotinin'3'", platelet receptor antagonists such anti-~~IIb/EIa'~.  

and cytokine antibodyZ6 have been tested to reduce thrombotic complications with 

cardiopulmonary bypass. While the results are promising by showing a partial reduction of 

the inflammatory or the thrombotic response to cardiovascular devices, it is as yet too early 

to conclude on the overall improvement of the device biocompatibili ty. Each compound 

only affects one of the players in the blood compatibility response and this might not be 

sufficient to result in clinical benefits. The use of these inhibitors and antibodies will also 

provide valuable information on the mechanisms involved in thrombotic complications of 

cardiovascular devices. 

II Important cornponents in biocornpatibility of cardiovascular devices 

Under normal hemostatic conditions, blood contacts an endothelium with 

anticoagulant and antithrombotic properties. The use of cardiovascular device represents the 

introduction of a foreign surface in the circulation, without the properties of the endothelium. 



Blood-material interactions trigger a complex series of events including protein adsorption. 

platelet and leukocyte activation/adhesion. and the activation of complement and coagulation 

(Figure 1). 

Coagulation O Complement 

Platelets 1 
r 

Figure 1: Schematic of blood-material interactions 
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1) Coagulation cascade 

Blood coagulation involves a series of proteolytic reactions resulting in the formation 

of a fibrin dot. Thrombin is formed following a cascade of reactions where an inactive 

factor becomes enzymatically active following surface contact or after proteolytic cleava_pe 

by other enzymes; the newly xtivüted enzyme then activates another inactive precursor 

factor. Initiation of clotting occurs either intrinsically by surface-mediated reactions. or 

extrinsically through tissue factor expression by cells. The two systems converge into the 

common pathway resulting in the formation of fibrin dot  upon action of thrornbin on 

fibrinogen. Then, Factor Xm, activated by thrornbin. crosslinks and stabilizes the fibrin dot  

into an insoluble fibrin pl (Figure 2). 

The intnnsic pathway is initiated by contact activation of high molecular weight 

kininogen (KMWK), prekallikrein and Factor XII: these molecules require contact with 

(negatively charged) surfaces for zymogen activation in vitro". Factor XII is activated by 



adsorption, FXIIa converts prekallikrein into kallikrein and with HMWK as a cofactor 

activates Factor XI to Factor FXIa. Factor XIa activates Factor IX to Factor K a .  Following 

a cascade of reactions involving among others the intrinsic tenase complex (Factor LXa- 

Factor VIIIa). prothrombin is cleaved into thrombin. 

The importance of the intrinsic pathway to normal blood coagulation remains 

speculative. as the occurrence of negatively charged surfaces bi vivo is limited. Collagen 

present in the subendotheliurn after vesse1 injury may provide the surfxe required for this 

reaction". Under physiologie conditions, the lack of relevance of the contact activation 

system is also underssored by the fact that deficiencies of the contact proteins. HMWK. 

pre kalli krein and Factor XII. have not been associated wi th übnormal bleeding""'? 

The physiological initiator of coagulation is tissue factor. which is expressed on 

damaged cells at the site of vascular injury. Plasma Factor VI1 (FVII) binds to tissue Factor 

(TF) on the cell membranes and requires activation to FVIIa to form the extrinsic tenase 

cornplex: TF-VIIa complex. FVU is activated by trace amounts of thrombin, Fi&. FXa and 

TF-VIIa cornplex, the latter being more likely physiologically relevant as smoll amounts of 

TF-FViIa are present extravasculiirly in ~ i v o " ' ~ ' .  Picomolilr concentrations of FVna 

circulate normally in blood and are also thought to serve as a primer in the initiation of the 

coagulation cascade by allowing direct formation of TF-FViia complex upon T F  exposure3'. 

TF-FVIIa complex on ceIl membranes cleaves Factor X into Factor Xa in the presence of 

calcium. The prothrombinase complex can then assemble on the membrane and generate 

thrombin (common pathway of the coagulation cascade). FX is not the oniy physiological 

substnte of the TF-FVEa cornplex. The TF-FVIla complex also activates FIX3'. As 

illustrated in Figure 3, a new view of the blood coagulation cascade, centered on TF 

dependent pathway, is now considered dominant. 

The extrinsic and intrinsic pathways are not independent from each other. When 

coagulation is initiated by a TF-dependent pathway, the intrinsic tenase remains important. 

as production of FXa by ma-FVIIIa complex has been shown to significantly contri bute to 

thrombin generation". It actually appears that eextrinsic tenase TF-FWa is responsible for 

the onset of coagulation while the intrinsic tenase is the major player in the propagation 

phase35. The activation of FX by F K a  is also al1 the more important than tissue factor 

pathway inhibitor (TFPI) will reduce the production of FXa by TF- W a  c ~ r n ~ l e x ' ~ : ~ ' .  



INTRINSiC SYSTEM 

Surface Contact 

1 
Factor XI -x a 

Factor IX-IXO 
CO++ 

ExTRiNSiC SYSTEM 

COMMON PATHWAY 

Figure 2: The blood coagulation cascade (old viewf6 

Figure 3: The revised blood coagulation cascade3' 
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cl Plzysiologic inhibitors of coagitlation 

Activated coagulation factors are senne proteases. Plasma contains several protease 

inhibitors. such as al -protease inhibi tor, u2-macroglobulin, heparin cofactor II and 

antithrombin III, tu modulate and inhibit their activity. Antithrombin JIi is the most 

important3': i t  neutralizes its target enzymes. FXa and thrombin. by fonning a complex with 

the enzyme in which the enzyme's active site is blocked. In the absence of hepxin. complex 

formation occurs at a relatively slow rate. However. in the presence of the polysaccharide 

heparin or naturally occumng heparan sulfate (on the endothelium), inhibition rates rise 

significantly and antithrombin is also able to inhibit m a ,  FXIa and F X ~ ? ' .  

While TF-VIIa is not efficiently inhibited by antithrombin. it has its own inhibitor: 

the tissue factor pathway inhibitor (TFPI). Plasma TFPI is not the major intrwasculiir pool 

of TFPI. A Irirger pool exists on the luminal surface of the vascular endothelium, which is 

released by a bolus injection of heparin. Platelets also cany 10% of the total TFPI in blood 

and release their TiW following stimulation by thrombin and other ajonists3'. Activated 

monocytes may also release TFPI"'. TFPI has two inhibitory sites, one for FXa and one for 

TF-ViIa complex. Inactivation of FXa through binding to TFPI in solution is required for 

inhibition of the cornplex TF-VIIa. The initial binding of FXa to TFPI is relatively slow4' 

and rnay not be able to prevent thrombosis when TF-FVtia cornplex are being formed ar ii 

high rate3'. Leukocyte elastase also cleaves TFPI and impairs its ability to inhibit both FXa 

and TF-ViXa complex. Upon exposure of a complex FXa/TFPI/TF-Vna to elastase, FXa and 

TF-VUa activities are restored4'. 

The endothelium also participates in the regulation of thrombosis via 

thrombomodulin. Thrombin binds to thrombomodulin on endothelial cells and this complex 

activates protein ca3. Protein C is a vitamin K-dependent protein and activated protein C 

inactivates FVa and FVIIia. Protein S, also a vitamin K-dependent protein, is a necessary 

cofactor for activated protein C. More than half of the protein S in plasma is bound to the 

C4b-binding protein (a regulatory protein of the complement system) and is not functionall y 

active. 

d) Biomaterials and coagulation pathivuys 

While under physiological conditions. the role of FXII activation is questionable. in 

the presence of a cardiovascular device: activation of FXII rnay occur as the artificial surface 

represents the required (negatively charged) surface. 



Protein adsorption is the first event in blood-material interactions, and adsorption of 

the contact phase proteins rnay result in activation of the intrinsic cascade. Earlier studies 

had focused on protein adsorption on glass or biomaterial surfaces with isolated protein 

solutions or diluted plasma, and showed how fibrinogen would be replaced over time by 

HMWK (the Vroman effect), suggesting a possible role of the intrinsic pathway in material 

thrombosisu. Recent studies using whole blood or plasma have provided new insights on the 

adsorption and activation of contact phase proteins. FXII adsorption has been observed in 

modente amounts on materials used in vascular p f t s J 5  and h e r n o d i a ~ ~ s e n ~ ~ .  however it was 

not found in its activated form". Although HMWK and prekallikrein may be îdsorbed on 

the material surface, the lack of FXHa on the material surface will stall the initiation of 

coagulation through the intnnsic pathway. In some instance. iiz vitro activation of FXII and 
48-30 kallikrein has been reponed with biomaterials , however no test wlis pedomed to 

determine if such activation resulted in  any significant activation of coa~_ulation. Other 

studies have actually shown that only minute arnounts of thrombin or thrombin-antithrombin 

iiI complex (TAT) are generated when biomaterials are incubated with undiluted plasma 

a ~ o n e ~ " ~ ~ .  Furthemore, higher levels of adsorbed kallikrein and Factor XII on biomaterials 

do not correlate with TAT formation", suggesting that the contact phase proteins play little 

role in the activation of coagulation. In fact. a study by Hong et al5' showed that the 

presence of leukocytes is required for activation of the coagulation cascade: the requirement 

of a TF-dependent pathway of initiation of coagulation may thus also apply to biornateriais. 

fn vivo, a small increase of FXIIa is observed during cardiopulmonary bypiiss54'55. but it 

appears to be in response to the surgical intervention and the establishment of extracorporeal 

circulation does not funher increase FXIIa levelsss. Furthemore, no significant correlation 

between FXIIa and thrombin generation have been observed? In vivo results with 

hemodialysis also failed to show any significant increase of FXII~". The fact that a patient 

with a severe FXII deficiency showed similar level of thrornbin generation during 

cardiopulrnonary bypass than normal ptientss7 casts funher doubts on the role of Factor XII 

in the initiation of coagulation with biomaterials. Taken a11 together, these studies suggest 

that activation of the contact phase proteins do not play a role in the activation of coagulation 

b y biomaterials. 

While the tissue factor pathway of blood coagulation has become the focus in 

haematology and has led to the revised version of the coagulation cascade. the biomaterials 



community has been slow to recognize its importance. still refemng to the older mode1 of 

coagulation with the separated intnnsic and extrinsic pathways and thinking that the extrinsic 

pathway is not directly related to blood-material interactions 1 ;58.59:60 . However, blood contact 

with a material represents a potential stimulus to induce TF expression by monocytes. 

resulting in the initiation of blood coagulation. Indeed, monocyte TF expression has been 
61 -63 observed in vivo during or after cardiopulmonary bypass . TF expression in thrombosis 

and blood-material interactions is reviewed below in section m. The role of leukocytes 

(most likely due to TF on monocytes) in activation of the coagulation by biornaterials has 

recently been highlighted in the study by Hong et al". However there has been no study yet 

to detemine if material-induced TF expression is responsible for the initiation of the 

coagulation cascade. More research is required ro define the role of the extrinsic pathway of 

coagulation and biomaterials. This thesis is directed to this objective. 

The time scale between initiation of the coagulation cascade by contact phase 

activation venus TF expression may also have an impact on the role of the two pathways in 

thrombotic complications due to cardiovascular devices. As it is part of the protein 

adsorption "reaction". contact phase activation occurs during the îïrst few minutes of blood 

contact with a material. On the other hand, to be expressed on monocytes. TF requires 

synthesis and thus a minimum of 60 minutes (in a normal patient) would elapse before this 

pathway could significantl y contri bute to thrombin generation. It appean also that thrombin 

generation by FXIIa on materials is also dependent on flowu: supported by collective 

experimental evidence. the mathematical mode! used in Basmadj iün's studyM dernonstrated 

that under very low (near stagnant) and high shear conditions, little thrombin was generated 

from the activation of the intrinsic pathway. Thus, the relative contribution and the role of 

the intnnsic and extrinsic pathways in thrombin generation likely depends on the fIow 

situation. This adds another level of complexity to the undentanding/chancterization of 

thrombin generation with cardiovascular devices. 

e )  Artticoagulants and bioniaterials 

To prevent the formation of thrornbi during cardiopulmonary bypass, hemodialysis 

and angioplasty, anticoagulants are routinely administered. One of the most commonly used 

anticoagulants is heparinj8. Hepmin binds to antithrombin III ( A m )  via a unique 

pentasaccharide sequence, and causes a conformational change in the reactive centre of 

ATiI, thereby accelerating the rate of ATIII-mediated inactivation of several clotting 



enzymes (thrombin, m a ,  M a ,  and m a ) .  Hepuin promotes the formation of the complex 

thrombin-ATIII (TAT) by binding to both proteins. On the other hand, to inactivate ma. 
heparin needs to bind only to ATIII. ATIII forms a 1:l irreversible complex with 

coagulation enzymes, the heparin then dissociates and can be reused. One limitation of 

heparin is that it is unable to inactivate thrombin bound to fibnn or to surfaces, and to inhibit 

FXa within the prothrombinase ~ o m ~ l e x ~ ~ .  

Following implantation of cardiovascular devices. such as vascular gafts. stents and 

artificial valves, warfarin is the most commonly used oral anticoagulant. It interferes with 

the vitarnin K cycle and thus impairs the biological function of vitamin K-dependent 

coagulation proteins (prothrombin. NII, FU, and FX )js. 

Other anticoagulants of interest in the use of ciirdiovasculw devices" are the tick 

anticoagulant peptide (TAP) and antistatin which binds to FXa even within the 

prothrombinase cornplex: hirudin. a leech-derived protein. ii porent thrombin inhibitor; and 

D-Phe-Pro-ArgCH2Cl (or PPACK), a peptide thüt directly inactivates thrombin by 

interacting with the active site of thrombin. Both PPACK and himdin are able to inactivate 

fi brin-bound and surface-bound throm binb5.". 

W hen studyin; blood-material interactions in vitro. hepai n is usuall y the 

anticoagulant of choice as it is the most widely used with cardiovciscular devices. However. 

heparin also possesses some anti-complement activity6'. PPACK and himdin. which appear 

to be more specific than heparin, may then be used especially when the mechanisms of ce11 

activation are studied. However, the associated high cost restricts their use. 

1) Complement 

The complement system plays an important role in the body defence mechanisms 

against infection and "non-self' elements. The complernent system consists of more than 

twenty plasma proteins that function either as enzymes or as binding proteins. Complement 

activation is initiated by the classical or the alternative pathway and the terminal pathway is 

comrnon to both (Figure 4). Both pathways contain an initial enzyme that catalyses the 

formation of the C3 convertase, which in tum generates the C5 convertase allowing the 

assembly of the terminal complement cornplex. 

Specific complement products (C3b. C4b. iC3b) bind to particles, surfaces. bacteria, 

and immune complexes in a process called ~ ~ s o n i z a t i o n ~ ~ ,  which facilitates their uptake by 



inflamrnatory cells. Activation of complement may also result in ce11 lysis when the terminal 

attack complex is inserted into the ce11 membrane. Complement activation also releases C3a. 

C4a and C h ,  which are anaphylatoxins. These peptides are humoral messengers that bind to 

specific receptors on neutrophils. monocytes, macrophages. mast ceils and smooth muscle 

cells. They induce a variety of cellular responses such as chemotaxis, vasodilatation, ce11 

activation and ce11 a d h e s i ~ n ~ ~ .  They are responsible for the systemic effects of complement 

activation. 

a)  Classical parh ~ a y ? ~ ; "  

The classical pathway is triggered by antigen-antibody complexes that bind the Cl  

complex (Clq, C h ,  Cls) by its Clq component. This activates Cls. which is then able to 

cleave the C1 complement protein into CJa and C-lb. C4b attaches to its target surface via 

its exposed metastable thioester binding site. It ts important to note that C lb  does not bind 

efficiently to membrane surfaces and the fiuid phase C4b is rapidly inactivated by the loss of 

its binding site. C2 binds to the iittached C4b and ts cleaved by Cls. releasing C2a. The 

classical C3 convenase, C4bC2b. is thus formed and can cleave C3 into C3a (anaphylatoxin) 

and C3b. The combination of C4bC2b and C3b becomes the CS convertase, which cleaves 

C5 into C5a (anaphylatoxin) and C5b. C5b is the fint component of the terminal complex 

and has high affinity for C6. C5bC6 then binds C7. C8 and up to twelve molecules of C9 

and this forms the terminal complement complex C5b-9. If C5b is attached to a biological 

surface, the terminal complernent complex (also called the membrane attack complex, 

mC5b-9) inserts itself into the lipid layers resulting in ce11 damage andor lysis. In the 

absence of a biological membrane, the complex binds to protein S to create SCjb-9 in the 

fluid phase. 
'9; 70; 71 b) A l t e rna t i~epa t l i~~~uy~  

The activation of the alternative pathway does not require antibody or immune 

complexes and is activated by any foreign surfaces, such as fungal. bacterial polysaccharides. 

lipopolysaccharides. particles and biomaterial surfaces. Complement activation via the 

alternative pathway occurs spontaneously at a low rate. Spontaneous hydrolysis of the 

intemal thioester goup of C3 occun in the fluid phase, generiting C3.H20. This hydrolysed 

C3 can bind and activate Factor B and cleave another C3 molecule into C3a and C3b. The 

alternative C3 convenase, C3bBb, is formed. In the absence of a surface to support binding 

of C3b, Iittle complement activation occun. 



In the presence of a surface, covalent binding of C3b to hydroxyl or amine groups on 

the surface may occur via its carbonyl p u p  in the C3b thioester binding site. Attachment of 

C3b to a surface favors binding of Factor B and Factor D to C3b. Factor D cleave Factor B 

into Ba and Bb, and the alternative C3 convertase. C3bBb. is formed again. This attached 

C3 convertase is able to generate more C3b, resulting in a positive amplification loop. 

Properdin acts to stûbilize the C3 convertase. The clustenng of C3b on the surface allows 

the formation of the alternative C5 convertase, C3bBbC3b. and C5 c m  be clewed. The 

assembly of the TCC follows as for the classical pathway. 

Figure 4: Pathways of complement activation7' (a) and inhibition" (b) 
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C )  Regdatory moleczrles of complernent activation 

The various molecules involved in the regulation of complement activation are 

illustrated in Figure 4b. The classical pathway is regulated by two specific rnechanisms": 

C l  inhibitor, a plasma protein. binding Cls  or C lq and inhibiting the enzymatic activity of 

the C 1 complex; and the CJb-binding protein inhibiting Clb bound to a membrane or a 

surface. 

Factor 1 is a proteolytic enzyme that binds C4b and C3b. generating iCJb and iC3b. 

which are further degraded into smaller fragments. CJb-binding protein is a cofxtor of 

Factor 1 and augments the degradation of C4b by Factor 1. Factor H is a cofactor of Factor 1 

for the degadation of C3b. Factor H is also able to displace Bb in the C3 convertase to 

promote C3b inactivation by Factor 1'". 

On cell surfaces. the C3 and C5 convertlise activity are regulated by three integral 

membrane proteins7". The decay-accelerating factor ( D m ,  found on al1 peripheral blood 

cells. destabilizes the C3 convertase by promoting the release of factor Bb. The membrane 

cofactor protein (MCP). expressed on leukocytes and platelets. favours the dissociation of 

Factor B and promotes C3b association with Factor 1. The complement receptor type 1 

(CR 1), present on al1 blood cells except platelets. acts li  ke Factor H and displaces Bb from 

the C3 convertase and facilitates inactivation by Factor 1. 

To prevent lysis of "bystander" blood cells, membrme proteins called homologous 

restriction factors limit the ability of the terminal complex to properly assemble on 

autologous cells7". Two proteins have been characterized: CD59 and the C8 binding protein 

(also called MAC inhibitin; protein). CD59, found not only on blood cells but in many cells 

such as hepatocytes and epithelial cells, binds to C8 and C9 and inhibits C9 polymenzation. 

Little is known about the CS binding protein. which is believed to bind C8 and C9. 

dl Interactions of coinplement a d  coagztlation cascade 

Although the coagulation and complement cascades are discussed as separate entities, 

the two cascades appear to intenct significantly to modulate each other's a~tivit~'~'" ' .  Factor 

XIIa and kallikrein me known to cleave c l s Z 9  and thus have the capacity to triger classical 

complement activation. Thrombin activates C3, C5, C6 and Factor B: kallikrein cleaves C j  

and factor B; and Factor XiIa also cleaves C3. The activity of thrombin on C3 and C5 may 

actually explain the higher background levels of C3a and C5a in serum venus plasma. Table 

1 outlines the various interactions between complement and coagulation factors. 



'9;7J Table 1: Interactions of complement and coagularion systems- 

Protein Type of interaction 

Thrombin Proteolysis of C3. CS, C6 and factor B 

Factor XfIa Proteolysis of C 1 r, C 1s and C3 

Kallikrein Proteolysis of C l ,  C5 and Factor B 

Antithrombin III RBC protection from lysis by mC5b-9 

Proteolysis of prothrombin 

Proteolysis of prothrombin 

C 1 inhibitor Inactivates FXIIa and kalli krein 

e )  Cornplenterit activation und biortrritrrials 

Complement activation is part of the inflammatory response induced by the 

biomaterial. Among others. cornplement activation is known to occur during 

cardiopulmonary bypass and hem~dia l~s i s~~ '~ ' .  and wi th catheters and prosthetic vascular 

graft~".~'. It is recognized that. both in the shon and long term. complement activation plays 

a role in the clinical sequelae associated with the use of cardiovascular devices such as 

leukopenia. hypotension and pulmonary i n j ~ r ~ ~ ~ ' . ~ ' .  

The presence of a biomaterial is believed to activate complement via the alternative 

pathway. Biomaterials are usually classified as "activating" or "non-activating" surfaces". 

On a non-activating surface. negativel y charged groups such as carboxyl and sulfate. sialic 

acid and bound heparin appear to promote high affinity association between bound C3b and 

Factor H. On the other hand. an ûctivating surface is usually characterized by the presence 

of nucleophiles such as hydroxyl and amino groups: these groups will allow covalent binding 

of C3b and promote formation of the C3 and CS converta~e~"~. However. even in the 

absence of these activating groups on the surface, some biomaterials. such as 

polyacrilonitrile, are able to activate complement. suggesting that the mechanisms of 

material-induced complement activation due to nucleophilic groups is not the whole story. A 

newer hypothesis has been developed where emphasis is now on interaction of Factor H with 

the surface: an activating material is then defined as its capacity to bind Factor B rather than 

Factor H". AS discussed earlier, binding of Factor H would lead to C3b inactivation by 

Factor 1 and thus terminate the propagation of the complement cascade. 

Some activating materials generate high levels of both C3b and Cjb-9. while othen 

will generate high C3b level but little C5b-9. Why the efficiency of C5 convertase formation 



relative to that of C3 formation differs from one activating surface to another is not well 

understood. However, even low arnounts of C5b-9 are able to activate leukocytes" and thus 

a low terminal complement activating material may still induce a significant inflamrnatory 

response. The question remains as to which are the appropriate levels of complement 

activation that the host can accept without deleterious effect. We also have to determine if ,  

in the long term, the host will be able to differentiateldiscriminate between moderate and 

high complement activating surfaces. 

The hypothesis that material-induced complement activation occurs exclusively via 

the alternative pathway has also been challenged. Reports of complement activation via the 

classical pathway during cardiopulmonary bypass1s.8' and a delay in complement activation 

observed with C4-deficient patients undergoing hemodialysis" suggest that classical 

activation plays a role in material-induced activation. The presence of immune complexes 

may allow for a npid onset of complement activation, and then subsequently the alternative 

pathway becomes activated. In virro studies have also demonstnted activation of the 
34-86 cIassical pathway by some biomaterials . 

While some of the consequences of complement activation are well understood. the 

mechanisms of materilil-induced complement activation have not yet been fully 

characterized. 

3) Platelets 

a)  Plarrlrr biology 

The platelet's main role in hemostasis is to preserve the integrity of the vascular wüll 

through formation of a platelet plug. Platelets are anuclear. disc shaped cells with a diameter 

of 3 3  Fm. They are denved from megakaryocytes in the bone marrow and circulate at an 

average concentration of 200x10~ cellslml. with individual platelet concentrations ranging 

from 150 to 400x 106 plateletslml. 

Platelets respond to minimal stimulation and become activated when they contact any 

thrombogenic surface such as injured endothelium, subendothelium and artificial surfaces. 

Platelet activation is initiated by the interaction of an extracellular stimulus with the platelet 

surface. This interaction involves the coupling of the agonist to specific recepton on the 

platelet plasma membrane8'. Plasma proteins such as thrombin and fibnnogen; vascular wall 

products such as collagen: and molecules derived from inflammatory cells (i.e: ieukocytes) 



or platelets, such as platelet activating factor (PAF) or cathepsin G, are al1 potent platelet 

activaton. A list of known plntelet receptors and their specific agonistlligand is presented in 

Table 2. 
88 Activation results in at least four physiologic responses . ( 1 )  A platelet release 

reaction in which biologically active compounds stored in intracellular platelet granules are 

secreted into the microenvironment. such as platelet factor 4. thrombospondin. fi- 
thromboglobulin, ADP and serotonin. (2) P-selectin (previously referred to as GMP- l JO or 

PADGEM) is released and expressed on the platelet membrane after u granule secretion. P- 

selectin is a cell-surface glycoprotein belonging to the selectin family and plays an important 

role in mediating adhesion of activated platelets to neutrophils, monocytes and a subset of 

lymphocytes89'90. (3) The platelet eicosanoid pathway is initiated. resulting in the liberation 

of arachidonic acid from platelet phospholipids and in the synthesis and release of 

prostaglandins and thromboxane Bz. (4) Platelet activation is characterized by a drastic 

shape change, which promotes platelet-platelet contact and adhesion. The rearrangment of 

the platelet membrane during activation also promotes the association of the tenase and 

prothrombinase complexes on its phospholipids. (5) In addition. platelet activation results in 

the formation of platelet microparticles, which are particularly rich in factor Va, platelet 
9 t ;92 factor 3 and phospholipid-like procoagulant activity (phosphatidylserine) . Platelet 

microparticles (PMPs) are formed from the surface rnem brane through exoc ytotic buddi ng. 

Their physiologic role remains unclear but in virro results have shown that they can bind and 
93:g.t adhere to fibrinogen and fibrin. and coaggregate with platelets . The procoagulant 

activity of platelet microparticles. gnerated both il1 virro and i ~ i  r~ivo. has also been 
95-97 demonstrated . 



Table 2: Platelet recepton 87'98 

a. Platelet activating receptors 

Thrombin receptor Thrombin 

Thromboxane A? receptor TxA2, PGH?, PGG? 

VIA receptor Vasopressin 

PAF receptor Platelet activating factor 

WT2 receptor Serotonin or 5-OH tryptamine 

C X ~  receptor Epinephrine 

ADP receptor ADP, ATP 

PGEz receptor PGEl 

C L q receptor C h  

b. Platelet inhibiting receptors 

A? receptor Adenosine 

PGIL receptor PG12, PGEl 

PGD? receptor PGD2 

c. Platelet adhesion receptors 

Recepiur LigandAgon ist 

Vi tronectin receptor 

PECAM- 1 

FCY-RIT 

ICAM-2 

P-selectin 

Leukosialin, sialophorin 

Collagen 

Von Willebrand Factor (vWF), thrornbin 

Fi bronectin 

Laminin 

Collagen. fibrinogen. fibronecrin. vitronectin. 

vWF 
Collagen. thrombospondin. 

Collagen 

Vi tronectin. thrombospondin 

Heparin 

Immune complexes 

LFA- I 

Sial yi-Le" 

ICAM- 1 

GP: glycoprotein; VLA: very late antigen 



Among the different platelet adhesion receptors (Table 2). GPIb and GPiIbrma have 

the highest density on platelets. GPIb (CD421 is a leucine-rich glycoprotein receptor and 

approximately 15000 receptors are present on the platelet s ~ r f a c e ~ ~ " ~ .  It is complexed one to 

one with GPM but the function of the latter remains unknown. GPib is a long molecule. 

making it more susceptible to conformational change upon shear stress. GPIb mediates 

platelet interaction with von Willebrand factor (vWF). It will not bind plasma vWF unless 

the antibiotic ristocetin or the snake venom botrocetin is present. On the other hand. GPIb 

will bind to adsorbed or immobilized vWF on a surface. Shear stress is an important factor 

in platelet adhesion to vWF as it induces the required conformational change of vWF to bind 

GPIb. Thrombin also binds to GPIb but the functional significûnce of this binding has not 

been elucidated. GP[Ib/JDa (CD41KD61) is an integrin receptor and is constitutively 

expressed on platelets. GPiib/ma is the dominant platelet receptor with 40 to 80 thousand 

recepton present on the surface of a resting platelet. Another 20 to 40.000 are present inside 

the platelets, in u granules membranes and in the membranes lining the open canaliculür 

system". They are translocüted to the platelet membrane during the release reaction. Upon 

platelet activation, a conformation change also occurs resulting in the exposure of the 

fibrinogen-binding si te. Binding of fi brinogen to GPiiblIIIa leads to platelet liggregegation as 

well as formation of platelet-leukocyte aggregates, via crosslinking of GPiibAIa on two 

different platelets by fibrinogen and crosslinking between GPIIbl[IIa and Mac- 1 (on 

leukocyte) by fi brinogen. Other adhesive gl ycoproteins containing RGD sequences can also 

bind to activated GPIIb/ma: v WF. thrombospondin. fi bronectin and vi tronectin. Since 

GP[Ib/TIIa rnediates platelet aggregation. its inhibition has generated rnuch interest in the 

control of prothrombotic statesg"[*. An antibody against GPWma (7E3) hüs been 

developed and has entered clinical trials with a n g i ~ ~ l a s t ~ ' ~ ' .  myocardial infar~tion'~'  and 

unstable angina'02"03. 

Platelet activation (plarelet release, platelet microparticle formation, P-selectin 

expression. aggregation) and adhesion is known to occur during cardiopulmonas> 
70; 105 bypass- , hem~dial~s is '~~"" ,  as well as with vascular grafts and catheten 101;I07-IO9 

Without any doubt, the thrombotic complications associated with cardiovascular devices rire 

linked to their ability to activate platelets. Adherent platelets"O and circulating platelet 



microparticles generated by material ~ o n t a c t ~ ~ " ~  have actually been shown to be 

procoagulan t. 

Association between platelets and ieukocytes via P-selectin also occurs in the 

presence of cardiovascular devices8 and has become a relatively new parameter to stody 

biocompati bility. However the implications of this association are mostl y un known: they 

may directly or indirectly contribute to thrombin generation (see section 3) or participate in 

the removal of platelets from the circulation since several platelets can be bound to each 

neutrophi 1 or monocyte. 

Following contact with the layer of adsorbed proteins on the rutificial surface, 

platelets will either adhere or bounce off'", most likely depending on their state of activation 

and the ligands present at the interface"'. Platelet adhesion on surfaces is mediated by 
i6;I 13-1 15 GPIIb/IIIa and fibrinogen and interaction with GPïbma and vWF can also occur 

However, the absence of significant platelet adhesion does not preclude platelet activation as 

shown by the generation of platelet microparticles with the polyvinyi alcohol hydrogel both 

in v i ~ r o " ~  and ex vivo'". Indeed. animal studies have shown that. despite the absence of 

platelet adhesion. blood contact with some hydrogel surfaces 118.1 19 , NHLBI reference 

materials and si~astic"~ appean to activate platelets. resulting in their removal from the 

circulation. Furthemore. the rate of platelet consumption hlts been reponed to be relûted to 

the water content of hydrogelsl 19. 

The mechanisms of platelet activation by biomüterials are not yet totally undentood. 

Even in the presence of heparin, srnall levels of thrombin genention are generated and may 

activate platelets. Complement activation can also leüd to platelet activation in many ways. 

Platelets possess a receptor for Clq that hüs been shown to induce GPiIbEIia activation. P- 

selectin expression and procoagulant a ~ t i v i t ~ " ~ .  It is currently not known how classical 

complement activation activates platelets. but in virro resuits support a role for Ci1? 

Insertion of C5b-9 in platelets has also been associated with increased platelet procoagulant 

activity9'. However, during in vitro blood-material contact. inhibiting complement activation 
113-126 has led to conflicting results on the role of complement in platelet activation . Further 

research is needed to fully undentand how complement activation via the classical or 

alternative pathway participates in material-induced platelet activation. 



4) Leukocytes 

a )  Leiikocyre biology 

Circulating leukocytes are composed of neutrophi ls, monocytes. lymphocytes. 

basophils. and eosinophils. Only neutrophils and monocytes in blood but not after they 

emigrate into tissues will be addressed in this review as they are the major players in  the 

clüssic inflammatory response with cardiovascular devices. In this section. the focus wiil be 

on their role as inflammatory cells as their procoagulant activities are discussed entensively 

in the next section. 

Neutrophils or polymorphonuclear leukocytes (PMN) are the most abundant white 

blood cells. representing 40 to 60% of the leukocyte population (3 to 5x 10~eutrophi ls /m~).  

while monocytes represent 5% with a concentration of 0.2 to 1x10~ rnonocyteslmL. Both 

monocytes and neutrophils originate from stem cells in the bone marrow. Under normal 

circumstances, neutrophils have a very short half-life in blood (8 to 10 hours) but under 

inflammatory stimuli, such as LPS or cytokines. their viability can iocrease up to three fold 
1 Y and their role may be even more active and central. Monocytes enter the circulation for a 

short period (36 to 104 houn) and they migrate into tissues where maturation and 

differentiation occur and they become macrophages'2x. They may also be deposited on 

injured blood vessels and later differentiate into mamphages. It is important to note that 

when neutrophils and monocytes are recmited in  tissues during inflammation. their ha1 f-life 

increases to up to a few days. 

As for platelets, monocytes and neutrophi 1s have receptors, which upon ligand 

binding, trigger cell activation. Monocytes and neutrophils possess recepton for different 

complement products and other pro-inflamrnatory medimon such as platelet activating factor 

(PAF) and cytokines. Platelet release, such as thromboglobulin and PDGF. has also been 

reported to activate neutrophils in vitro 119-131 . Other neutrophil and monocyte activating 

stimuli include bacteria and their products and ceIl adhesion. A list of the most relevant 

recepton involved in the inflammatory response is presented in Table 3. 

As for platelet activation. leukocyte activation results in  several physiological 

responses. (1) Upoo activation, changes in expression of membrane recepton occur on 

neutrophils and monocytes: upregulation of CD1 lb by translocation from intracellular 

down regulation of L-selectin by shedding13', synthesis and expression of tissue 



factor (TF)'33. (2) Leukocyte activation results in release of inflammatory mediators. 

Neutrophils contain three types of granules (gelatinase, specific and azurophil granules) and 

their contents rnay be released upon activation: among others, elastase, cathepsin G and 

lactofenin are important infiammatory mediaton. Activated monocytes and neutrophils' also 

release cytokines such as IL-1, IL-6, IL-8, TNFu. G-CSF and GM-CSF. Arachidonic acid 

metabolites, such as leukotriene B.4 and platelet activating factor (PAF), are produced and 

released by acti vated neutrophi 1s. The released inflammatory mediators have V ~ ~ O U S  

properties: the y may be c hernoattractan t for leukoc ytes. promote adherence to endothelial 

cells. and funher activate platelers or leukocytes. (3) Activation may also result in the onset 

of the oxidative burst whereby neutrophils and monocytes release oxidants, such as 0:' and 

H202. These products damage tissues and activate cells? (4) Activated neutrophils and 

monocytes have also an increased adhesive capacity on endothehum and other surfaces 'j5. 

Depending on its concentration and chmcter. the presence of an inflammatory 

stimulus does not always result in direct leukocyte activation. Instead a certain stimulus may 

exercise a priming effect on leukocytes. whereby in the presence of a new stimulus. an 

enhanced activation response is o b s e r ~ e d ' ~ ~ .  

Table 3: Leukoc yte receptors in acutelimmediate in flammatory response 1 3 ~ . 1 3 7  

a. Complernent receptors 
Receptor Ligand Furt crioli 

Clq R Clq, MBP Enhance phagocytosis. respiratory burst 
CR 1 C3b z C4b > iC3b Immune adherence, phagocytosis 
CR3 or CD 1 1 b iC3b. fibrinopn. Phagocytosis. respiratory burst, adhesion 

FX, ICAM- L 
CR4 or CD1 lc iC3b, fibrinogen Adhesion. phagocytosis 
C3a R C3a Chemotaxis, degranulation. respiratory burst 
C5a R C5a Chemotaxis, degranulation, respiratory bunt 
b. Other rece~tors (R) 
Receptor for Frinction 
TNFa , IL- 1 Degranulation, respiratory burst 
IL-8 Chemotaxis, degranulation. respiratory burst 
PAF, LTBj Strong activation 
GM-CSF. G-CSF, EWy Weak activation, priming 

' Neutrophils had long been thought to be unable to synthesize cytokines but progress in moleculv biology hûs 
shown other~ise'"'~~'. 



Leukocyte adhesion to the endothelium is an important means by which neutrophils 

and monocytes participate in the inflammatory response. Adherent leukocytes have been 

shown to be more activated than their counterpart in the bulk I38;139 but the level of activation 

of adherent leukocytes depends on the ~urface"'~. The adhesion molecules involved in the 

process of leukocyte adhesion to blood vessels is briefly presented as they are relevant to 

adhesion on cardiovascular devices. Leukocyte adhesion molecules are divided into three 

main families"': the selectins, the integins and the immunoglobulin superfamily. The 

selectin family regroups three integnl membrane glycoproteins: L-selectin is expressed by 

neutrophils, monocytes and lymphocytes: E-selectin is expressed by cytokine-activated 

endothelial cells; P-selectin is expressed by activated platelets and endothelial cells. The 

integnns are cell surface recepton composed of aKBS heterodirners and each subfamily 

shares the saine subunit: the pl  subfamily corresponds to the very late mtigens (VLA) 

mostly important in migration mechanisms and on lymphocytes: the subfamily 

corresponds to the leukocyte integrins and fi3 to the cytoüdhesins (GPIIblEIa. vitronectin 

receptor). The three members of pz integnns are CD 1 1dCD 18 or LFA- 1. CD 1 1 b1CD 18 or 

CR3 or Mac-1, and CD1 lcICD18 or CR4 or pl50.95. Among others, the immunoglobulin 

family contains some of the ligands for the leukocyte integrins. ICAiM-1. the counter- 

receptor for CDlla  and CD1 lb, is upregulated on endothelial cells following hours of 

cytokine stimulation. ICAiM-2 is another ligand for CD1 la and is constitutively expressed 

on endothelial cells. The mechanism of leukocyte adhesion to endothelial cells. a three-step 

rnechanism, has been well-characterized'". Step 1: L-selectin is involved in the initial 

rolling of leukocytes on endothelium. Step 2: The rolling stage enables leukocytes to slow 

their movement and sample the local environment, and they rnay become activated due to 

local stimulation and additional interaction between receptor/ligand. Step 3: CD 1 LICD 18 

mediates the firm adhesion. With activated neutrophils and monocytes. a functional 

upregulation is observed for CDlla, while for CDl lb  and CDllc  a quantitative and 

functional upregulation occurs. the upregulation for CD1 1 b being more rapid and important 

than for CD1 lc. It is important to note that the functional change of CD1 lb upon leukocyte 

activation andor adhesion can occur despite no measurable increase in CD1 lb surface 

expression. The functional change is conformational involving receptor phosphorylation and 

resulting in increase binding affinity for certain ligands (such as fibrinogen and Factor x) '~ .  



A quantitative increase in CD1 lb  expression on leukocytes does not 

adhesion, unless i t  is accompanied by funcrional change in the r e ~ e ~ t o ? ~ ' .  

b)  Leiikocyrr nctivatiori und biomureriuls 

Contact with cardiovascular devices in vivo activates both 

impl y increased 

neutrophi 1s and 

monocytes. Indicaton of leukocyte activation such as L-selectin sheddin; and CD1 lb 
143-1-16 upregulation on leukocytes have been widel y observed fol lowin; angioplasty , 

hemodiai ysis 105; 147; 1-18 '0." 149-151 and cardiopulmonary bypass- "-* (for an extensive review of 

studies on the expression of leukocyte adhesion molecules with in vitro cardiopulmonary 

bypass. see Asimakopoulos et a11j3). Degranulation with the releüse of elastase and 

lactofemn 151-158 '.159: t60 and the presence of cytokinesi5-. , such as IL4 and TNFu, have been 

associated with extracorporeal circulation and funher dernonstrate leukocyte activation. 
147;IUI Activation of the respiratory bunt is also ü cornmon trait with hemodialysis . 

The mechanisms of material-induced leukocyte activation remain unknown. Whether 

they are directly activated by contact with a foreign surface, via complement activation. 

kallikrein or platelet activation has not been fully derermined. Ir1 vitro and iri vivo 

investigations with protease inhibitors 15Y:l62-165 71."~125;166-160 , complement inhibitors- '--' and anti- 

platelet agents1'' suggest that they al1 play a role. but no one inhibition hüs led to consistent 

results wi th a signi ficant reduction of materiai-induced leukocyte activation. Material- 

induced leukocyte activation rnay be mediated by several factors and inhibition of one 

pathway of activation may not be sufficient to result in a significant impact on leukocyte 

activation. 

Material-induced leukocyte activation also results in increased adhesion. III vivo 

studies have found activated leukocytes adhering to stenis 170;171 , oxygeniitorsl7' and 

hemodial ysis membranes 173;174 . Material-activated leukocytes also adhere to the 

endothelium, such as at the anastomoses of a vascular graft or in the lung during 

extracorporeal circulation. The mechanisms of leukocyte adhesion on artificial surfaces 
69; 118 remain unclear, but i t  appears to be mediated in part by the cornplement product iC3b . 

This is supported by in vitro work showing that inhibition of complement activation in v i m  

significantly reduced leukocyte adhesion 139:175-177 . On the other hand, fibrinogen also 
175;179 appears to play an important role in leukocyte adhesion to rnaterial . The presence of 

platelets on the surface may also mediate leukocyte adhesion but conflicting reports exist on 



180;181 the requirement for platelets in leukocyte adhesion . As the biornaterial is larger than a 

micro-oqanism and can not be engulfed by leukocytes. adherent neutrophils and monocytes 

undergo a frustrated phagocytosis whereby they release their battery of potent oxygen 

metabolites and proteolytic enzymes12s. Material characteristics and proteins at the interface 

appear to moduiate the level of activation of adherent leukocytes 139; 182183 

The response of leukocytes following contact with biomaterials has been well 

characterized in vivo and in vitro. However, the mechanisms that regulate material-induced 

leukocyte activation are not well understood. preventing significant reduction in the 

inflmrnatory response induced by cardiovascular devices. To bring further understanding in 

this domain. this thesis aims at defining the role of material. complement and platelets in 

material-induced leukocyte activation. 

5) Other important factors in blood-material interactions 

a)  Flow 

Fluid dynamics affect the growth of thrombi and the deposition of fibrin. The 

composition difference between arterial and venous thrombi is one example of how tluid 

dynamics affect thrombosis. although the underlying mechanisms are still not well 

understood. Flow determines the rates of transport of cells and proteins to the surface. As 

platelets are an important p m  of the thrombus, the effect of shear on platelets has been 

studied extensively. Higher shear results in higher platelet deposition and lower fïbrin 

deposition. while at lower sheür the inverse is truel". High shear. such as the ones observed 

at stenotic plaques, is also able to induce platelet aggregation even in the absence of any 
185;186 other exogenous factors . Conflicting results have been obtained on the effect of flow 

on leukocyte adhesion while little is known of its effect on leukocyre activation. High shear 

has been shown to either reduce. increase, or leave unchanged leukocyte adhesion on 

di fferent substrates 180;187-193 . These conflicting results may be explained by differences in 

expenrnental conditions: the presence of red blood c e ~ l s ~ ~ ~ .  platelets 150:191;194 and plasma 

proteins180; the surface studied191 and the state of leukocyte activation '? 
When studying the effect of flow on cells, and even proteins. the presence of red 

blood cells are of panmount importance as they affect transport phenomena195. Also. 

hypotheses using mathematical modeling especially with blood cells have to be regarded 

with caution, as cells have properties that solid particles do not have (flexibility. receptors on 



a long chain) and the models are likely inconsistent with the reality as demonstrated by 

Tempelman et al'96. 

As for the effects of flow on the coagulation cascade. it has been less studied. 

Current knowledge is limited to Factor Xa generation initiated by the extrinsic pathway and 

thrombin generation initiated by the intrinsic pathway (with biomaterials). Factor Xa 
1%'; 198 generation by the complex TF:Wa increases with shear rate (and shear stress) . For 

thrombin generation by the inüinsic pathway. modeling has identified three types of 

reactionsM: at low flow. a significant amount of thrombin is produced after a long lag time 

(over 10 hours): at moderate flow. significant thrombin generation is produced in a shon 

time (within minutes); at high flow. low levels of thrombin are produced within seconds. 

While the importance of flow has been recognized. our current understanding of its 

mechanisms is limited mostly to platelets. Many in vitro and in vivo flow models are 

available and have been successfully used to assess antithrombotic drugs in whole blood"'. 

More fundamental research is required on blood coagulation, leukocytes and flow . Previous 

research with flow has focused on isolated cells or proteins, which is far from the b l  vivo 

situation. The use of more physiological experimental conditions (e.g; presence of red blood 

cells. plasma proteins) should result in significant advances in  our knowledge on the effect of 

mechanical factors on thrombosis and hemostasis. 

b )  Endotoxirl 

Endotoxins, also called lipopolysaccharide (LPS). are the component of the outer 

membrane of gram-negative bacteria and are released into the circulation upon disruption of 

the intact bacteria (death. ce11  sis)'^. Endotoxin is commonly found everywhere in  our 

environment and it  is the most significant pyrogen in parenteral drugs and medical devices. 

Endotoxins are also present in the digestive system. Their presence in the blood Stream may 

cause septic reactions with a variety of symptoms such as fever. hypotension. nausea. 

shiverinp and sh~ck '~ ' .  High concentrations can lead to serious complications such as 

disseminated intravascular coagulation (DIC). endotoxin shock and adult respiratory distress 

syndrome (ARDS). Endotoxins are known to activate complement. the kmin system. 
'002 O l leukocytes, platelets and endothelial cells- and are the "enemy" of both in vitro and iri  

vivo study of blood-material interactions. In vivo, they may lead to the complications 

mentioned above, while in vitro, the presence of this contaminant may affect the outcome of 

the study. 



FDA regulates the acceptable level of endotoxin contamination with medical devices 

to be 0.5 endotoxin unit~/rnL'~'. There have been few reports of endotoxin contamination 

with the use of cardiovascular devices. During cardiopulmonary bypass and extracorporeal 
'03;lo-t membrane oxygenation, the presence of endotoxins has been observed in vivo- . They 

'05-107 appear to originate mostly from the eut- rather than from the materials and are believed 

to be a reaction to the surgical procedure. During hemodialysis, endoioxin contamination is 
'0 1 208 also an issue and the dialysate is usually the source- . While endotoxin contamination 

may be present iii v i v o  in some patients and studies, there has been no investigation showing 

a significant correlation between the magnitude of endotoxin contamination and 
'OJ:209 postoperative complications~ . 

On the other hand, endotoxin contamination during iii vizro work may be much more 

common, as steri le conditions are not al ways avai hble and the laborütory-working 

environment contributes to their presence. The rnost conspicuous source of endotoxin may 

actually be the water since distilling and deionizing columns do not remove endotoxin. 

Endotoxin has an effect on platelets only at high concentmtion (over 1 pghL equivalent to 

5000 EU/~L)"*. while leukocytes have been reported to be activated by endotoxin 

concentrations as low as O.Olng/mL (equivalent to 0.05 EU/~L)"'."'. When studying 

blood-material interactions, endotoxin may be contained in buffers andor on matenals. and 

its priming and activating effect on leukocytes may affect the observed results. However. it 

is important to consider that ail the studies perfotmed on the effect of endotoxin on leukocyte 

activation used punfied strains of endotoxin while the endotoxin present in labordtory 

materials and buffers are of an environmental nature. Purified endotoxins are much more 

potent than environmental endoto~ins"~ and even arnong purified endotoxins. their activity 
'1 121 .4  might be differenr . Contrary to a purified strain of endoto~in'~! the presence of 

relatively high levels of environmental endotoxins (LOO EU/mL) was shown to have little 

impact on the leukocyte response to hernodia~~sis"~. 

III Leukocyte activation and procoagulant activities 

Neutrophils and monocytes have long been recognized for their essential role in the 

inflammatory response through the release of 1 ysosomal enzymes, cytokines, reacti ve ox ygen 
'16217 species and lipid mediators- . Until recently, platelets were usually considered as the key 



cellular player in thrombus formation. However, there is now evidence that leukocytes, 

neutrophils and monocytes in particular, rnay also play an important role in thrombogenesis. 

Circulating leukocytes, like endothelial cells and platelets, express little or no 

procoagulant activity under normal physiological conditions. Infiammatory disorders, such 

as glomerulonephritis, allognft rejection reaction or the generalized Schwÿrtzman reaction, 

lead to pathological conditions that stimulate the procoagulant activity of leukocytes 

resulting in fibrin deposition and localized intravascular coagulation2'~ illustrating the 

implication of leukocytes in thrombosis. Surgery or contact with a foreign material such as 

oxygenators and vascular grafts also represent an inflarnmatory stimulus that may lead to the 

expression of procoagulant activities on leukocytes. Indeed. monocyte TF expression has 
' . 6 X  10 been observed wi th cardiopulrnonary bypass6'.63 and ventncular assist devices", . The 

role of leukocytes in thrornbosis is also illustrated by studies showing that leukopenia 
"().7Z3 

resulted in reduced intnvascular coagulation-- 

Circulating monocytes and neutrophils normally roll on the endothelium. They will 

however adhere to damaged or stimulated endothelial cells or adherent platelets and further 

contribute to localized thrombogenesis. It has been suggested that neutrophil ÿdhesion may 

well play an important role in the initiation and propagation of venous thromb~sis'~". In fact. 

in patients undergoing hip replacement. intravenous administration of lignocaine, a substance 

preventing leukocyte adhesion in vivo, during the fint 6 postoperative days markedly 

reduced the incidence of deep venous thrombosis'". Furthemore. it was demonstr~ted in a 

baboon mode1 that blocking leukocyte accumulation (by blocking binding to adherent 

platelets via P-selectin) drarnatically reduced fibrin deposition on a vascular graft22s. 

Al1 these facts confirm the procoagulant activity of Irukocytes. especiall y neutrophi 1s 

and monocytes. The different procoagulant activities rnay be classified as: 

1. membrane-associated procoagulant activi ty: via tissue factor expression on the ce11 

membrane (tissue factor dependent coa_~ulation pathway) or via tissue factor- 

independent mechanisms through factor X binding to CD1 1 b receptors leading to 

factor Xa generation or fibnnogen binding to CD1 lb; or binding of the 

prothrombinase complex on the membrane. 

2. release of procoagulant mediators: degranulation and oxidative products have the 

capacity to neutralize various anticoagulant proteins and activate platelets. 



3. association between platelets and neutrophils or monocytes: their interactions may 

lead to mutual activation and to a microenvironment protected from inhibitors. 

Monocytes seem to be most essential for type 1, while neutrophils seem to be the 

main cause of type 2 activity. Neither lymphocytes (more particularly involved in the 

specific immune response). nor macrophages residing in tissues are discussed here. 

However it is important to recognize that T cells are able to rnediate a procoagulant activity 

by inducing tissue factor expression on  monocyte^"^"'^. The object of this review is not to 

determine which of the two populations, monocyte or neutrophil, plays the major 

procoagulant role. but rather to discuss their different procoagulant abilities. 

t ) Membrane-associated procoagulant activi tv 

a )  The tirsue juctor-depende~tt patlzway. 

As mentioned previously, TF is a transmembrane glycoprotein initiating the extrinsic 

pathway of coagulation. TF binds factor VIWIIa and this complex. in presence of ~ a "  and 

phospholipids, can then trigger the activation of factor X and K. The formation of the 

prothrombinase complex Xa-Va on a cell-membrane resul ts in the conversion of prot hrombin 

to thrombin. 

TF 1s expressed constitutively in tissue biirriers between the body and the 

environment. such as in the granular layer of the epidermis or the respiratory mucosa: and at 

the boundaries between organs. such 3s in the adventia of arteries and venules"'. These 

barriers provide a hemostatic envelope so that only vascular injury may initiate blood 

coagulation. However, under speci fic stimuli. some vascular ce1 1s can trmsientl y express 

TF. The expression of TF by the different leukocyte populations has been an area of great 

controversy. An eariy study on isolated populations of lymphocytes, neutrophils and 

monocytes showed that. under bacterial lipopolysaccharide (LPS) stimulus, lymphocytes and 

neutrophils expressed TF only slightly. while monocytes showed strong TF expression22s. 

Two yean later, Rivers demonstrated that only monocytes were able to express TF and that 

positive results obtained in previous studies with lymphocytes and neutrophils were due to 

slight contamination with rn~nocytes"~. Inconsistent results on neutrophils penist. The 

latest study on TF expression in human leukemic cells by Hair et al? using mRNA 

expression as well as flow cytornetry with a TF antibody, failed to demonstrate TF 



expression on neutrophils. On the other hand, immunohistochemical findings in human renal 

biopsies indicated the presence of TF in inflammatory ne~tro~hils '~ ' .  Recent studies have 

also observed TF expression on adherent neutrophils in h~rnans'~' and a n i r n a l ~ ' ~ ~ " ~ ~ .  Yet. 

there is no convincing evidence that neutrophils cannot express TF. Most of the studies have 

been performed on isolated cells under non-physiological conditions (room temperature. 

seruni- or plasma-free medium). and neutrophils may express TF under different 

requirernents than monocytes. In fact. in vifro results on monocyte TF expression in isolated 

systems and in whole blood models have shown differences in TF regulation and 

stimu~ation~? 

Despite differences in experirnental protocols, TF expression on monocytes has been 

clearly demonstrited in vitro as well as iri vivo and, unlike neutrophils. the TF expression 

abilities of monocytes are undisputed. Monocytes have been reported to transcnbe, 

synthesize and transport TF to the cell membrane in response to exogenous agents such as 

LPS. PMA and calcium ionophore and physiologicai mediators such as cytokines, 

complement factors and L D L ' ~ ~ .  ln vitro studies suggest that activation of both protein 

kinase C and protein tyrosine kinase are required for induction of TF ~RNA''~' '? 

Monocyte vesiculation (microparticle formation) has also been observed after stimulation 

with LPS and this phenomenon is viewed as a possible mechanisrn for dissemination of 

membrane-associated procoagulant acti vi ties? Upon strong LPS stimulation, the major 

part of TF and phosphatidylserine-dependent procoagulant ac ti vi ty appears to be associated 

with monocyte mi~ro~art icles '~~.  Adhesion also enhances TF expression as monocytes 

adherent to surfaces consistently show higher TF expression than circulating 

monocytes 61.138;119 . Adherent monocytes may thus contribute to a greater extent to localized 

thrombogenesis than circulating monocytes. 

b)  TF-independent ineclianisnis 

While monocyte procoagulant activity through V requires synthesis, delaying 

activation of coagulation until its cellular expression, leukocytes have the potential to initiate 

the coagulation cascade in a more immediate process. Leukocytes can induce thrombin 

generation via factor X binding to CD1 lb/CD18 receptors, leading to factor Xa seneration. 

A member of the integin superfamily of leukocyte adhesion molecules, the CD1 lb receptor 

is expressed on monocytes, neutrophils and natural killer cells. Within minutes of activation. 

its cell surface expression is increased two- to ten-fold via translocation and fusion of 



intracellular granules with the plasma membrane"'. CD 1 L b participates in the phagocytosis 

of opsonized particles, interacts with the complement products iC3b and C3b, and has been 

implicated in ce11 migration and diapedesis2"0. Furthemore, after appropriate stimulus. 

CD1 Lb serves as a high-affinity receptor for factor X. Binding of factor X to CDL lb is 

specific and saturable. time- and divalent cation-dependent3'. Factor X bound to CD L lb is 

then rapidly (under 30 minutes) proteolytically cleaved by Cathepsin G to factor Xa which 

can support the ce1 1-associated formation of throm bin'"'. Although neutrophi 1s may not be 

able to initiate coagulation via the extrinsic pathway (i.e they may lack TF expression), they 

have been reponed to produce factor Xa coagulant activity. almost as efficiently as 

monocytes. This process of factor X activation. also observed on monocytes. is totally 

independent of TF since it is affected neither by neutralizinj anti-TF monoclonai rintibodies 

nor by the Iack of TF surface expression. 

While generation of factor Xa is the first proteolytic event that may initiate 

coagulation on leukocytes, additional molecular recognition is necessary to amplify the 

process of thrombin generation. This is provided by the membrane assembly of the 

prothrombinase complex (XaVa,  cd' and phosphoiipids). Assembly of the prothrombinase 

complex has been observed on monocytes, neutrophils, lymphocytes and platelets; the 

number of siteskell, the dissociation constant and the rate of thrombin formation varied with 

each cell type studied2". The expression of prothrombinase on cell surfaces is determined 

by the number of sites available for the complex to form. Additional factors such as ceIl 

concentration. cellular activation, the participation of intncellular pools of Factor V and its 

activation by cell-associated proteases also influenced prothrombinase activity on cell 

 surface^'"^. Plateleis possess an intracellular pool of factor V. Upon activation. füctor V is 

released during ganule secretion and proteolytically activated to function as a membrane- 

bound cofactor of factor ~ a ?  A sirnilar process has been described on leuko~~tes'"~. After 

observing that factor X bound to CD I Lb is converted to Xa, it was shown that monocytes. in 

particular, constitutively synthesize a membrane form of factor VNa which is a competent 

receptor specific for factor Xa and coordinates the assembly of an efficient prothrombinase 

complex. This would imply a two-dimensional remangement of Xa and Va on the 

monocyte membrane surface. Such a rnechanisrn of product flux between successive 

reaction sites of coagulation would nonetheless be quite plausible"6. This factor Va-like 

protein was narned effector ce11 protease receptor-L (EPR- 1) and identified as a cofactor for 



factor Xa-catalyzed prothrombin activation "": in the absence of added factor Va. factor Xa 

bound to monocytes effectively mediated thrombin gneration. This mechanism is however 

refuted in another study reporting that the prothrombin activity of factor Xa bound to 

monocytes was absolutely dependent on the addition on factor va'"'. This study funher 

showed that factor Va bound to the monocyte surfaces modulates factor Xa substrate 

specificity between factor IX and prothrombin. whereas the prothrombinase complex on 

platelets is highly specific for its substnte prothrombin. These disparities may result from 

the different expenmental protocols and it is difficult to conclude on the potential existence 

of a monocytic mechanism of factor Xa-catalyzed thrombin generation independent of 

plasma factor V. Despite a greater surface expression of CD1 lb. neutrophils exhibit longer 

clotting times and less fxtor Xa coagulant activity than monocytes. This seems to confirrn 

the contribution of an intracellular factor such as EPR-1 in the procoagulant activity of 

monocytes (independently of TF). 

Similar to its recognition of factor X, CD 1 1 b recognizes fi brinogen in a calcium- 

dependent mechanism. Experiments with potent inhi bitors against the interaction between 

iC3b and CDllb. as well as cornpetitive studies with factor X. suggest that fibnnogen 

interaction with CD1 lb occurs ai different intramolecular loci in the u sub-unit of ~ac-1:". 

The localization of fibnnogen on the neutrophils and monocytes may facilitate a more 

efficient conversion to fibnn in the local generation of low levels of thrombin. Adherent 

leukocytes are usually more activated and thus express more CD1 lb: they could then 

contnbute significantly to local fibrin deposition. This hypothesis was verified by inhibiting 
"5:250 leukocyte adhesion by blocking interactions with platelet or endothelial P-selech-- . 

Both in vivo studies in baboons demonstnted a dramatic reduction in fibnn deposition. 

CD 1 L b is not the only fibrinogen receptor expressed by leukocytes: CD 1 LcKD 18 (p 1 jO.95). 

another leukocyte integrin, has also been reported to bind fibrinogen? Binding of 

fibrinogen to its leukocyte receptors participates in intracellular signaling and activation and 

can induce procoagulant activities"". Under LPS stimulation, occupancy of CD1 lb by its 

ligand (for exarnple fibrinogen) results in the enhancement of the procoagulant activity of 

monocytes through an increase in TF expression? 



3) Release of procoagulant - mediators 

Neutrophils are the major component of the acute inflanmatory response and upon 

activation they release numerous proteases and oxidative products, w hich in the local 

environment can activate platelets199 and proteolytically inactivate several inhibitors of 

coagulation. including the serpins antithrombin III, heparin cofactor II, Cl  inhibitor and uz 

antiplasmin''''s3. While monocytes also release oxidative products and proteases. little 

research has been done in this area and they will not be further discussed. 

a )  Effect of proteases or1 proteiris iwolved in coagidation 

Elastase appears to be the most potent protease with procoagulant activities. The 

elastase inhibitor ccl-antitrypsin loses its inhibitory activity when oxidised. Thus within the 

immediaie vicinity of activated neutrophils, ai-antitrypsin can be inactivated by oxidation 

and elastase is then free to act on its substrates. ATIII, Cl-inhibitor and presumably other 

plasma serpins, but not ui-antitrypsin. have elastase-vulnerable sites on their exposed 

reactive centre l00~s"~.  The presence of free elastase results in the catalytic cleavage of the 

loops to the stable irrevenibly inactivated forms of the serpins. This catalytic activity of 

elastase results in both activation of coagulation and fibrinolysis, and can be disastrous in 

widespread neutrophil activation. which is observed in the acute shock syndromes. The 

disseminated intravascular coagulation seen in such syndromes may be caused or 

significantly enhanced by disseminated deactivation of ATIII and u? a r ~ t i ~ l a s r n i n ~ ~ .  

Funherrnore, elastase has an inhibitory effect on tissue factor pathway inhibitor 

(TFPI). As discussed above, TF is an important trigger for coagulation, but monocytes, 

while they promote coagulation via TF expression, will also CO-express TFF'I at a later point 

dunng a~tivation'~'. The procoagulant activity of platelets is also accompanied by release of 

TFPI following stimulation by thrombin? Neutrophi 1 elastase prote01 yticall y cleaves Tm1 

within the peptide that links Kunitz-1 and Kunitz-7. affecting its ability to inhibit FVIIdTF 

and reducing its inhibition of factor xa4" Kinetic studies show that while the catalytic 

cleavage by elastase does not reduce the initial encounter between TFPI and factor Xa, i t  

affects the affinity of the final complex TFPI:Xa. Elastase is also able to restore TF activity 

from a preformed factor Xa:TFPI:factor Wa/TF cornplex. 

Another reported procoagulant activity of elastase is its ability to cleave vascular 

endothelial ce11 proteoglycans"~ thus inducing procoagulant activity on the endothelial cells. 



This cleavage appears to be relatively selective for heparan sulfate. Along the sarne line, 

oxidation of a specific methionine in thrombomodulin by oxidative products derived from 

activated neutrophils blocks the formation of activated protein C, a potent endothelial- 

derived anticoagulant's7. Endothelial thrombomodulin plays a significant role in hemostasis 

as a cofactor of thrombin-dependent activation of protein C. 

Another protein released by neutrophils upon activation is lactoferrin. Lactofemn is 

an iron-binding protein and it can also interact with heparin. inhibiting its anticoagulant 

activity. The anticoagulant effect of heparin in whole blood stimulated by various 

inflammatory rnediators (LPS, T M .  fMLP) was inhibited. as measured by activated 

prothrombin time (aPTT), while increased levels of lactofemn and platelet factor were 

O bserved2? 

While the procoagulant effect of proteases on coagulation proteins are discussed here. 

it is important to mention that proteases can also contribute to fibrinolysis. Thus the local 

inflammatory environment where the neutrophils accumulaie defines in which way the 

proteases work. 

Neutrophil-derived mediators can also contnbute indirectly to thrombin generation by 

activating platelets. Cathepsin G is one of the most studied and potent ieukocyte protease 

able to activate platelets. Cathepsin G is a neutral serine proteinase contained in neutrophils 

azurophilic granules and is released upon activation. Both purified cathepsin G and the one 

present in supernatant of neutrophils at a physiological concentration have been shown in 
'59260 vitro to induce platelet activation- . wi th intracel lular calcium movement, thromboxane 

pz synthesis, release of dense and a granules, and activation of GPiIIIIIa. The presence of 

proteinase 3 39260 (also present in the azurophilic granules) or of elastase'" appear to 

enhance platelet activation induced by cathepsin G. The mechanisms by which cathepsin G 

activates platelets are not well understood: a receptor has not yet been identified. It appears 

that cathepsin G cleaves and activates the platelet thrombin receptor, but an antibody against 

this receptor failed to inhibit cathepsin G-induced platelet a~tivation'~'. 

Products of the oxidative burst, such as rnyeloperoxidase, hydrogen peroxide and 

superoxide anion, have also been reponed to activate plateletsi"'263'2bJ. Platelet activating 



factor (PAF), a lipid mediator, also activates platelets following neutrophils exposure to 

chemotactic factors 13'  or fMLP? 

Al1 these studies on neutrophil-induced platelet activation have been performed in- 

vitro and there is no direct evidence yet that such reaction takes place in vivo. However it 

seems reasonable to assume that under the appropn ate pathologicallin flammatory conditions. 

these reactions may occur. Degranulation and oxidative burst products released by 

neutrophils in response to an inflammatory stimulus and in the appropriate environment can 

contribute to thrombin formation. However, more physiological experiments (whole blood 

versus isolated cell suspension. in vivo versus Ni vitro) are required to determine the real 

contribution of these neutrophil procoagulant propenies. The presence of potent protease 

inhibitors in plasma may also prevent leukocyte-induced platelet activation. However. the 

formation of platelet-leukocyte aggregates (as discussed below) likely offen a protective 

environment to the neutrophil-derived mediators so that platelet activation can ensue. 

3) Platelet-leukocvte aoo,re.gates 

The presence of platelet-leukocyte aggregates in thrombotic complicationsJ suggests 

that they may have procoagulant propenies'"'266. While little is known about their hnction, 

platelet-leukocyte aggregütes are believed to provide a microenvironrncnt whereby mediators 

are protected from their inhibiton'" and transcellular metabolism of arachidonic acid 

occurs2", resulting in funher activation of the cells associated with the aggregate and thus 

promoting thrornbin generation. Some of the mechanisms of platelet-leukocyte aggregate 

formation have been characterized in vitro. Thrombin-activrited platelets bind to monocytes 
90268, and neutrophils, but only weakly to lymphocytes . this binding is independent oi 

temperature but dependent on the presence of ~ a " .  Unactivated platelets have also been 

shown to bind to isolated monocytes and neutr~~hils'~'. even in the absence of calcium. 

However, the relevance of such interaction is questionable as unactivated platelets do not 

appear to significantly bind unactivated leukocytes in whole b~ood"~. Monocytes also 

appear to bind more activated platelets and faster than neutrophilsgO. Conflicting results have 

been obtained on the importance of activation of leukocytes and platelets for agsegate 

formation. ~ a s h ' ~ ~  reports that in vitro formation of platelet-leukocyte aggregates requires 

platelet activation but not leukocyte activation. Furthemore, Rinder et al" found that 

leukocyte activation actually impaired formation of aggregates: in certain conditions. such 3s 



PMA stimulation, neutrophil-platelet aggregates were not as stable as their monocyte 

counterparts and dissociated within the first hour. On the other hand. Brown et al27' 

observed formation of platelet-leukocyte aggegates when either cells were activated. but 

platelet activation alone usuaily resulted in more platelets bound per neutrophils when 

compared to leukocyte activation alone. 

The formation of platelet-leukocyte aggegates occurs via P-selectin on platelets and 

PSGL- 1 on l e u k o ~ ~ t e s ~ ~ " ~ ~ ' " ~  . Fibrinogen bridging between CD1 lb and GPIIbKIIa has also 

been reponed to be involved2''. The predorninance of one binding mechanism over the other 

one is not well understood and different studies result in different conclusions. The presence 

of both mechanisms of aggregation have been observed under static"' and low shear 

 condition^'^". Under low shear, anti-P selectin alone reduced aggregates only by 30% while 

anti-CD1 1 b alone had no effect? However. combination of both antibodies resulted in 

total inhibition of platelet-leukocyte aggregates, suggesting that with low shear a more 

complex mechanisrn is involved. 

Specific interactions between platelets and leukocytes also occur on surfaces where 

adherent platelets can be found. The mechanisms of leukocyte adhesion to adherent platelets 

under physioiogical shear have been recentiy c haracterized. Yeo et al "%howed that P- 

selectin on platelets mediated the rolling of neutrophils but that a second step was required to 

enable firm adhesion of the neutrophils. CD 1 lb was later identified as the ligand mediüting 

firm adhesion on adherent platelets"5. Firm adhesion also appears to involve leukocyte 

activation276 and platelet membrane-associated PAF is partially responsible for the activation 

of the rolling leukocyte? On the other hand. the mechanisms of leukocyte adhesion on 

adherent platelets in the presence of fibrin is strongly dependent on shear in vitro: the higher 

the shear stress, the more fibrinogenffibrin is involved in leukocyte adhesion to platelets and 

the less leukocyte interaction with P-selectin is a prerequisite for adhesion 189; l9O;I%;YS . These 

studies confimi earlier in vivo results with a dog shunt rnodel, showing that an anti-Pselectin 

antibody partially blocked leukocyte interaction with platelets adherent to a clotted Dacron 

g r a P .  

Al1 the studies on the mechanism of platelet-leukocyte aggreegates have been 

performed in vitro and there is yet little evidence on what the reality is in vivo. Platelets and 

leukocytes are found bound together in vivo but the processes by which they form and their 

potential functions remain speculative. The development of human and animal blociung 



antibodies and the wider selection of animal antibodies for flow cytometry (an important tool 

in the study of platelet-leukocyte interactions) will provide new ways to study such 

interactions in vivo. 

4) Are leukocvte procoagulant activities relevant to thrombus formation ? 

The potential significant contribution of leukocytes to thrombosis is underscored by 

recent publications on the role of TF in coagulation. TF expression was shown to be able to 

trigger thrombin generation and platelet thrombus formation as efficiently as known 

thrombogenic surfaces. such as fibrillar ~ o l l a ~ e n " ~ .  Blood-borne tissue factor also 

represents an important source of thrombin in thrombus formation, as anti-TF antibody 
232280 reduced thrornbus size by 70% . Expression of TF by monocytes was also shown to 

significantly contribute to the progression of a thrombus, since adding TFPI inhibited 

thrombus-associated procoagulant activity? Furthemore, i t  appears that activûted 

monocytes expressing TF are able to pnerate sufficient thrombin to rapidly initiate platelet 
'Y?-184 activation and aggregation- . Thc activated platelets then provide the sites for the 

assembly of tenase and prothrombinase complexes with TF-activated FXü and FIXa and thus 
'Y' '83;SY5 enable the propagation phase of coagulation- -'- . Even trace amounts of TF have 

actually been shown to activate platelets2s6. further suggesting that the extrinsic pathway of 

activation is the initiator of the coagulation while platelets are involved in the propaption 

phase. 

Even if  not directly related to TF, the presence of leukocytes in a thrombus has been 

demonstrated to significantly contribute to fibrin generation both irz vitro 190; 193 and iri 
,iv,2ïi;2S0 . Furthemore. leukocyte depletion has been shown to reduce the levels of 

thrombotic complications in diseases. However, the mec hanisrns by w hich leuboc ytes 

contnbuted to fibrin formation were not identified. Funher research is required to determine 

the mechanisms involved in leukocyte contribution to thrombogenesis, so that appropriate 

therapies can be designed. 

5) BiomateriaIs and expression of leukocvte procoa~ulant activities 

In recent years. studies have emerged in the biomaterials literature that examine 

leukocyte procoagulant activities rather than their inflanmatory properties only. Following 

blood contact with cardiopulmonary bypass circuits or ventncular assist devices. TF 



7 L9;18l;f 88 expression on monocytes has been observed in vitro- and in ~ i v o ~ l " ~ ~ .  C D l l b  

upregulation on neutrophils and monocytes is a well-known consequence of matenal- 

induced leukocyte activation (as discussed in section II4b). It was recently shown that 

CD1 lb, upregulated on monocytes by cardiopulmonary bypass. was able to directly activate 

factor x'". With hemodialysis membranes and oxygenators. increased levels of elastase 

have also been reported both in vivo and in vitro (as discussed in section iI4b) and elastase 

ability to inhibit TFPI in the vicinity of rhe implant may promote locaiized thrombosis. 

Finally, platelet-leukocyte aggreegaates have been observed during cardiopulmonary bypa~s'~', 

h e r n ~ d i a l ~ s i s ~ ~ ~ ,  following angioplasty'O' and stent implantation2". 

As it is a new branch of research, little is still known on the potential contribution of 

expression of leukocyte procoagulant activities to thrombogenesis and thrombotic 

complications associated with the use of cardiovascular devices. However. research on 

pathophysiological States of thrombosis supports the hypothesis that leukocytes can be a 

significant contributor to thrombogenesis and underscores the need of more research on this 

matter with biomaterials. This thesis studies how leukoc ytes become activated by in vitro 

material contact and express procoagulant activities such as TF, CDL lb. leukocyte 

microparticle formation and association wirh platelets. 

6) Conclusion 

Both monocytes and neutrophils possess the potential to induce or contribute to 

thrombosis through different means: monocyte TF expression. factor X binding and 

activation on the adhesion receptor CD1 lb, fibrinogen binding on CD1 lb and release of 

rnediators that may inactivate anticoagulant substances and activate platelets. While 

neutrophils appear to have a lower capacity to activate coagulation. there is strong evidence 

that they c m  enhance monocyte-induced procoagulant a~tivit~' '~.  Platelets can also directly 

interact with neutrophils and monocytes, increasing procoagulant activities even 

fUrthe26~:~9s . The potential role of leukocytes in thrombogenesis is underscored by the 

number of studies that have tried to minimize thrombus formation by the administration of 

drugs specifically targeted at leukocytes. Antibodies to block leukocyte adhesion rnay prove 

to be a reasonable therapeutic approach in the prevention of thrombus formation as 
'25;250 ihstrated in in vivo baboon models- . However. blocking Ieukocyte adhesion in a 

systernic approach may have deletenous consequences such as the inability to fight 



infections (due to the inhibition of leukocyte recruitment to the site of infection). To 

circumvent such an event, blocking only leukocyte adhesion to platelets by inhibiting P- 

selectinPSLG-l interactions may be more appropriate. This would a l s ~  prevent leukocytes 

interaction with endothelial cells via P-selectin. but other interactions via [CAM- 1, iC3b/C3b 

would remain intact and allow leukocyte adhesion at site of inflarnmationlinfection. Due to 

the important role of leukocytes in inflammation/infection/healing, iiny systemic approach of 

blocking leukocyte adhesion would have to be temporary and could then only be usrd during 

procedures suc h as cardi opulrnonary bypass and angioplast y. 

IV Conclusions 

1) Thrombosis and inflammation 

The molecular links between inflammation and thrombosis are undeniable. 

Inflammation, as characterized by the leukocyte response to a stimulus. may contribute to 

thrombin genention by the TF expression on monocytes: the ability of CD 1 lb to bind Factor 

X and fibrinogen; the ability of released inflarnrnatory mediators to activate platelets and 

block inhibiton of coagulation: and by promoting the association between leukocytes and 

platelets. In the 1 s t  five years, many leukocyte investigators have discussed the participation 
'96-299 of inflammatory cells in coagulation- . Thrornbosis is viewed now more as a 

multicellular event rather than just a platelet event'". In certain situations. blocking 

leukocyte contributions to thrombin generation may appear to be a reasonable means to 

reduce the occurrence of thrornbotic complications. 

2) Perspective to contribute to the research on blood compatibilitv of biornaterials 

The complexity of blood-material interxtions ex plains Our fai lure to design a 

material that is entirely blood-compatible. Our current stage of knowledge is far from 

providing us with a complete rnechanism of material-induced thrombin seneration. The role 

of Factor XII is unclear white the role of TF has not been directly assessed. Both the 

mechanisms of leukocyte and platelet activation by materials remain to be further elucidated. 

The timing of the events contributing to thrornbin formation is also a complex issue. Both 

Factor XII activation and platelet activation are able to generate thrombin formation within 

minutes while thrombin generation via TF requires hours since TF has to be synthesized. 

The contribution of leukocyte proteases will also be affected by time since their effect will be 



dependent on the presence of inhibiton and other infiammatory mediators that can potentiate 

their action. As illustrated in Figure 5. due to its nature, the contribution of leukocyte 

activation to material thrombogenicity is more Iikely in  the longer tem, compared to platelet 

activation. Despite already over 50 years of research on blood-material interactions. many 

questions remain unanswered and more Fundamental research is necessary ro contribute to 

the improvement of cardiovascular devices. 

The solution to thrombotic complications associated with cardiovascular devices may 

not be to try to create a new material that will elicit the proper blood response but to prevent 

its adverse effects by blocking the final pathway responsible for the inherent 

thrombopnicity of the rnaterials. Leukocytes may well be a key component in this process. 

Only the future will tell. In this thesis, the role of material, complement. and platelets in 

material-induced leukocyte activation that can be associated with some leukocyte 

procoagulant activities (TF, CD 1 Ib, association with platelets) were characterized in vitro. 

Time 

thrornbin thrombin . thrombin --.----L 

protein 
Adsorption 

(FXIII 

platelet 
activation 

leukocyte 
activation 

Figure 5: Perspective on the contribution of Factor XII, platelet and leukocyte 

activation in material thrombogenicity. 
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Chapter 3 

Leukocyte activation and leukocyte procoagulant activities following blood 

contact with polystyrene and PEG-immobilized polystyrene beads. 

Abstract 

Blood contact with beads (45pm) activated leukocytes in the bulk (Tissue Fiictor 

expression. CD1 l b  upregulation. and association with platelets) independently of materiai 

surface chemistry. On the other hand. activation of adherent leukocytes was material 

dependent. Following blood contact with polystyrene (PS). polyethylene glycol irnmobilized 

polystyrene (PS-PEG) and PS-PEG-NH? beads. CD 1 l b upregulrition in the bulk. platelet- 

leukocyte aggregates and leukocyte adhesion were surface area-dependent while Tissue 

F~ctor (TF) expression was not. Material-induced leukocyte activation in the bulk was dso 

independent of the beads capacity to activate pliitelets. However. monocyte adhesion and TF 

expression on beads was related to the presence of platelets on the surface. Material-induced 

TF expression was able to initiate the extrinsic pathwüy of coagulation. resultin; in 

significant fibrin formation. Material-activated leukocytes also appeared to be able to 

directly activate Factor X. 

While not al1 our markers of leukocyte activation varied with materiril iirea or 

chemistry, it was clear that these materials üctivated leukocytes in a way that resuited in 

increased procoagulant activi ty. During blood-material interactions. material-induced 

leukocyte activation may then contnbute to thrombogenesis. 



1. Introduction 

Neutrophils and monocytes have long been recognized for their essential role in the 

inflammatory response. However, clinical evidence from cenain inflammatory disordersi 

such as acute respiratory distress syndrome2 or allograft rejection3 suggests thüt neutrophils 

and monocytes also play a role in thrombognesis. InRammatory stimuli associated with 

surgry or biomaterial implantation may induce leukocyte procoagulant activities leading to 

enhanced thrombogenesis in addition to the expected inflamrnatory response. Increases in 

leukocyte procoagulant üctivities have been observed during cardiopulmonary by-pass with 

CD 1 1 b upregulation4 and tissue factor (TF) expressions. The clinical relevance of leukocyte 

activation in material-induced thrombosis has not been yet elucidated. However. the role for 

TF, as a trigger of coagulation. is underscored by recent studies showing the lack of 

significance of Factor XII (or the intrinsic pathway) in thrombin generation during blood- 

material contact6? The potential contribution of leukocytes to thrombin generation has also 

been shown in vitro and in vivo9'". 

Interactions of blood with a biomaterial are complex and many events occur: protein 

adsorption. platelet and leukocyte activation ancilor adhesion. as well as activation of the 

complement and the coagulation cascade. Despite the use of nnticoagulants and anti-plütelet 

agents. thromboembolic complications continue to occur in cardiovascular devices"? 

While platelets and the coagulation proteins play the central role in thrornbosis. i t  is possible 

that material-induced leukocyte activation and adhesion also play an important role in 

cardiovascular material failure. perhaps by contnbuting directly to thrombin production 

andfor by releasing procoagulant mediators. 

Both monocytes and neutrophils possess the potential to induce or contribute to 

thrombosis through the expression of specific membrane recepton. phospholipids, and by the 

release of inflammatory mediators. This study specifically focuses on leukocyte procoagulant 

activities via the expression of membrane receptors.. Upon activation. monocytes express 

tissue factor, and this initiates the extrinsic coagulation pathway. Also, leukocyte receptor 

CD1 lb is upregulated upon material contact. It binds Factor X and fibrinogen (among other 

molecules) and can thus Favor thrombin generation. Activated leukocytes are also more 

adherentt5 and can adhere to damagedstimulated endothelial cells16, artificial surfaces" or 

platelets's. In thrombus formation on a surface, the presence of both platelets and fibrin has 

been shown to increase leukocyte adhesion". Leukocytes in a thrombus do not have a 



passive role, as their presence has been shown to significantly contribute to fibrin 

formation i 1202 1 . The leukocyte recruitment at the surface may thus further contribute to a 

localized thrombogenesis. 

CD1 l b  upregulation following blood contact with rnateria~s""~ has already been 

reported. However. previous studies have usually focused on the role of leukocytes in 

biomaterial-associated inflammation. When adherent leukocytes were srudied. they were 

removed from the surface by incubation with a solution containin; EDTA. Recently, a bead 

adsorption system (using LO pm diameter beads) has been used to assess. with flow 

cytometry. complernent'" and platelet adhesion from platelet-rich plasma'5. We modihed 

this system to study leukocyte adhesion in whole blood. using larger beads (45pm diameter) 

to avoid stimulation of a leukocyte phagocytic response and allow enough surface for 

adhesion and spreading of more than one cell. The adherent cells were assessed directly 

since the beads (with adherent cells) were small enough to pass through the nozzle of the 

flow cytorneter. There was then no need to dislodge the cells to determine the state of cell 

adhesion and activation. Non-adherent cells from the sarne experiment were also analysed 

by flow cytornetry in the conventional way. A key advantage of the bead system is that it 

permitted direct examination of the effect of the material by vriryin_g the concentration of 

beads. 

Using this b i  vitro bead assay. our objective was to detemine how surface areü and 

material c hemistry affected rnüterial-induced leukocyte activation and the leukocyte 

expression of membrane-associated procoagulant activities. We hypothesized (1) that blood- 

contact with a rnaterial resulted in TF expression and (2) that material-induced leukocyte 

activation and hence expression of membrane-associated procoagulant activities was 

independent of material chemistry. We used TF. CD 1 1 b and the association with platelets as 

markers of leukocyte activation since they can be linked to thrombus formation. Three types 

of beads were tested to mess the influence of material chemistry: polystyrene beads as well 

as polystyrene beads (TentaGel) grafted with polyethylene glycol (PEG) with two different 

terminal groups (-OH and -NH2). 



II. Materials and rnethods 

1 ) Reaoents and antibodies 

D-phenylalanyl-L-propyl-arginyl chloromethyl ketone (PPACK) was purchased from 

Calbiochem. San Diego. Lipopolysaccharide (LPS, Escherichia coli serotype: 01 11:B4), 

endotoxin-free water, EDTA and paraformalde h yde from Sigma Chemical Co, S t Louis. 

were used. Monoclonal antibodies to TF (American Diagnostica, Greenwich, CT). CD 1 1 b 

(Immunotech-Coulter, Mmsei lles, France). CD6 1 and CD4 1 (Southem Biotechnology. 

Birmingham, AL) were fluorescein isothiocyanate (FiTC) conjugütes. Monoclonal 

antibodies to CD45 (Caltag, Burlingam. CA), CD 14 (Southem Biotechnolo_oy) and P-selectin 

(Monosan, Am Uden. Netherlands) were R-phycoerythrin (PE) conjugates and the R- 

phycoerythrin-cytochrome 5 (PE-Cy5) anti-CD45 was a generous gift from Dr. R. 

Sutherland (Toronto General Hospital. Canada). FACS Lyse. a 1 ysing buffer also containinz 

parafolmadehyde was obtained from Becton Dickinson (Fullerton. CA). 

For the procoagulant activity tests. citrated plasma was from George King Bio- 

Medical, Overland Park. KS. Factor VU, Factor X and Factor Xa were from Enzyme 

Research Laboratories, South Bend. iN. The monodonal antibody to TF wris from American 

Diagnostica. Greenwich. CT. The chromogenic substrate to deteci FXa. S-1765. w s  

purchased from diaPhma,  Franklin, OH. Al1 other chemicals were of analytical or reiigent 

grade. 

3) Beads 

Polystyrene beads (PS) 45pm microspheres, Polybeüds. were purchased from 

Polysciences, Inc. (Warrington, PA) as a 2.68 suspension in water. TentaGel beads. 

polystyrene beads gafted with polyethylene glycol (PEG), were obtained from Rapp 

Polymer, (Tübingen, Germany). TentaGel beads are prepared by gafting PEG chains 

(-3kD) on a polystyrene matrix and functional groups are added at the end of the PEG spacer 

chain". To avoid reaction of both terminal hydroxyl groups of PEG with the PS matrix and 

additional crosslinking, anionic graft polymerization is performed. The copolper  contains 

approximately 70% linear PEG and 30% crosslinked PS rnatrix: the properties of these 

polyrners are then highly dominated by the properties of PEG. The remaining free hydroxyl 

group on the immobilized PEG is then used to attach different functional groups. Figure 1 

illustrates the chernical architecture of the TentaGe1 beads. In this study, two types of 



TentaGel beads were used: one with a hydroxyl functional group (PS-PEG) and the other 

with an amino functional group (PS-PEG-NH?). TentaGel beads have a dry diameter of 33 

pm and they swell in phosphate buffer saline (PBS) to 45 ir 4 Pm. 

Figure 1: 

# b 

Architecture of the polystyrene-polyethyleneglycol polymer, from ~ a ~ ~ ' ~ .  

To remove endotoxin from the surfaces, ;il1 beads were washed in a senes of 

solutions: O. 1 M NaOH. 1M NaOH, O. 1 M HCl. 1 M HCI and 95% ethanol? Al1 washes took 

place in an ultrasonic bath and tinsing with endotoxin-frer water (EFW) was performed 

between each solution. Following the last ethanol wash. beads were nnsed four times with a 

large volume of EFW to remove al1 trace of ethanol and then resuspended in EFW rit ri 

concentration of approximately 1 x  lob beads/ml. They were stored iit JUC for a maximum of 

2 weeks. Washed beads were analysed by X-rÿy photoelectron spectroscopy (XPS, Leybold. 

Max 200) utilizing MgKu X-radiation. Pnor to blood contact. 10x D-PBS (Gibco BRL, 

Grand Island, NY; 80 EL NaCl. 21.6 EL Na2HP04, 2 g L  glucose, 2 KH2P04) was 

added to the bead aliquots used for the experiments. 

To ensure that beads were endotoxin-free, the leve1 of endotoxin contamination on 

the beads for each experiment was tested usin; a chromogenic substrate assüy that tests 

contamination directly on the material surface? After washing, very low levels of 

endotoxin contamination were observed on both the TentaGel and PS beads. Even at the 

highest bead concentration, the residual endotoxin was equivalent to a concentration of 

PS-Matrbc ' FunctioMl group POESpacer " 



endotoxin contamination that was less than 0.19 EU/ml, which is belotv the recommended 

mavimum FDA level of 0.5 ~ u / r n l ' ~ .  

3) Blood-material contact 

Whole blood. tiom donors tvho did not take medication within 72 hours of 

phiebotomy. was collrctrd without tourniquet into a syringe preloadcd with PPAC K (a  

selective thrombin inhibitor. final concentration= l2OpiLI). after discarding the îïrst mL so as 

to minimize blood activation. Btlads and blood were incubated with mild rotation at 37°C on 

a hematology mixer (Mode1 14060-1. Innovative Medicai System Corp. Ivyland. PA). The 

surface area to volume ratio was varied from 0.35 to 34 cm" by using ditrerent bead 

concentrations (see Table 1) .  Based on the 45pm bead diarneter for al1 three types of beads. 

the surface area exposed to blood was approximately 0.64 crn"10~ beads'. The negative 

control was EDTA-blood with beads ( 8  miCl tinal EDTA concentration) while the positive 

control was blood incubated with rndotoxin ( 5  pg'mL) (LPS serotype O l i l  :B4) without 

beads. 

Table 1: Bead concentration and related surface area in blood 

For (1 rural w h m e  (hhotl  - beo& in PBS) of'/ ni/ 

Equivalent to the Surface area to volume ratio: 1 mL total volume (blood - Beads in PBS) 
Resuspended in PBS at a concentration of 2x10' beads:mL 

1 Bead concentration 

Following incubation. beads were allowed to settlr and small aliquots of blood ( 5  to 

20 PL) were rernoved for tlow cytomrtry analysis of non-adherent cells. In certain cases. an 

additional blood sample was takrn to perform a cc11 count using a multi-parameter. 

automated hematology analyser SysmexTM E-2500 (TOA Medical Electronics. Japan). To 

analyse adherent cells on beads in the remaining blood sample. erythrocytes were Iysed for 5 

Bcad surface area Volume of blood Volume oibeads , 

1 I I 

' . Note that assurnine a leukocyte has a diameter of about IOum. its surface area is 3 14 um'. compared to the 
surface area of a 45 pm diameter bead which is 636 1 

(i: of beads/mL x 1 O") in crn'lrn~' I ( d l  ( ~ 1 1 )  



min with buffer. Beads were washed with RPMI+lO% heat inactivated fetal bovine 

serum (RPMI/FBS) and then incubated with the appropriate antibodies (see below) to assess 

the adherent cells. Figure 7 summarizes our expenmental protocol. On some bead samples, 

SEM (Hitachi, S-520) was perfomed following fixation in 2 .58  glutaraldehyde and 

dehydrûtion in a p d e d  series of ethanol solutions. 

Whole Blood 
PPACK ( 120prn) 

4 5 p  beads in EFW 
Polystyrene (PS) 

PS-PEG 

Incubation at 37OC for 2 houn /iJ - 
Whole blood Beads 

/ \ / \  
Leukocytes Platelets Adhesion Activation 

TF MPs CD 14 (monocytes TF 
C D l l b  P-sel CD45 t monos + PMNs r CD1 Ib  
CD6 1 CD6 1 (ptritelets) 

Figure 2: Schematic of experimental protocol. EFW: Endotoxin free water: PMNs: 

polymorphonuclear cells or neutrophils: MPs: microparticles. 

4) Flow cytornetrv 

Flow cytometnc analysis was carried out on blood sarnples before and after exposure 

to beads. Small aliquots (5 to 20 fi) of blood, diluted in 5Op.L of Hepes Tyrode Buffer 

(Hm; 137 mM NaCl. 2.7 rnM KCI. 16 rnM N;iHC03, 5 rnM MgCL, 3.5 rniM HEPES. 1:JL 

glucose. 3 z L  BSA, pH 7.4) were incubated with saturating concentrations of fluorescently 

labeled monoclonal antibodies For 30 minutes at 4°C. After incubation, erythrocytes were 



lysed using FACSlyse (Becton-Dickinson, San Jose. CA). The cells were then washed. 

diluted and fixed with paraformaldehyde ( 1 % final concentration). 

For adherent cells on beads, the washed beads were incubated for 30 minutes at 4OC 

with the fluorescently labelled anti bodies. To remove non-speci fic binding. they were then 

washed in RPMIlFBS and finally diluted with 150 pL of WB and 150pL pparaformaldehyde. 

Al1 samples were stored in the dark iit -1°C until analysis. 

Blood was assessed by dual color flow cytometry on a Becton-Dickinson FACScan 

fIow cytometer. using CELLQuest software. To analyse leukocytes. the light scatter 

channels were set at a linear gain with a threshold at 200 for the fonvard scatter (FSC). 

Monocytes and neutrophils were gated using their light scatter characteristics and the CD45 

versus side scatter (SSC) or CD14 versus SSC dot plots (Figure 3 a. b). The direct 

expression of procoagulnnt nctivity was monitored using RTC-anti TF and PE-anti CD14 

(monocyte marker). The rirbitrq RTC fluorescent intensity of monocytes and the 

percentage of monocytes staining positive for TF were recorded (Figure 3 c-e). No TF 

expression was observed on neutrophils. CD 1 1 b upregulation was monitored using RTC- 

anti CD 1 1 b and PE-anti CD45 (pan leukocyte marker). Platelet-leukocyte aggreglites were 

charactenzed with FITC-anti CD61KD41 (antibody against GPiIb-ma. a platelet receptor) 

and PE-anti CD45 The arbitrary FITC fluorescent intensities for both monocytes and 

neutrophils were recorded for CD L 1 b and CD6 1. To analyse platelets. the light scatter 

channels were set on a logarithmic scale with the FSC threshold at O. Phtelet microparticles 

were identified by their scatter characteristics after gating on the positive events specific for 

G P I I ~ / ~ ~ ' O .  Platelet activation was monitored by recording the ÿrbitrary tluorescent 

intensities for CD6 1 and P-selectin. Irrelevant antibodies of the same isotype were used as 

controls. 

For adherent cells on beads, leukocyte adhesion and activation was assessed using the 

antibodies FITC-anti TF or FïïC-anti CD 1 1 b (for activation) wi th PE-anti CD 14 or PE-C YS- 

anti CD45 (for adhesion). Adherent platelets were also identified with FITC-anti CD61. 

Due to the large size of the beads and their different light scattering charricteristics, the light 

scatter and fluorescence channels for beads differed from those of cells and new instrument 

settings were necessary 

beginning of the study. 

antibody was used. All 

for each type of beads (Figure 3 f-h). These were determined at the 

Minor adjustments were sometimes required when a new batch of 

beads had sharp fonvard and side light scatter histograms (indicating 



minimal variation in manufactured diameter) and following blood contact an increase and 

broadening of the light scatter characteristics was readily observed due to ce11 ridhesion 

(Figure 3 g). 

soo i ooo  

TISStjE FACTOR 
lol  10' loJ 

TISSUE FACTOR 

Figure 3 (a-e): Fiow cytometric analysis of leukocytes after blood contact with beads 
for 2 houn at 37OC. [a] Dot plot showing fonuard (FSC) and side (SSC) scatter 

characteristics of leukocytes in blood. The monocyte population is gated in  the region R i  

and the neutrophils in R3. [b] Dot plot showing CD14 fluorescent intensity on leukocytes 

and side scatter. CD14 is a monocyte marker and the positive population is p e d  in R?. [c. 

dl Dot plots of CD14 and TF fluorescent intensities on monocytes (population belonging to 

R1 and R2) to determine the percentage of monocytes staining positive for TF expression. In 

(c) only 2% of monocytes in the blood incubated without beads are positive for TF. In (d) 

17% of monocytes from blood from a high responder incubated with 20x10~ beadslml 

express TF. [el Histogams of the arbi t rq  fluorescent intensity of TF on monocytes. An 

increase in fluorescent intensity is observed following blood contact with beads. 



Figure 3 (f-g): Flow cytometric analysis of beads after blood contact with beads for 2 
hours at 37'C. [fl Dot plot showing fonvcird and side scatter characteristics of beads after 

blood contact. Gains are different so this plot and plot (a) are not comparable. [ g ]  
Histoprams of the forward scatter characteristics (FSC) of beads. The filled histogmm 

represents beads from a sample with EDTA (adhesion is inhibited by EDTA). A broadening 

in the FSC can be observed on beüds following blood contact with 5 . 4 ~  lo4 beads/mL (line 

histogram). This increase in size detected by the flow cytometer is due to cell adhesion. [hl  

Histograms of the fluorescent intensity of CD 1 1 b on beads. The filled histogram represents 

the background signal of the beads (beads from blood+ EDTA). CD1 lb upregulaiion is 

observed on beads from a sample without EDTA. 

5) Procoagulant - functional activitv 

a)  F~inciio~ial assciyfor TF 

TF initiates the extrinsic pathway of coaplation. To test if TF expression on 

monocytes, as measured by flow cytometry. was indeed functional. the ability of leukocytes 

to generate thrombin was assessed. TF procoagulant activity was determined by a one-stage 

coagulation assay, in which cells were incubated with citrated plasma to which ca2' was 

added to allow for the formation of a fibrin clot. 

The coagulation test was perfoned with a suspension of leukocytes in buik and 

adherent to beads. This suspension was obtained as follows. After a 2-hour incubation of 

blood with beads (20x10" beads/mL), red blood cells were lysed with FACSlyse. The 

remaining cells and beads were washed twice at low speed (to remove platelets) in 

RPMIiFBS with EDTA. The pellet containing leukocytes and beads was then resuspended 

in RPMI. An aliquot of the leukocyte and bead suspension was incubated with citrated- 



pooled human plasma for 2 minutes. In some cases. beads were left to settle bnefly, and an 

aliquot of leukocytes alone were tested. The clotting time was rneasured automatically 

following the addition of 25mM CaCl? using a coagulometer (Coag Mate X I ,  General 

Diagnostics, Oklahoma City, OK). The contribution of TF to clottin; was determined by 

incubating the smples with a monoclonal antibody directed against TF at a saturating 

concentration of 75 . Positive (LPS) and negative (no beads and beads+EDTA) 

controls were also tested. Results are presented as clotting times. 

6 )  Fiinctior~al a s s q  for CD 1 1 b 

To determine i f  the CD1 l b  upregulation observed alter blood-material contact had 

procoagulant activity, the ability of CD 1 lb to activate Factor X was üssessed usin; a 

chromogenic assay. The principle of the assay was to incubate activated leukocytes with 

Factor X in the presence of ~ a "  and measure Factor Xa generation. 

After a 2-hour incubation of blood with beads. Factor Xii generation by leukocytes 

alone (no beads) was measured after RBC lysing with FACSlysc and several washes as 

described above. In a 96-well plate, leukocytes were incubated with 150 nM Factor X. 

25mM CaCI. and 0.25 m M  of 3-2763 (chromogenic substrate) for 30 minutes at 37°C on a 

mixing platform. Acetic acid (20%) was added to stop the reaction. The plate was then read 

on a V-Max kinetic microplate reader (Molecullu Devices. Sunnyvalle, CA) at 405 nm. A 

standard curve was obtnined by using different concentrations of Factor Xa. 

6) Statistical analvsis 

Analysis of variance (ANOVA) was c d e d  out to evaluate the significance of the 

differences in ce11 activation with surface area. material chemistry and endotoxin 

contamination. To evaluate the sipificance of the differences in ceIl activation, analysis of 

variance (ANOVA) was carried out followed by the Student-Newman-Keuls test, which is a 

protected test for multiple ~ o r n ~ a r i s o n s ~ ~ .  A p-value of less than 0.05 was required for 

statistical significance. The number of repeat expenments was equal to or greater than three 

with three different donors. 



III. Results 

1) Surface c haracteristics of acid/base/ethanol washed beads 

Table 2 and Figure 4 show the XPS results of washed beads: low resolution spectrum 

analysis (Table 2) and high resolution carbon spectra (Figure 4). In Table 2. the presence of 

oxygen by X P S  analysis indicates that the PS beads were not pure polystyrene: there was 

also some silicon contamination. The higher surface oxygen (Table 2) and the large C-O 

peak (Figure 4) confirmed the presence of PEG in TentaGel beads. As expected. no 

difference between the PS-PEG and PS-PEG-NH2 was seen in their C 1s spectra. 

Table 3 demonstrates the effect of washing on endotoxin contamination on the beads. 

As shown in Table 3. after washing, very low levels of endotoxin contamination were 

observed on both the TentaGel and PS beads. Even üt the highest bead concentration, the 

residual endotoxin was equivalent to a concentration of endotoxin contamination that was 

less than O. 19 EUIml. which is below the recommended maximum FDA level of 0.5 

~ ~ l r n l " .  

Table 2: Composition (atom %) of acid/base/ethanol washed beads from 

anal ysis. 

10w reso iution XPS 

Polystyrene (PSI 

Table 3: Endotoxin amounts on beads before and after acid/base/ethanol washing. 

PS-PEG 

PS-PEG-NH: 

13 

20.5 

18.8 

Bejorc. rvtrshing 

for 54x CO" beads/ml 

n=3 i S.D. 

Afier bvctshing 

for 5 Jx 1 0" beadsf ml 

Polystyrene 

PS-PEG 

1.2 
1 

O 

0.3 

O 

EU/ 10' brnds 

7 k 3  

0.4 

85.5 

77.8 

79.9 

1.7 

1 .O 

equivalent EU/rnL 

- 450 

- 30 

EU/ 1 O' hrads 

0.0024 

0.002 1 

equivalent EUIrnL 

0.13 + 0.05 

O. 1 t 5 0.06 



Figure 1: High resolution ESCA Cls spectra of acid/base/ethanol washed beads. 

a) PS-PEG. b) PS-PEG-NH?, c) polystyrene. ( A )  185 eV: C-C bonds. (B) 286.7 eV: C-O 

bonds. Note the larger C-O peak in the PS-PEG and PS-PEG-NH- 3 s p ectra. 

2) Effect of incubation time 

Since the marken of procoagulant üctivities CD1 lb and TF have different 

mechanisms of expression, i.e. TF needs to be synthesized3" while CD1 Ib is already present 

in granules. the appropriate incubation time required to observe both markers was 

determined. PS beads with a low level of endotoxin contamination (from a different batch 

than al1 other PS beads used in the later experiments) at a concentration of 2 0 x 1 0 ~  beads/mL 

were incubated with blood for up to four hours. Figure 5 shows the effect of incubation time 



on the expression of procoagulant activities on leukocytes in the bulk: TF expression, CD1 lb 

upregulation and formation of platelet-leukocyte aggregates. TF was the only marker of 

activation that was time-dependent: both the percentage of monocytes expressing TF and the 

level of expression relative to the maximum increased with time. Compared to CD 1 1 b, 

however, there was a high variability in the TF expression on monocytes obtained from the 

different donors. This is a comrnon observation with TF; for an identical stimulus. the 

response of TF expression varies among individuals who can usuaily be separated into two 

groups designated as low or high respondersj5. 

l - 1200 - - rn - - TF expression on 
monos 

, I 'A 

- 1000 1 -CD 1 1 b upreguiation 
r 
c 80 - .1 
œ B 

0 T O 
a -4 . -  CD6 1 exutession on 

leu kocy tes 

Blood without beads at J hours: 
28 I 9 % TF expression 
44 2 8 r/c CD I l  b upregulrition 

Time (hours) 

Figure 5: Tirne profile of leukocyte activation in the bulk after blood contact with PS 

beads at 37OC. TF expression and CD 1 1 b upregulation are represented as a percent relative 

to the maximum (LPS for 4 hours). CD61 expression on leukocytes is a mesure of platelet- 

leukocyte aggreegate formation. PS bead concentration: ZOxl0' beads/ml; beads were not 

washed so there was some (low) amount of endotoxin present. N = 4 + S.D. 

Figure 6 shows that, after 1 hours of incubation at 37"C, a significant change in the 

light scatter characteristics of leukocytes was seen, suggesting some morphologie alteration. 



Two hours was chosen as an adequate incubation time since all markers of activation were 

detectable with a somewhat lower variability in TF expression than that seen at 1 hours. 

Figure 6: Dot plot of scatter characteristics of blood without beads following a 2-hour 

and a 4-hour incubation at 37'C. Note after 4-hour of incubation, the presence of a broader 

population of neutrophils (Rl+R?). Also as illustrated in R 1. neutrophils at 4 hours showed 

a decrease in  both size (FSC) and granularity (SSC) compared to neutrophils iit 2 hours. 

3) Effect of surface area on leukocvte activation in the bulk 

Different surface areas were obtained by varying the number of PS beads in contact 

with blood. Table 4 shows the effect of surface area on leukocyte activation in the bulk: TF 

expression. CD 1 1 b upregulation, and formation of platelet-leukocyte aggregates. 

As shown in Table 4. following two hours of incubation with PS beads. there was an 

increase in TF expression on monocytes in the bulk regardless of bead concentration. On the 

other hand, CD 1 l b  upregulation steadily increased with bead concentration (surface area) to 

reach significant levels (compared to the no beads sarnple) at 10x10~ beadslml (Table 4). 

CD1 l b  upregulation occumd to the same extent on both monocytes and neutrophils (data 

not shown). The formation of platelet-leukocyte aggregates dso incressed with surface ürea. 

however the differences were not significant (Table 4). Compared to neutrophils. a larger 

CD61 signal was usually observed on monocytes both with resting and activated blood 

samples (data not shown). However, the relative increase in platelet-leukoc yte aggregates 

following matetial contact was similar for monocytes and neutrophils. 





4) Effect of surface area on leukocvte adhesionhctivation 

Figures 7 to 9 and Table 5 report the effects of surface area on leukocyte adhesion to 

PS beads as measured by ce11 count (Table 5). SEM (Figure 7). and Flow cytometry (relative 

CD45 signal-Figure 8 and total adhesion-Figure 9). Figure 9 also shows the effect of surface 

area on the level of activation of adherent leukocytes with TF and CD 1 l b  signals. 

In Table 5, a decrease in the number of leukocytes in the bulk shows that as the 

surface area (Le., the PS bead concentration) increased, cell adhesion increased. However as 

the number of beads increased, fewer adherent leukocytes per bead were found on each bead 

by both SEM (Figure 7) and tlow cytometry (Figure 8). Additional SEM pictures of 

leukocytes on beads may be found in Appendix E. As shown in Figure 8. since flow 

cytornetry rneasures the fluorescence intensity associated with eiich bead. fewer cells 

adhering to a bead resulted in a decreüse of the fluorescence associated with the bead. Thus 

to represent an equivalent to the total adhesion (or activation) on beads, some of' the tlow 

cytometry results in this chapter are presented as the product of the relative tluorescence to 

the negative control (beads + EDTA) and the number of beüds per mL. As shown in Figure 

9, parallel to the increase in total leukocyte üdhesion (CD45). a significant increase in 

adherent TF and CD L lb  occurred as the surfice area increased. 

Table 5: Effect of washed PS bead concentration on leukocyte adhesion. as measured by 

leukocyte count, from blood incubated with beads for 2 hours at 37°C. 

n = 3 2 S.D. 

Leukocyte counts are expressed as a percent of leukocytes in blood relative to the number of 

leukocytes in blood without beads at 2 hours. Note that a sample of blood with EDTA and 

beads had similar leukocyte counts to that of blood without beads. 

PS Bead concentration 

(# of beads/ml x 1 d) 
Relative leukocyte count ' 

(cf01 



CU45 cxprcssion pcr bcad 
(% fluorescence rclativc to E:I>1'A) 



O 5 10 15 20 25 30 35 40 45 50 55 

PS Bead concentration 

(# of beridslml x 104) 

Figure 9: Effect of bead concentration (or surface area) on the extent of leukocyte 

adhesion (CD45) and adherent ce11 activation using CDl lb  and TF expression on 

beads. Leukocyte adhesion increased with surface area. * Si gni ficantl y di fferent from 0.55 

and 5.3 x 10" beadslrnL ( p  5 0.005). Ordinate is explained in tent. 

5) Effect of material chemistrv on activation and adhesion 

Immobilized PEG is of interest for materiül biocornpatibiiity since it is capable of 

resisting plasma protein adsorption and platelet üdhesionj6. Table 1 shows the effect of 

surface m a  on leukocyte activation in the bulk with PS-PEG and PS-PEG-NHI beads. while 

Figure 10 shows the effect of surface area and bead chemistry on the formation of platelet 

microparticles. Table 6 and Figure 11 report the effect of surface areü and bead chemistry on 

leukocyte adhesion (Figure 1 la) and adherent leukocyte activation (TF-Table 6 and CD1 lb- 

Figure 1 lb). In Table 6, the results on platelet adhesion are also presented. 

As reponed in Table 4 (page 77). PS-PEG and PS-PEG-NH? beads resulted in a level 

of leukocyte activation in the bulk that was similar to that observed with the PS beads: 

expression of TF was observed independentiy of surface area while CD 1 1 b upregulation was 

surface area-dependent. The presence of statistically significant differences in TF expression 

in the bulk with the TentaGel beads but not with PS beads may be explained by the fact that 



few monocytes were adherent to the TentaGeI beads (see below), thus most activated 

monocytes remained in the bulk. Compared to PS and PS-PEG. formation of platelet- 

leukocyte aggegates in the bulk was slightly (but not significantly) reduced with PS-PEG- 

NHr. 

As seen in Figure 10. the presence of PEG on the PS beads resuited in a significant 

reduction in platelet activation (in the bulk) compared to PS beads. as measured by the 

formation of platelet microparticles. Also. with the TentaGel beads, no P-selectin expression 

was observed on platelets. funher confirming minimal platelet activation (data not shown). 

O PS-PEG-iWZ 
H PS-PEG 
I PS 

5.3 20 54 

Bead concentration 
(# of brads/mL x 10' ) 

Figure 10: Effect of material chemistry on the formation of platelet microparticles in 
the bulk after blood contact with different concentration of beads. The presence of PEG 

on PS beads significantly reduced the formation of platelet microputicles. In the no beads 

samples, 5.3 f 1.4 % of platelet microparticles were present. * Significantly different from 

PS-PEG-NH2 and PS-PEG ( p  10.04) 

Table 6 shows that the absence of significant monocyte adhesion on TentaGel beads. 

indicated by low levels of CDl4. resulted in minimal TF expression on the beads. On the 

other hand, as demonstrated by the CD45 signal. Figure 1 La shows that neutrophil adhesion 

occurred on TentaGel beads. CD45 is a market- for both monocyte and neutrophil adhesion: 



since little CD14 (monocyte marker) was observed on beads. this suggests that neutrophil 

adhesion was preponderant on TentaGel beads. In fact. despite the absence of rnonocpes on 

TentaGel beads. total leukocyte adhesion was similar for a11 beads since comparable CD45 

levels were observed (Figure 1 la). However, Figure L Lb shows that the activation of 

adherent leukocytes, as measured by CDllb. was reduced on the PS-PEG-NH2 when 

compared to both PS-PEG and PS beads. This reduction was statistically significant relative 

to PS beads at al1 bead concentrations while only at the highest bead concentr~tion did the 

arnino group versus the hydroxyl groups have a statistically significant effect on leukocyte 

activation. No CD61 (Le., platelet adhesion) was observed on the PS-PEG-NHI beads while 

very slight platelet adhesion was found on PS-PEG (Table 6). 

Table 6: Monocyte adhesion and adherent cell activation (TF expression) and platelet 

adhesion on washed TentaGel and PS beads. 

Ps 1 EDTA 1 100 1 1 O0 1 1 O0 

Type of 

Berids 

PS-PEG 1 EDTA 1 100 1 1 1 O0 

PS-PEG-NH2 EDTA 100 1 O 0  1 O 0  

Bead concentrition 

(# of kads /ml  lu4) 

N = 4 to 6 i S.D. 

TF. CD14 and CD61 sipals are represented as a percentage relative to the negative control (5.3xl0' 

Tissue factor 

(‘w" 

beads/mL + EDTA). 

Al1 values were significantly different (pc0.05) from the ones obtained with PS beads at the 

Monocyte 

adhesion 

(CD1-F. %)" 

respective bead concentrations. except for the one marked by '. 

Platelet ridhesion 

(CD61. Ic)J 



Bead concentration 

(# of bradslrnL x 1 O' ) 

a PS-PEG-NH2 PS-PEG PS 

Berid concentration 

(#  of beadsIrnL x 1 d ) 

Figure 11: Effect of material chemistry on the extent of leukocyte adhesion using CD45 

(a) and adherent ce11 activation using C D l l b  (b) on beads. Similu levels of leukocyre 

adhesion occurred on a11 beads. However. PS-PEG-NH: significantly reduced the level of 

activation of adherent leukocytes. * significantly different from PS-PEG-NH2 @ 5 0.05). 

Ordinate is explained in text. 

6 )  Effect of endotoxin: experiments usins unwashed PS beads 

The level of endotoxin on unwashed PS beads, as measured by the chrornognic 

substrate test, was 7 I 3 EUIIO" beads; this was approxirnately equivalent to an endotoxin 

concentration between 2.5 and il EUImL for an incubation with the lowest bead 

concentration. Tables 7 and 8 report the effects of endotoxin contamination of PS beads on 

leukocyte activation in the bulk (Table 7) and on leukocyte adhesion (Table 8) and activation 

of adherent leukocytes (Table 8). 

As shown in Table 7. in the presence of endotoxin-contaminated PS beads, 

significant increases in TF expression and CD1 l b  upregulation were observed even at low 

bead concentration. Most of the significant differences observed between endotoxin- 



contaminated and washed beads were with TF expression. Similarly to washed beads. 

CD 1 1 b upregulation induced by contaminated beads depended on surface area while TF did 

not. A significant increase in leukocyte MPs formation was observed only in the case of the 

highest bead concentration: at 54x10" beads/inL, contaminated beads lead to the formation of 

38 k 11 8 leukocyte microparticles (data not shown). 

Table 7: Effect of endotoxin contaminated (unwashed) PS beads on leukocyte and platelet 

activation in the bulk. 

PS Bead concentration TF expression CD1 Lb CD6 1 expression 

(i of brridsimL x 10') 1 ( O r )  1 uprquiation (% 1 on lcuiocyics (%) 

N = 3 + S.D. 
MPs = micropaniclrs. For explanation of uniis. sec Table 3. 

Few monocytes were present in blood samplr. 

* Significantly different from activation induced by washed (i.r.. "endotonin-frer") beads ( p < 0.03) 

- results presented in Table 4 (page 77) and Figure 10 (page S 1). 

As shown in Table 8, the presence of endotoxin on beads did not result in an increase 

in leukocyte adhesion: similar fluorescent intensities for CD I-I and CD45 were obtained for 

washed and contaminated beads. On the other hand. while the TF signal did not vary with 

endotoxin presence. a significant increase in CD 1 1 b upregulation occurred on leukocytes 

adherent to contaminated beads (Table 8). As for platelet adhesion on beads. no sigificant 

difference between washed and contaminated beads was observed (data not shown). 



Table 8: Effect of endotoxin contarninated (unwashed) PS beads on adherent leukocyte 

activation or adhesion. 

N = 3 f: S.D 

* Significrintly different from activation induced by cndotoxin-free berids ( p  < 0.03) 

PS Bead 

concentration 

(# of beads/ml x 10') 

EDTA 

0.55 

5.3 

7)  Measure of proçoaoulant activitv 

Table 9 shows the prothrombin time (P'TT) results with the suspension of leukocytes 

and beads from blood incubated for 2 hours with 2 0 x 1 0 ~  beadslml. Compared to the EDTA 

and the no beads sümples, significantly shoner clotting times were observed with the 

samples issued from blood incubüted with LPS. PS and TentaGel beads. The shoner clotting 

times indicated an increase in procoagulant activity (activation of the coagulation cascade 

leading to thrombin generation), resulting in increûsed fibrin formation. Adding anti-TF to 

the suspension of leukocytes and beads lengthened the clotting times back to the level of thiit 

with EDTA, indicating that TF was pnmarily responsible for the increase in procoagulant 

activity. Funhennore. the clotting times for PS-activated leukocytes alone were longer than 

when both leukocytes and beads were present. sug_eesting that the beads contnbuted to the 

TF 

(%) 

100 

235 k 74 

242169 

observed procoagulant activity. On the other hand. for PS-PEG, similar clotting times were 

observed with the suspension of leukocytes and beads or leukocytes alone. This is in 

accordance with Our tlow cytometry results showing significant TF expression on PS beads 

but not on PS-PEG beads. The PTT tests dernonstrated that the material-induced TF 

expression, measured by flow cytometry, was indeed functional and initiated the extnnsic 

pathway of coagulation, resulting in thrombin and fibnn formation. 

30 

54 

CDllb 

(w 

100 

1036 + 252 * 

697f177*  

189 f 61 

125 I 6  

Leukoc yte 

ridhesion 

(CD45. %) 

100 

276 i 28 

210f  39 

Monocyte 

adhesion 

(CD14. %) 

100 

319 I 78 

222 I 46 

316 + 73 

160 f 30 

164 i 15 

143 f 36 

169 I 37 

121 1 9  



Table 9: Measures of TF procoagulant activity (clotting assay) and expression (flow 

cytornetry). following a 2-hour incubation with PS and TentaGe1 beads (20x 10'' beads ld)  

Clotting Assay 

Prothrombin Time (sec) 

Flow cytometry 

TF expression (%) 

1 1 Leukos + k a d s  1 Leukos 1 Monos 1 Beads 

1 No beads 1 1 3 8 3 + 1 2 9 1  2 7 f 5  1 
LPS 

Beads + EDTA 

PS 

PS + anti-TF' 

N = 3 t o 4 I S . D  

' The suspension o f  leukocytes and beads was incubated with sûturating concentration of anti-TF for 

15 min rit 4°C. 

* Significantly different from no beads or beads+EDTA samples (p < 0.05) 

NID: not determined 

PS-PEG 

PS-PEG + anti-TF' 

Table 10 presents the results on the generation of Factor Xa by leukocytes: due to 

high variations. individual measurements are reponed. Material-activated leukocytes 

appeared to be able to activate Factor X. as shown by the increase in Factor Xa concentration 

when compared to the leukocytes from beads + EDTA samples. hdeed, in  each assay. 

compared to leukocytes from blood without beads. almost twice as much Factor Xa was 

genented by leukocytes activated by incubation with beads. 

412 f 75 

138 I 4 8  

320 k 47 

132k28  

363 2 87 

49 + 7 

N/D 

183 I 94 

357 + 1 L7 

125 I 14 

423 1 25 

100 + O  

17 + 8 
43 + 14 

100 k O  

231 I 54 ' 

4015- 129 f 22 



Table 10: Measure of Factor Xa generation by leukocytes following a 2-hour blood 

incubation with PS and TentaGel beads (20x 104 beads/mL) 

Factor Xa generation 

(m-.i) 

Beads + EDTA 1 0.035 1 0.031 1 0.383 1 0.206 1 

Assay 1 1 Assay 2 1 Assay 3 

No beads 

LPS 

Assay 4 

IV. Discussion 

I ) Irz virro mode1 

In this study. we used an in-vitro bead system to assess material-induced leukocyte 

activation. The small blood volume requirements. the ease in varying the surface area and 

the direct flow cytometric analysis of adherent cells make this bead system advantageous in 

studying leukocyte- (and platelet) material interactions. The surfice areas tested 

corresponded to a surface area to volume ratio ranging from 0.3 to 34 cm": the highest are3 

to volume ratio being the equivalent of a tube of - 1.2 mm in diameter. We were able to 

show that some mukers of leukocyte activation were surface-area and hence materid- 

dependent - Le.. dependent on the presence of the material. although not necessarily varying 

with different material chemistries (as discussed below). CD1 l b  upregulation in the bulk. 

platelet-leukocyte aggregütes. and leukocyte adhesion were surfiice iirea dependent. Tissue 

factor expression, contrary to CD1 lb, was stimulated by the presence of a foreign material. 

regardless of surface area. This difference suggests that TF expression, requinng protein 

synthesis, and CD 1 1 b (which does not) have di fferent mechanisms of material-induced 

activation. Endotoxin contamination is unlikely responsible, since ai low bead concentration 

TF expression was seen despite undetectable levels of endotoxin. 

One may also notice that the level of leukocyte activation in the no beads samples 

were quite hi& for an unstimulated control. 0thers3' have also noted a significant increase 

O. 108 

PS-PEG 

PS-PEG-NH2 

0.03 1 

O. 195 

O. 199 

1.123 

0.282 

0.080 

0.433 



over time in CD1 l b  upregulation in blood anticoagulated with PPACK both at room 

temperature and at 37°C when compared to other anticoagulants such as heparin. It is 

believed that the slow hydrolysis of PPACK or the fact that PPACK may not inhibit early 

steps in coagulation pathway are responsible for this upregulation. 

2) Material Chemistrv 

Polystyrene and PEG-modified polystyrene (TentaGel) were only used as mode1 

blood-activating surfaces. Nevertheless. little effect of material chemistry (albeit within this 

limited range in  chemistry) was observed on leukocyte activation in the bulk even on the 

marken of activation that had shown dependence on surface areü: both PS and TentaGe! 

beads caused comparable degrees of bulk CD1 l b  upregulation. TF expression. platelet- 

leukocyte aggregates and leukocyte microparticle formation. These results agree with 

previous studies in our l abo ra t~ r~ '~ '~ '  that showed similar levels of bulk leukocyte activation 

with various surface-modified or clinically relevant cardiovüscular materiüls. Misoph et al3' 

also found that leukocyte response in vivo was independent of the type of circuit/rnatenal 

used during cardiopulrnonary bypass. 

On the other hand. differences appeared in the capacity of the material to support 

leukocyte and platelet adhesion. As expected. the presence of PEG on TentaGe1 resulted in 

the inhibition of platelet adhesion. Few monocytes were also present on the TentaGel beads. 

However, neutrophil adhesion still occurred. It may be that the molecular weight of PEG is 

too low to effectively inhibit the adsorption of the specific proteins that are ligands for 

leukocytes (for example the inactivated complement product iC3b). Indeed. the complement 

product iC3b was found adsorbedhound on TentaGel beads (see Chüpter 5 ) .  Leukocyte 

adhesion may also be due to specific interactions of the cell membrane with the terminal 

amino or hydroxyl groups. The presence of hydroxyl groups on polystyrene has been shown 

previously to prornote leukocyte adhesionM. 

TentaGel beads were used as a PS surface modified with PEG but they also enabled 

us to assess indirectly the effect of platelet activation on leukocyte activation. since little 

platelet activation (few microparticles, little P-selectin expression) was observed with these 

beads. Our results indicate that leukocyte activation still occurred even in the presence of a 

material that minimally activates platelets. Moreover, platelet activation in  the bulk did not 

seem to result in a significant increase in leukocyte activation since both TentaGel and PS 



beads had similar levels of bulk leukocyte activation. On the other hand. the presence of 

platelets on the surface may be needed for monocyte adhesion and TF expression. as few 

activated monocytes were observed on the PS-PEG surfaces. Further experiments with 

isolated leukocytes and platelets are required to better characterize the role of platelets in 

leukocyte activation and adhesion. 

Of interest was also the hct that leukocyte-platelet aggregates were present wi th 

TentaGel beads in the absence of significant platelet activation (miminal MPs formation and 

P-selectin expression). Platelet-leukoc yte aggegates have been reported before in parallel 

with significant platelrt activationJ'"' and therefore these aggregates are usually referred to 

as a platelet activation event onlyJ3. Our results suggest this is not alwiiys the case. and 

leukocyte activation may ülso play a role in the formation of these aggregates. The 

mechanisms of fornation of platelet-leukocyte aggregates have been studied N i  vitro using 

several agonists. but conflicting results have been obtained on the role of leukocyte and 
1 S:U-47 platelet activation in the formation of platelet-leukocyte aggregates . The mechanisms 

of platelet-leukocyte aggregates induced by material rnay also be di fferent than that of 

induced by an agonist. Fewer acti vated platelets expressing P-selectin have been observed in 

blood than in platelet-rich plasma. suggesting that leukocytes rapidly bind activated 

plate~ets"Y. Thus. in Our experiments with TentaGel. al1 activüted platelets may be bound to 

leukocytes. However, similar levels of platelet MPs formation (iilso an indicator of platelet 

activation) were observed with and without TentaGel beads, suggesting thüt  similar levels of 

platelet activation were present and thus similar levels of platelet-leukocyte aggregates 

should have been observed between TentaGel and the no beads sample. Two hypotheses 

may then be formed to explain the presence of platelet-leukocyte aggregates in the absence 

of significant platelet activation: (1) either littie P-selectin on platelets is required to form 

platelet-leukocyte aggregates and the presence of TentaGel beads provide this stimulus 

without funher activating platelets (i.e.: no formation of platelet microparticles), (2) or 

material-induced leukocyte activation is responsible for the formation of platelet-leukocyte 

aggregates observed in these experiments. Preliminary expenments with chymostatin. an 

inhibitor of Cathepsin G, and elastinol. an inhibitor of elastase, suggested that leukocyte 

release and hence leukocyte activation contributed to the formation of platelei-leukocyte 

aggregates (data not shown). Funher research is needed to chiiracterize the mechanisrns of 

formation of platelet-leukocyte aggregates in the presence of a material. 



3) Effect of endotoxin contamination 

The presence of endotoxin is often an issue in studying leukocyte-material 

interactions. since leukocytes can be activated by very small amounts of endotoxin. Many 

have reported how LPS can prime"9 and induce leukocyte activations0? In the presence of 

endotoxin-contaminated beads, significünt increases in leukocyte activation were observed in 

some cases but overall contamination did not change the conclusions obtained with 

"endotoxin-free" beads: CD L 1 b upregulation in the bulk. platelet-leukocyte aggreegaates. and 

leukocyte adhesion were surface-area dependent while TF expression was not. regardless of 

endotoxin contamination. Others have dso found that the presence of environmental 

endotoxins (i.e; not a purified version of LPS which is usually what had been used in studies 

on the effects of endotoxin on leukocytes) did not significantly affect leukocyte activation 

induced by irt vitro hemodialysiss2. It is actually known that environmental endotoxins are 

not as potent as purified onesj3. Thus, while it is true that endotoxin contamination should 

be avoided where possible, its presence appean to only enhance the extent of material- 

induced activation. rather than change i ts qualitative chmeter. 

4) Potential procoagulant activi ties of material-induced leukocvte activation 

In this study, leukocytes activated by contact with a rnaterial expressed features that 

rnay result in enhanced coagulation. The expression of TF on monocytes is an unequivocal 

procoagulant activity since TF initiates the extrinsic pathway of coagulation by binding 

Factor VWIIa. In vivo studies have also demonstrated that T F  expression contnbuted to 

the activation of the coagulation cascade during cardiopulmonary bypass5 and in patients 

with ventricular assist devices5.'. The signifiant increase of TF expression observed on 

monocytes adherent to PS beads (but not in the bulk) agrees with previous  tud dies"'^' 
showing higher levels of procoagulant activities on adherent monocytes. The presence of 

adherent monocytes has been reported to contnbute locally to the initiation and propagation 

of fi brin deposition: in a baboon-shunt model, bloc king leukocyte accumulation on adherent 

platelets inhibited the deposition of fibrin in a mechanisrn thought to be dependent on TF 

expression1'. Using a one-stage clotting assay (PTT test). we were able to show that 

material-induced TF expression on monocytes resulted in fibrin formation. These results 

supports our hypothesis that rnaterial-activated monocytes enhance coagulation. 



While TF is the most potent trigger of coagulation by leukocytes. CDL 1 b is an 

additional receptor for the procoagulant proteins. Factor X. fibrinogen and fibrin. thereb? 

favoring prothrombinase assembly on the leukoc'e membrane. CD 1 1 b. when activated. can 

also initiate direct activation of Factor X. and both neutrophils and monocytes were 

demonstrated to possess such activity5'. CD 1 1 b upregulation following rnaterial contact ma- 

then also potentially contribute to ihrombin formation. However. ICAM-l and iC3b are also 

ligands of CD 1 1 b and thus competitive interactions for CD 1 1 b in viiw may modulate this 

procoagulant activity. Peptides blocking CD1 1 b have been shown to inhibit direct Factor X 

activation by circulating monoc'es dunng cardiopulmonary bypass sugpesting that direct 

Factor X activation is a significant component of the monocyte procoagulant a c t i ~ i t ~ ' ~ .  The 

chromogenic test for Factor Xa gcnciration showed that material-activated leukocytes 

appeared to be able to dirrçtl! activate Factor S. Howwcr. as scrn in Parrat studF". 

eeneration of Factor Xa &as highly variable. Further work is requirrd to improvc this assa>- 
C 

and then better characterization of the procoagulant activity of material-induced CD1 l b 

upregulation cm ensue. 

The mechanisms of formation of platelet-leukocyte aggregates have brrn well 

c harac tsrized LY.SZ.57 . although the hnctional consequences of these aggregatcts remains 

uncertain. Their procoagulant activities may br high since such an association çreatrs a 

microenvironmcnt whereby both platelct and leukocyre a c t i d o n  can occur in a manner that 

is protectcd from inhibitop faciors in plasma. The increased presence of platelet-leukocyte 

apgregates inductld by rnaterial contact may then provide additional means for Ieukocytes to 

express procoagulant activi ty. 

V. Conclusion 

Following contact with PS and TentaGd beads. Ieukocytes w r e  actiwted resulting 

in the expression of TF. CD1 1 b upregulation. and association with platelets. Thrse features 

are recognized to be directly (TF) or indirectly involved in procoagulant activit). and c o n h n  

our hypothesis that leukocytes may play a role in cardiovascular failure bp contributing io 

thrombin formation. 

.As illustrated in Figure 12. the presrnce of an artificial surface in blood resultrd in 

activation of bulk l eukoc~es  with the expression of potential procoagulant activities such as 

TF expression. CD1 1 b upregulation and association with platelets. 'ione of these markers of 



bulk leukocyte activation appeared to be dependent on surface chemistry. per se. suggesting 

that merely the presence of a foreign surface is a sufficient stimulus for leukocyte activation 

and expression of procoagulant activities in the bulk. Material-inducrd leukocyie activation 

in the bulk also apprared to occur independsntly of platslet activation. On the other hand. 

surface chemistry seemed to play a role in activation of adherent Icukocy~es. sincc little 

Ieukocyte activation oçcuncd on PS-PEG-NH:. Moreover. fewer platelets as well as 

monocytes adhered to the PEG-surfaces. suggesting that the presence of platelets on the 

surface has an rffect on adhesion and'or activation of monocytes. 

Figure 12: Material-induced leukocyte activation with polystyrene (PS) and PEG 

grafted polystyrene beads. Blood contact w i t h  al1 threc brad surfaces resulted in signitiçant 

leukocyte activation (TF expression and CD 1 1 b upregulation 1. S im ilar le\ sls of platelet-leukocyte 

aggregates were aiso obsened for the three different surfaces. Contact u ith PS beads generated 

many activated platelets while platelet activation remained minimal u ith PS-PEG and PS-PEG-NH:. 

Neutrophil (PMN) adhesion occurred on al1 beads. However monocyte adhesion and TF expression 

appeared linked to the presence of adherent platelets on the beads. Leukoc>tes adherent to PS-PEG- 

NHI were also Iess activated (lower CD I 1 b). 
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Chapter 4 

Role of platelets in material-induced leukocyte activation: 

studies with isolated cells 

Abstract 

Material-induced TF expression by leukocytes but not CD 1 1 b upregulation required 

the presence of platelets. Using isolated leukocytes resuspended in increasing concentrations 

of platelets in plasma (1,  12. 5 ,  O ,  100 x106 platelets/mL), expression of TF on both 

adherent and non-adherent monocytes remained at background levels until 5 0 x 1 0 ~  

platelets/mL. On the other hand. significant C D l l b  upregulation was observed on 

leukocytes in bulk and on beads regardless of platelet concentrations. The platelet dependent 

effect of materiai-induced TF expression appeared to be mediated by the formation of 

platelet-monocyte aggregates. Anti-P-selectin. which blocked the association between 

platelets and leukocytes. signi ficantl y reduced (but not entirely) material-induced TF 

expression. Anti-GPiib/Eia. a GPIIb/IIIa platelet antagonist. also panially reduced müteriül- 

induced TF expression. most likely due to its inhibiting effect on the formation of platelet- 

monocyte aggregates. Indeed. platelet activation did not seem to play a significant role in 

material-induced TF expression. since s imilu  levels of TF expression were observed with a 

strong (PS) and a mild (PS-PEG, PS-PEG-NHr) platelet activator. Unlike neutrophil 

adhesion, monocyte adhesion and subsequent TF expression was also strongly dependent on 

adherent platelets in a mechanism that involved P-selectin. 

The importance of platelets in material-induced TF expression appears to be mediated 

via the formation of platelet-monocyte aggregates. However. blocking formation of these 

aggreegates did not entirely block material-induced TF expression. suggesting that other 

mechanisms, such as maybe complement activation, were involved in regulating TF 

expression on monocytes. 



1. Introduction 

Blood-material interactions are complex: blood cells (platelets. leukocytes. and red 

blood cells) and plasma proteins (complement, coagulation and fibrinolytic cascade) intenct 

together to form the thrombotic and infiammatory response to the material. Despite 

extensive research in surface modification, there are still no trul y biocompati ble 

cardiovascular materials. Thrombotic complications continue to occur with their use, and the 

administration of anti-platelet therapy has not been able to solve al1 problems'. We have 

hypothesized that leukocyte activation. by the expression of procoagulant activities, may 

contribute to thrombin generation. Whi le leukocytes are recosnized for their role in 

inflammation. their ability to express procoügulant activities upon activation is often ignored. 

The thrombotic complications associated with leukocyte inflümmatory disorders, such as 

sepsis2, undencore the role that leukocytes miiy play in thrombin generation3. Tissue fiictor 

(TF) expression, which activates the extrinsic pathway of the coagulation cascade; CD1 lb 

upregulation. with Factor X and fibrinogen being two of CD1 lb ligands involved in the 

coagulation cascade: and exposure of phosphütidylserine, which fiivours the assembly of the 

prot hrombinase complex. are al l membrane-associated procoagulant activi ties that are 

present upon leukocyte activation. Leukocytes also release inflammatory mediators, such iis 

platelet activating factor (PAF), Cathepsin G and elastase. which have been recognized for 

their procoagulant acti vities3. Furthemore. platelet-leukocyte aggregates4 and leukocyte 

micropartic les' have procoagulant properties. 

Following contact with polystyrene and PEG-immobilized polystyrene beads. 

leukocytes in blood were found to express TF, upregulate CD1 lb. fom platelet-leukocyte 

aggregates and release micropünicles (Chapter 3). Al1 these marken of leukocyte activation 

are known to potentially contribute to a procoagulant state. Despite minimal platelet 

activation with the PEG-immobilized PS beads, similar levels of leukocyte activation 

(CD1 Lb, TF, association with platelets) were present in the bulk. On the other hand, these 

same beads had few adherent monocytes and little TF (correcting for the low adhesion) was 

observed on these beads. The latter results suggested that platelets were involved in 

monocyte adhesion and subsequent TF expression (at least for adherent cells). The objective 

of this study was to characterize the role of platelets in material-induced leukocyte 

activation. A role for platelets in LPS-induced TF expression was first reported in the 

seventy's5 and later studies indicated that the effect of platelets was mediated by platelet- 



Ieukocyte aggreegates6''. While TF expression has been reported following material contacts- 

". the rnechanisms of TF expression on monocytes rernains to be elucidated. Whether the 

role of platelets in material-induced TF expression is similar to what occurs with LPS- 

induced TF expression is yet unknown. Little is known also on the effect of platelets on 

CD1 l b  upregulation and leukocyte adhesion in the presence of a material. Most studies on 

CD 1 1 b and leukocyte adhesion have focussed on the role of complement. We hypothesized 

that platelets contributed to material-induced TF expression. 

In this chapter. the role of platelets on material-induced leukocyte activation and 

adhesion was assessed in heparinized plasma. Isolated mixed leukocytes were incubated 

with increasing concentration of platelers to chünctenze how the presence and number of 

platelets affected material-induced leukocyte activation. To funher determine how platelets 

were playing a role in leukocyte activation. the effect of two platelet antibodies was studied 

in the mixed cells in vitro system: anti-IIbLIia. a GPUbIUIa platelet receptor antagonist, and 

anti-P-selectin. which inhibits the intermion between platelets and leukocytes. Figure 1 

i l  lustrates their mechanisms of action on platelets. PS and PEG-immobi lized beads were 

used as activating agonists. 

Fibrinogen 
k 

Platelet rippregates 
n 

Figure 1: Platelet inhibitors. The monoclonal antibody anti-GPIIb/IIIa binds to the fibrinogen 

receptor on platelets GPIIbrna and prevents ptatelet aggregation. Anti-P-selectin binds to P-seiectin. 

expressed on activated platelets, and blocks the association between platelets and leukocytes. 



II. Materials and methods 

1 ) Reagents and antibodies 

The same reagents and fluorescently labelled antibodies as in Chapter 3 were used. 

except for the R-phycoerythrin-cytochrome 5 anti-CDJ5. which was purchased from 

Immuno tech-Cou1 ter. blarseilles. France. 

Two monoclonal antibodies against platelet receptors GPIIb/IIIa and P-selectin were 

used. Anti-IIbitIIIa. chimeric clone 7E3. was a generous rift from Barry Coller (Mount 

S inai Hospital. New York ). Xnti-P-selectin antibody. clone WAPS 1 2.2. naas purchased 

form Zymed laboratories. San Francisco. CA. 

2) Brads 

As in Chapter 3. 45pm beads were used: polystyrene (PS) and TentaGel beads. 

polystyrene beads immobilized with polyethylene glycol with a hydroxyl (PS-PEG) or amino 

( PS-PEG-NH?) func tional group. They were cleaned from endotoxin contamination as 

drscribed previously (Chapter 3). and resuspended in cndotosin frcr PBS. In ail 

çsperiments. the residual endotoxin on the beads \vas equivalrnt to a concentration of 

endotosin contamination that was less than 0.1 EVml. which is below the recommended 

maximum FDA level". 

3) Leukocvte isolation 

WhoIe blood fiom normal human volunteers. who were medication-free for the last 

77 hours. was drawn into syringes preloaded ivith anticoagulant ( 5  ünits/mL heparîn) after 

discarding the first millilitre. Platelet-rich plasma \vas removed after a centrifugation at 100- 

for 10 minutes. and the buffjr coat was diluted ( 1 : 1 ) in RPMI - 1 Ooh heat inactivated foetal 

bovine serum (RPMVFBS) with EDTA ( 5  m M  final concentration). 20 mL of blood cells 

was applied on top of a two-layer densic gradient consisting of 10 mL of FicollPaque and I O  

mL of ~ o l ~ r n o r ~ h ~ r e ~ " ' .  .After centrifugation at 5 1 Og for 25 minutes. mononuclear cells and 

nrutrophils appeared as two scparatr bands. The srparated cells werc   va shed at lo~v sperd 

( 100g) to rernove platelets. Provided platelet contamination \vas less than 1 s l0"m~. 

leukocytes were resuspended together in RPMI to reach a final concentration of 5x lob 

neutrophils/mL and 1 x 10' monocytes/mL when 25% platelet-poor or platelet-rich plasma 

was added. Ce11 viability as determined by tnpan blue was greater than 98%. 



4) Heparinized plasma 

Autoloeous plasma was prepared from the platelet-rich plasma (PRP) by 

centrifugation for 70 minutes at l000g. Platelet-poor plasma (PPP) was then removed and 

ultracentrifuged for 3 minutes. The plasma was set aside at room temperature' during the 

leukocyte isolation procedure (approximately 3 hours). 

5) Leukocvte-material contact 

Mixed leukocytes. resuspended in platelet-poor plasma or platclet-rich plasma ( I j O ~ o  

tinal concentration). were incubated with only one concentration of bcads (20s 1 o4 beads:rnL 

- tquivalent to a surface area to volume ratio of I3cm") for 2 hours at 37°C on a 

haematolog mixer. Prim tu adding the Ieukoc)trs. the platelet-rich plasma concentration 

was adjusted to -100~ 10' platelcts. mL. The di firent platrlst concentrations ( 2 5 .  50. 75 s l On 

plateletsiml) were obtained by dilut ing platelet-rich plasma v, ith the appropriate amount of 

platelet-poor plasma. 

Experiments of mised Ieukoc'es with platelets and platelet antibodics (anti-IIb/II la 

or anti-P-selectin) were performed only at the highest platelet concentration t 100s 10" 

platelets/mL). Saturating concentration of anti-IIb/lIla (35 pg1mL) or anti-P selcctin 120 

@mL) ivas added to the leukocytes immediately brfore the PRP. Anti-IIbilIIa saturating 

concentration had been determined previousiy by Gcmmell I personal communication. 1999). 

For anti-P-sclectin. the same saturating concentration as the one in Evangelista studY1' xas 

uwd. aftsr vcriij.ing its total blockinp e fkct on the formation o t' platelrt-leukoçytci 

agyregates in whole biood. To contirm that the prescnce of the f w -  çontaminating platelets 

in the platelet-poor plasma sample did not significantly affect leukocyte activation. anti- 

IIbiIIIa (25  pg/mL) was also added to the platelet-poor plasma samples. 

For the negative control. EDTA (8  mM final concentration) was added to leukocytes 

and beads. while the positive control was leukocytes incubated with endotosin ( 5  u g h L  

equivalent to 25000 EL'lrnL) without beads. 

Following incubation. beads were allowed to settle and aliquots were taksn for tlow 

cytometry analysis of non-adhercnt cslls and for a ceIl count using CellDynr 1600 (Abbott 

' in this case. storage at room temperature is hetter. as ioo man' temperature chanses have been rhown to 
activate cornplementm. 



Laboratories. IL). To analyse adherent cells on beads. the ce11 supernatant was removed and 

beads were washed once with RPMVFBS and then incubated with the appropriate antibodies. 

6) Flow citomet- 

Flow cytomrtric analysis was carried out on leukocyte suspension and beads as 

before. Brietly. small aliquots (30 PL) of leukocytrs or beads. diluted in 5OpL of HTB were 

incubated with satunting concentrations of tluorescently labelled monoclonal antibodies for 

30 minutes at 4°C. .\fer a 30-minute incubation. samples werr dilutcd and tised uith 

paraformaldehyde ( 1% final concentration). Samples were analysed on a Becton Dickinson 

FACScan flou cytometer ( Mountain Vieu. CA). using CELLQurst so haare. 

7) Statistical analvsis 

.Al1 results are reported as rneans k SD. To evaluate the significance of the 

differences in cell activation. anaiysis of variance (.ANOV.-1) was carricd out followed by the 

Student-Newman-Keuls test. which is a protected test for multiple ~orn~ar i sons '~ .  .A p-value 

of less than 0.05 was required for stntistical significance. The number of repat rsperiments 

was equal to or greater than three with threc different donors. 

III. Results 

1 ) Effect of platelet concentration on leukocvte activation 

At first. only PS beads were used. Table 1 shows the sffect of platrlrt concentration 

on leukocyte adhesion (CD45 and CD11 signals) and the level of activation of adherent 

leukocytes (TF and CD1 lb  signals) on PS beads. Platelet adhesion (CD41 ) is also reported 

in Table I and shows that the higher the platelet concentration. the higher the number of 

adhrrent platelets on PS beads. Monocyte adhesion (CD1-l) significantly increased with 

platelet concentration u-hile neutrophils (CD45)" adhered to PS beads indçpendently of the 

various platelrt concentrations (or of the number of platelets adherent to the beads). As seen 

in Table 1. TF expression on adherent monocytes Kas dependent on the presrnce of platrlets: 

signiticant TF espression on beads \vas only obsened ahrn significant platelet adhesion 

" CD45 is present on both neutrophils and monocytes. During Our ciperiments. monocyte concentration was 
set to be 209'0 that of neutrophils. and CD45 signals on beads is interpreted to De an indirect measure of 
neutrophil adhesion. 



occurred (at 50 and 100x 106 platelets/mL). On the other hand, CD 1 lb upregulation on beads 

was not sipificantly affected by platelet concentration. 

Table 1: Effect of platelet concentr~tion on leukocyte adhesion and activation on PS beads 

incubated with isolated leukocytes in  platelet-rich plasma. 

N = 3 to 5 2 S.D. 

Pla tele t 

concentration 

(x106 plWmL) 

" TF. CD14 C D 6  CD1 Ib and CD41 signals on beads are represented as a percrntlige relative to 

PS+EDTA 

Significantly different from PS c EDTA (p < 0.05) 

Significantly different from 100x 106 platelets/mL (p  < 0.05) 

Figure 2 and Table 2 show the effect of platelet concentration on leukocyte activation 

in the bulk: TF expression and CD1 lb upreghtion (Figure 2) and formation of platelet- 

leukocyte aggregates (Table 2). As represented in Figure 7. only background TF expression 

was present on monocytes resuspended in platelet poor plasma (5 1x10~ platelets/mL). As 

the concentration of platelets increased, TF expression and the number of monocytes 

expressing TF increased to reach a significant level at 50x10' platelets/mL. On the other 

hand, CD1 lb was significantly upregulated on bulk leukocytes independently of platelet 

concentration. It is also important to note in Figure 2 that the level of activation of 

leukocytes without beads incubated with platelet-poor or platelet-rich plasma was similar. 

Table 2 shows that formation of platelet-leukocyte aggregates was directly related to 

platelet concentration. Higher levels of CD41 were usually observed on monocytes, 

suggesting that more platelets were bound to monocytes or that the platelets adherent to 

PIatelet 

adhesion 

(CD& 9%)" 

Leukocyte 

adhesion 

(CD45, %)' 
L 

PS + EDTA l O O + O  LOO I O  

Monocyte 

adhesion 

(CD11, t j" 

100 + O  

TF 

on beads 

(5%)" 

C D l l b  

on bcads 

(%)" 

100 4 O 100 ? O 



monocytes were more activated. Table 2 also reports platelet activation: similar levels of 

platelet microparticle formation were observed at al1 platelet concentrations. 

The oniy two parameters of material-induced leukocyte activation in the bulk to vary 

with platelet concentration were TF expression and platelet-leukocyte aggreegates. As seen in 

Figure 3, a positive correlation between platelet-monocyte agregates and TF expression on 

monocytes was actuaily obsemed (Pearson correlation: R = 0.64. p < 0.001). suggesting that 

the role of platelets in TF expression may be related to the association between platelets and 

monocytes. 

Monos enpressing TF 

+ TF expression 
a C D l l b  * 

Q NO beads 

Platelet concentration (xlo6/rn~) 

Figure 2: Effect of platelet concentration on leukocyte activation in the bulk induced 

by PS beads. Material-induced TF expression on monocytes but not leukocytr CD 1 1 b upregulation 

was dependent on the presence of plritelets. TF expression and CD 1 l b  upregulation are represented 

as percentrige relative to the maximum (determincd by the fluorescent intensity of leukocytes 

incubated with LPS). * Significantly different from the no beads samples. # Significantly different 

from l x  106 platelrtslml. (p c 0.M) N = 4 to 6 I S.D. 



Table 2: Effect of platelet concentration on the formation of platelet-leukocyte aggregates 

and platelet microparticles induced by PS beads with isolated leukocytes in  PRP. 

N = 4 t o 6 i S D  

Arbitrriry fluorescent CD4 1 intensity on nrutrophils and monocytes 

* Significantly diffrrent from 100x lu6 p1atelrtslm.L ( p c 0.05) 

Significantly different from monocyte-platclet aggrrgatcs t p c 0.05) 

Platelet concentration 

(xlo6 plWmL) 

No beads 

45 5 5  65 7 5 S 5 95 105 

T F  expression on monocytes ( % )  

Figure 3: Correlation graph between TF expression on monocytes and monocyte- 

platelet aggregates (CD41 signal on monocytes) after incubation of PS beads wiih 

isolated leukocytes and plaielets in plasma. (Pearson R =0.6 1 : p 1 0.00 1; N = 38) 

Neutrophil-Platelet 

Aggregates (FL units)' 

2 4 f  13 ' 

Monocyte-Platelet 

aggregates (FL units)" 

30 + 14 * 

Pla telet 

microparticles (8) 

6 k 3 '  



2) Effect of anti-IIbllIIa and anti-P-selectin on leukocvte activation induced b~ PS 

The presence of platelets was found to have an effect on TF expression on monocytes 

in the bulk and adherent to PS beads but not on CD 1 lb upregulation. To identify the 

mechanisms by which platelets were involved in TF expression. the platelet antibodies. anti- 

IIb/Küa and anti-P-selectin, were used. Mixed leukocytes were incubated with platelet-rich 

plasma (final concentration: lOOx 10' plateletslml). 

First, the effects of anti-IIb/Lna and an ti-P selectin on platelet activation and adhesion 

are presented in Table 3. Then. the effects of anti-IIbIlIla and anti-P-selectin on leukocyte 

adhesion are shown in Figure 4 (monocyte adhesion and TF) and the first two columns of 

Table 4 (total leukocyte adhesion and CD 1 1 b). The antibodies effects on leukocyte activation 

in the bulk are in Figure 5 (TF) and Table 4 (CD 11 b. platelet-leukocyte aggregates). 

As shown in Table 3. anti-[IbAIü totally blocked material-induced platelet activation 

(platelet adhesion and platelet activation in the bulk). On the other hand. in the presence of 

anti-P-selectin'". significiint platelet adhesion and platelet activation were still observed. 

Table 3: Effect of platelet inhibitors on adhesion and activation of platelets from PRP 

incubated wi th PS beads and isolrited leukoc ytes. 

1 On beads 
Conditions Platelet adhesion 

(CD41, %)" 

I No beads 1 Nor ûpplicûble 

Béads + EDTA 

l + anti iIb/TIIa l 108 C 14 " 

In bulk l 

+ anti P-selectin 

PS + PPP + anti -ITbAa 

189k 39 * *  

88f l l *  

Platelet microparticles 

( % )  

P-selectin expression 

on platelets ( % )h 

7 2 3  

N = 4 to 6 k S.D. 

Not merisureci 

Not applicable 

" Represented as a percentage relative to beads+EDTA (CD41) or to no krtds (P-selectin). 

Significantly different from beads + EDTA ( p  < 0.05) 

Significantly different from PScPRP (p < 0.05) 

Not applicable 

iti Anti-P-selectin blocks the formation of phtelet-leukocyte aggregates but not the expression of P-selectin by 
platelets, unless the expression is measured by flow cytometry using the süme clone as the blocking antibodp. 



As shown in Figure 4, adding anti-IIbAIa or anti-P-selectin to platelet-rich plasma 

significantly reduced monocyte adhesion. suggesting that adherent platelets andfor 

monocyte-platelet interactions played a role in monocyte adhesion. The reduced monocyte 

adhesion observed in the presence of anti-IIblIIIa or anti-P-selectin resulted in background 

level of TF expression on the beads (Figure 4). On the other hand, similar levels of total 

leukocyte (neutrophil) adhesion were observed regardless of platelet conditions ( C D 6  

Table 4). As for CD1 lb on beads (Table 4). significant levels of CD1 lb were observed with 

anti-IIbAIia both with platelet-rich and platelet-poor plasma. However. the presence of anti- 

P-selectin in PRP significantly reduced (but not entirely) CD 11 b on beads. 

P R P  

I M o n o c y t c  adhcsion ( C D  t JI 

O T F  t x p r c s s ~ o n  on  bcads 

P R P  + ant l -P-scl  P R P  + r int i - t ib/ I I I r t  P P P  + an t i - [ I b I I l l a  

Figure 4: Effects of anti-IIblIIla and anti-P-selectin on monocyte adhesion and TF 

expression on PS beads with isolated Ieukocytes. The presencs of ami-Hb/Uia in PRP 

significantly reduced monocyte adhesion and hence TF expression on beüds. CD14 and TF rire 

expressed as 3 percrntagr relative to beüdscEDTA. ' Significantly different from PS+EDTA ( p  < 

0.05). ' Significantly different from PS+PRP (p  < 0.05). N = 3 to 6 k S.D. 

In the bulk, as seen in Figure 5. in the presence of anti-iIb/lIia or anti-P selectin. both 

TF expression and the number of monocytes expressing TF were significantly (but not 

entirely) reduced. On the other hand. as seen before, significant CD1 l b  upregulation on bulk 

leukocytes was observed independent of platelet conditions (Table 1). As expected, anti-P 

selectin blocked platelet-Ieukocyte interactions (levels similar to no beads and PPP + anti- 

IIbAlIa samples) (Table 4). Anti-[IbllIIa also significantly reduced (but not entirely) 

platelet-leukocyte interactions. 



Table 4: Effect of platelet inhibitors on leukocyte adhesion and activation induced by PS 

beads with isolated leukocytes in platelet-rich plasma. 

1 On beads 1 In bulk 1 

1 PS + EDTA 1 1OOIO 1 l ook0  1 1 6 + 2  1 3 7 f  11 1 

Conditions 

No k a d s  

1 PS + PRP 1 149531  . 1 297+ 123- 1 8 5 k 5 *  1 87 + 34 ' 1 

-- -- 

1 PS + PPP + anti-Fbma -1 132 f 1 7 l j 3 f 8  1 ' 1  85 f 8 1 3 5 t 1 4 '  1 

Leukocyte 

adhesion 

(CDS5, %)" 

N/ A 

N = 3  to 6 f S.D. 

Rrpresrntrd as a percentagr relative to kads+EDTA 
b CD1 1 b upregulrition is represented as percentrige relative to the maximum (maximum expression 

determined by the fluorescent intensity of leukocytes incubrited with LPS). 

' Significmtly different from PS+EDTA or no beads ( p  < 0.05) 

' Significantly different from PS+PRP (p < 0.05) 

ElTF expression 

CDl lb  

on beads 

(w" 
N/A 

N o  bcads P R P  P R P  + anti-P-sel P R P  + anti-Ilbltllri PPP+rinti-IIbIIIIa 

Figure 5: Effects of anti-IIblIIIa and anti-P-selectin on TF expression in the bulk with 
isolated leukocytes and PS beads. In PRP, both anti-IIb/ma and anti-P-selectin reduced PS- 

induced TF expression. Legend is explained in Figure I. ' Significantly different from no beads (p < 

0.05) ' Significnntly different from PS+PRP (p < 0.05). N = 3 to 6 k S.D 

CDllb  

upregulation 

(% lb 
55 k 11 

Platelet-leukocvte 

aggregates 

(FL units) 

3 1 + 7  



3) Effect of datelets on Ieukocyte activation induced by PEG- imrnobilized PS beads 

To ensure that our results on the effect of platelets on material-induced leukocyte 

activation were not specific to PS beads, some expenments were performed with PEG- 

immobilized PS beads. Although given the low platelet adhesion/activation. significant 

differences were not expected. 

Table 5 (first four columns) shows the effect of platelets on leukocyte adhesion and 

activation of adherent leukocytes. As expected, since PS-PEG beads support minimal 

platelet adhesion. minimal monocyte adhesion and hence minimal TF expression was 

observed on the beads. These results further demonstrate the role of platelets in monocyte 

adhesion. As with PS beads, CDI l b  on PS-PEG and PS-PEG-NH2 beads was similar with 

and without platelets. while anti-P-selectin in PRP reduced CD1 l b  on beads. On the other 

hand, while anti-iIbl[IIa had no effect on CD1 lb on PS beads. its presence in PRP reduced 

CD1 lb on PS-PEG beads. In accordance with Our results in blood (Chapter 3). lower levels 

of CD1 lb were observed with PS-PEG-NH? when compared to PS-PEG or PS beads. 

Table 5 also shows the effect of platelets on TF expression on monocytes and CD 1 1 b 

upregulation in the bulk ( 1 s t  two columns). In platelet-rich plasma. significant TF 

expression was observed with both PS-PEG and PS-PEG-NHr. As with PS beads. the 

presence of anti-P-selectin or anti-[Ibma (to a lesser extent) reduced TF expression induced 

by both PS-PEG and PS-PEG-NH2 beads. while they had no effect on CD1 l b  upregulation. 

In platelet-poor plasma. a background degree of TF expression was observed. while CD 1 lb 

was significantly upregulated. 





IV. Discussion 

1) In vitro mode1 with isolated mixed leukocytes 

Working wi th isolated leukoc ytes offers valuable advantages over whole blood when 

studying leukocyte activation influenced by platelets or plasma proteins. However, the 

preparation of isolated leukoc ytes may introduce artefacts that affect the outcome of the 

study. For example. the high levels of TF expression and CD 1 1 b upregulation on Ieukocytes 

without beads (our unstirnulated sample) are most likely an unavoidüble consequence of the 

isolation procedure. It is a well known fact that most isolation procedures prime leukocytes 

and upregulate leukoc yte membrane receptors, such as CD 1 1 b17"'. However under 

controlled and well-chosen conditions. the deleterious effects of isolation may be minimized. 

AI1 isolation steps were cmied out in polypropylene tubes at room tempenture. 

While 4°C may intuitively appear to be an appropriate temperature for leukocyte isolation to 

prevent activation, leukocytes cooled during the isolation procedure significantly upregulüted 

CD1 l b  upon re-warming at 37'~''''~. Such an increase wüs not observed when leukocytes 

were prepared at room temperature20'". Exposure of neutrophils to cold temperature over 

long penod of time, such as the tirne required to isolate leukocytes. dso impaired neutrophil 

function such as chemotaxis and  locomotion^'. funher confirming that cooling leukocytes 

should be avoided. 

The leukocyte sepmtion medium also affects leukocyte activation. One step 

separation process using a two-layer gradient was chosen. instelid of a two-step procedure 

involving dextran-sedimentation. for its good monocyte r e c ~ v e r ~ ' ~  and to prevent the 

activation seen with dextran sedimentation". Red blood ce11 contamination of the mined 

leukocyte suspension was below the recommended level of 20%'". Thus hypotonie 

erythrocyte lysis was avoided as it is also known to activate l e u k ~ c ~ t e s ' ~ .  However. in our 

study, platelet contamination was an issue. To remove conraminating platelets. several 

washes at low speed were performed. Many have reported the activation effect of washing 

leukocytes after isolation. especially on CD 1 I b ~ ~ r e ~ u l a t i o n ' ~ ~ ~ .  Since CD 1 1 b upregulation 

requires ca~ciurn'~, to minimize leukocyte activation dunng the washing procedure. EDTA 

was added dunng al1 the washing steps. Finally, as endotoxin is the bane of leukocyte 

scientists. tubes and reagents were routinely checked for endotoxin contamination. to ensure 

that following isolation, resting leukocytes would be obtained. 



As platelets are smaller and more numerous compared to leukocytes. obtaining a 

sample free of platelets is not realistic goal. However, by performing several low speed 

washes, most contaminating platelets were eliminated to obtain a platelet concentration equal 

to or below 1 x 1 0 ~  plateletsld. This is equivalent to I platelet or less for 6 leukocytes 

(monocytes + neutrophils). With leukocytes in platelet-poor plasma. al1 CD41 (platelet 

marker) levels on leukocytes or beads were similar to the EDTA samples. Furthemore. the 

presence of the few contaminatinp platelets in the platelet-poor plasma samples did not 

appear to have any significant effect on leukocyte activation or adhesion. since similar 

results were obtained when anti-[IblUIa was added to platelet-poor plasma. 

To assess the effect of platelets on leukocyte activation. platelet-rich plasma but not 

washed or gel-filtered platelets were used. Platelet activation and ultrastructural alterations 

have been reported to occur upon platelet iso~ation~"'~. Thus to ensure that we were 

studying the effect of platelets on isolated mixed leukocytes with plütelets that were as close 

as possible to their physiological state in whole blood. platelet-rich plasma wüs chosen. 

Newer platelet washing methods, such as the ADIAGelTM platelet sepüration tubes, may 

facilitate future studies. While less thrombin specific. hepürin was preferred as the 

anticoagulant for platelet-rich plasma, since it  is more stable than PPACK over the long 

period of time required to isolate leukocytes frorn platelets. 

1) Effect of platelets on leukocvte adhesion 

Our results showed that monocyte but not neutrophil adhesion was strongly 

dependent on the presence of adherent piateleis. This suggests thot neutrophil and monocyte 

adhesion to artificial surfaces have different requirements. Difference in rnechanisms of 

neutrophil and monocyte adhesion on endothelial cells have also been obser~ed'~"'. 

Little research has been done on monocyte adhesion on artificial surfaces in the 

presence of platelets. Nonetheless, in our study, monocytes adhered to the beads in a manner 

similar to that seen on damaged vesse1 wall: with a mechanism that was dependent on 

platelet coverage and mediated by P-selectin interaction3". 

Our results on neutrophil adhesion appear to disagree with some reports on neutrophil 

adhesion to artificial surfaces in the presence of platelets. Yeo et al. reponed that. in the 

absence of adherent platelets, neutrophil adhesion on fibrinogen-coated surface did not 

occur? In their study, neutrophil adhesion in the presence of platelets was also completely 



abolished by anti-P-selectin. The presence of higher shear (100s-') and the absence of 

plasma proteins in the Yeo study may have contributed to these differences. In earlier work. 

we have seen that neutrophil adhesion to fibrinogen-coated surfaces under flow conditions 

was strongly dependent on the presence of plasma (unpublished work-Appendix B). Morley 

and   eu ers te in^^ confirmed the effect of shear on neutrophil adhesion, using the sarne in vitro 

model as Yeo.: at low shear (below  OS"), neutrophils adhered to fibrinogen-coated surfaces 

even in the absence of platelets. Bruil et al also observed that, in the presence of plasma and 

at low shear. neutrophil adhesion to polyurethane was similar with and without platelets37. 

In Our experiments. neutrophil adhesion to artificial surfaces in the presence of 

plasma and platelets appear to follow trends similu to the ones observed with physiological 

in vitro models of injured vesse1 wall. At low shear rates, the presence of platelets on a 

fibrin surface did not significantly increase neutrophil adhesion3! However. at high shear, 

neutrophil adhesion to surfaces coated with platelets has been found to depend on P-selectin 

andor CD 1 1 b3""'. Further studies are warranted to assess how shear will affect the role of 

platelets in neutrophil (and monocyte) adhesion to beads in Our i r i  vitro model. 

As expected. anti-iIb/LUa blocked platelet üdhesion on beüds. Anti-UbMa is an 

antibody agûinst the platelet integrin receptor GPiIblIIIa. Integrins are divided into three 

subfamilies, each with a common subunit associatin; with a specific group of u subunits. 

The P subunits of al1 integrins have a high degree of homology. An antibody against one 

integrin may thus cross react with another integrin. Both 7E3 and c7E3. the latter bein; the 

anti-IIbma used in Our study, have been reported to cross react with the leukocyte integrin 

CD 1 1 bu'". These two antibodies were found to bind directly to CD I 1 b and bloc k leukocyte 

adhesion on fibnnogen and ICAM-1. While we did not directly assess anti-IIbLih binding 

to leukocytes, in the absence of platelets (where fibrinogen-mediated leukocyte adhesion is 

likely to occur), leukocyte adhesion was similar with and without anti-IIbAIa. This 

suggested that the antibody did not interact with leukocytes. One may argue that iC3b on the 

surface may have mediated leukocyte adhesion, even i f  fibnnogen binding was blocked by 

anti-IIbAIIa. However. in the presence of the cornplement inhibitor sCRl (data not show) ,  

leukocyte adhesion was also not affected by anti-[Ib/ma. further confirming that in our 

expenments, anti-IIb/ma did not interact with the leukocyte integrin receptor CD1 lb. Like 

us, Mickelson et al also failed to show any direct binding of c7E3 on neutrophils and also 

observed that neutrophil adhesion to protein-coated glass was not prevented by ~ 7 ~ 3 " .  The 



two studies showing the direct interaction of anti-iIb/ma with CD1 l b  were perforrned with 

cultured ne~tro~hils ' '~ and monocytic ceIl  ine es^'''^ while Mickelson and we used freshly 

isolated leukocytes. The difference in cells most likely enplains the difference in the 

interaction between anti-IIb/UIa and CD 1 1b. 

Platelet microparticles are also believed to mediate leukocyte-leukocyte interactions 
J7:JS and thus participate in neutrophil adhesion via aggregation on a surface . However. these 

interactions required extremely high concentration of platelet microparticles that were not 

reached in  our study. It is then unlikely thüt such a mechanism is contributing to leukocyte 

adhesion to the beads. 

3) Effect of platelets on leukocvte activation 

a )  TF expression or1 nronacytes 

A role for platelets in material-induced TF expression was identified when increasing 

platelet concentration resulted in a significant increase of TF expression on monocytes in the 

bulk. TF expression and platelet-monocyte aggregates were also correlüted. suggesting thüt 

the role of platelets may be via aggregate formation. However. blocking the formation of 

platelet-monocyte aggregates (using anti-P-selectin) signiticmtly reduced (but not entirely) 

material-induced TF expression. suggesting that another pathway of activation existed. 

Platelet activation still occurred in the presence of anti-P-selectin and thus platelet-derived 

inflammatory mediators may ülso have contributed to TF expression. On the other hand. 

anti-WIUa significantly reduced platelet activation (as well as the formation of platelet- 

leukocyte aggregates). but was still unable to reduce TF expression to background. The 

inflammatory mediators released upon platelet activation appear then not to play a significant 

role in material-induced TF expression. This was funher confirmed by the results with PEG- 

immobilized PS beads. which activated platelets rninimally. Yet, PS-PEG still had elevated 

TF expression in the bulk and platelet-leukocyte aggregates. Anti-P-selectin was effective in 

reducing TF expression induced by al1 beads (PS, PS-PEG and PS-PEG-NH?). further 

confirming that platelet-leukocyte interactions and not platelet activation (or more 

particularly platelet inflammatory mediaton) were responsible for the observed platelet- 

dependent effect of material-induced TF expression. 

A role for platelers. and more particularly platelet-leukocyte interactions. in the 

enhancernent of LPS-induced TF expression has been previously reponed1J'49. This is not 



meant to imply that material-induced TF expression is due to LPS contamination. This is 

highly unlikely since (1) beads and reagnts were tested for endotoxin contamination 

routinely and (7) we have found that the low levels of environmental endotoxin present on 

washed beads (<O. 1 EU/rnL) did not induce TF expression (unpublished work). In fact, a 

clear distinction between LPS-induced and material-induced TF expression exists: even in 

the absence of platelets. LPS induces TF expression on while for matenal- 

induced TF expression. platelets are required. 

In Our study. the presence of platelets done without any stimulus (LPS or beads) did 

not result in an increase in TF expression. The role of platelets in TF expression in the 

absence of a stimulus appears to be an area of c o n t r o ~ e r s ~ ~ . ~ :  some investigations show that 

üctivated platelets alone are able to induce TF expression on monocytes ".j' while othenj3.". 

like us. show that platelets have a role only in the presence of a TF-inducing stimulus. It is 

interesting to note that the studies showing that activated platelets can induce TF expression 

in the absence of any other stimulus are performed using wûshed platelets. The othen 

studies used platelet-rich plasma. As rnentioned previously. the washing procedure most 

likely preactivates platelets and introduces artefacts that are not present in platelet-rich 

plasma. Celi et alss also reponed that P-selectin binding alone was able to induce TF 

expression on monocytes. However. adherent monocytes rather than monocytes in 

suspension were used. Monocytes have been recognized to be stimulated to express TF upon 

adhesion to surfacess! Thus P-selectin may have enhanced rüther than induced the observed 

TF expression. The increase of TF induced by P-selectin alone was xtually modest relative 

to the level induced by LPS. Indeed, üt this low s a l e  of expression. even in  the absence of 

P-selectin, TF expression was observed. Weyrich et als3 later contrüdicted these results 

showing that monocytes adhering to increasing concentration of immobilized P-selectin did 

not express increased TF activity. This funher confirmed that an extemal stimulus and not 

just interaction with platelets is required for TF expression by monocytes. Whole blood 

studies. where the artefacts of leukocyte and platelet isolation are absent. tend to suppon Our 

belief that platelet activation or P-selectin binding alone cannot induce TF expression on 

circulating monocytes in the absence of a stimulus such as LPS or a material. We have 

found that. in the absence of beads or LPS in whole blood, activating platelets with the 

thrombin peptide SFURN did not result in TF expression on monocytes (data not shown). 



Al1 our experiments were performed in the presence of neutrophils and it is possible 

that neutrophil activation also play a role in material-induced TF expression. Activated 

neutrophils, by releasing platelet activating factor or Cathepsin G, may activate platelets, 

which in tum will bind and activate monocytes to express TF. A role for neutrophils in LPS- 

induced TF expression has indeed been reported by Osterud et al1"'". Further experirnents, 

with monocytes and platelets alone. are warranted to further characterize the platelet- 

dependent effect on material-induced TF expression. 

Our results with adherent monocytes suggest that a similar phtelet-dependent 

mechanism may occur for TF expression on adherent monocytes. Significant platelet 

adhesion was required to observe TF expression on adherent monocytes. This expression 

also appeared to be mediated by interaction with üdherent platelets via P-selectin. However, 

monocyte adhesion was also strongly dependent on adherent platelets and interaction with 

platelets, making result interpretation more complex. The level of TF expression per 

adherent monocyte (%TF on beadsf % CD14 on beads) was calculated (data not shown), 

however no significant difference was observed. The role of adherent platelets on TF 

expression of adherent monocytes may be more strongly demonstrated usin; higher platelet 

concentrations. 

b) CD 1 I b tiprrgidarion 01, lriikoc~res 

As for TF expression, the effect of platelets and platelet activation on CD1 lb 

upregulation on leukocytes is subject to contradictory reports. Our results with plütelets and 

anti-[IblIIIa or anti-P-selectin, and with PEG-immobi lized PS beads which support minimal 

platelet activation. show that platelet activation (P-selectin expression. platelet 

microparticles) or formation of platelet-leukocyte aggregates did not affect material-induced 

CD 1 l b  upregulation in the bulk. Evanplista et al also found that the presence of resting or 

activated platelets did not upregulate CD 1 1 b on ne~t roph i l s~~ .  However. they observed that 

activated platelets stimulated the expression of a B2 integrin activation-de pendent epitope, 

sugesting that a functional change of neutrophil B2 integins occurred5~no increase of the 

surface expression of CD1 lb, but exposure of a new pan of the CD1 1b receptor). Others 

have also shown that binding of P-selectin to its ligand on monocytes5' and neutrophilsbo did 

not stimulate CD 1 l b  upregulation. further confirming our results that platelet/leukocyte 

interactions were not involved in CD 1 1 b upregulation of bulk leukocytes. 



On the other hand. Jy and colleagues" reported that platelet microparticles 

sipificantly increased CD I 1 b upregulation on leukocytes. This study was perforrned with 

outdated platelet concentrates and previously frozen platelet microparticles. The process of 

Freezing platelets has been s h o w  to affect interaction wi th leukocytes and result in CD I i b 

upregulation6', casting doubts on Jy's conclusion. Miyamoto and ~ o l l e a ~ u e s ~ ~ .  using 

unfrozen platelet microparticles, later demonstrated that platelet microparticles did not 

upregulate CD 1 1 b on neutrophils. CD 1 1 b upregulation. dependent on platelet-leukocyte 

interaction via ~ - s e l ec t i n~~ ,  has also been reponed in the presence of platelets activated with 

ADP. However. the observed CD l l b upregulation was modest relative to agonist 

stimulation. Thus while this study showed that activated platelets may play a role in CD1 l b  

upregulation. the significant effect of this activation remains questionable. 

While platelets had no effect on CD I l  b upregulation in the bulk. the presence of anti- 

P-selectin significantly reduced. but not entirely, CD1 lb on adherent leukocytes with al1 

types of beüds. This suggests that. in an isolated leukocyte system, platelet interaction with 

adherent leukocytes plays sorne role in CD 1 1 b upregulation on adherent leukocytes. Binding 

of P-selectin to its counterligand. PSGL- 1. on adherent neutrophils has been reported to 

activate CD 1 1 b/CD 18 by a tyrosine dependent-mechanisrn'j. 

c)  Platelet-letikocy~ uggregutes 

Confinning previous resultsN*" with isolated leukocytes and platelets. mi-P-selectin 

inhibited formation of platelet-leukocyte aggregates. Anti-iIb/[[lü also si gni ficantly reduced 

formation of platelet-leukocyte aggregates. but not as effectively as anti-P-selectin did. The 

effect of anti-iIb/ma on platelet-leukocytes aggregates may be explained by the fact that 

anti-iIb/TIia blocked material-induced platelet activation, resultins in low P-selectin 

expression on platelets, and thus preventing platelet-Ieukocyte interactions. It is also 

possible that anti-iIblllIa reduced platelet-leukocyte aggregates via its inhibition of 

fi brinogen binding. 

V. Conclusion 

Using isolated leukocytes and platelet-rich plasma. a role for platelets in material- 

induced TF expression but not in CD1 lb  upregulation was identified. Material-induced TF 

expression required the presence of platelets, at a minimum concentration of 5 0 x 1 0 ~  

pIatelets/mL (about 113 of the normal platelet concentration). The role of platelets appeared 



to be mediated mostly by platelet-leukocyte interactions via P-selectin. A role for platelet 

release products could not be totally eliminated and further studies using platelet 

supematants are warranted to fully elucidate the mechanism of platelet-dependent material- 

induced TF expression. Blocking material-induced platelet activation with anti-IIb/IIIa or 

platelet-leukocyte interactions did not totally inhibit ïF expression suggesting the existence 

of another mechanism. such as complement activation (see next chapter). 

Platelets also played a significant role in monocyte adhesion to artificial surfaces. 

Monocyte adhesion was mediated by adherent platelets via P-srlectin. On the other hand, 

neutrophil adhesion was not dependent on platelets. and the presence of adsorbed 

complement products and other plasma proteins were most likely responsible for neutrophil 

adhesion. Our experiments were performed under low shear conditions. and the proposed 

mechanism of leukocyte adhrsion is likely limited to these conditions. There is evidence 

from in vitro models of injured vessel-walls that the rnechanisms of leukocyte adhesion in 

the presence of adherent platelets Vary with shear. Whether shear plays a role on the effect 

of platelets on leukocyte adhesion to biomaterials in the presence of plasma remains to be 

determined. 

Our results provide evidence that platelets play a role in some aspects of material- 

induced leukocyte activation. The fact that TF expression and CD 1 1 b upregulütion appear to 

be regulated by different mechanisms is not surprising. as TF requires protein synthesis 

while CD1 lb does not. This suggests that blocking material-induced platelet activation or 

designing materials that do not activate platelets is not a sufficient/satisfüctory strategy in the 

quest for blood compati bili ty. Other mechanisms are involved. most likel y complement 

activation. and have to be addressed to fully elimi nate thrombotic complications with 

csirdiovascular devices. 
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Chapter 5 

Role of complement in leukocyte activation induced by polystyrene and 

PEG-imrnobilized polystyrene beads 

A bstract 

With isolated leukocytes. inhibiting complement reduced material-induced leukocyte 

activation (CD1 lb )  only with high complement activating surfaces (PS-PEG). but not with 

moderate activating PS. PS-PEG was a rnuch strongr complement activator than PS, as 

shown by high generation of SC5b-9. Following contact with PS and PS-PEG beüds. 

isolated leukocytes in plasma and in the absence in platelets were found to significantly 

upregulate CD 1 1 b. whi le TF expression and exposure of phosphatidylserine remained at 

background levels. Cornplement inhibition by mems of sCR 1 on1 y partial1 y reduced CD 1 I b 

upregulation on PS-PEG beads. but not on PS beads. Pyridoxal-5-phosphate (PjP) was able 

to significantly reduce both CD1 l b  upregulation and exposure of phosphatidylserine with 

PS-PEG beads. although we are uncenain as to its rnechanisrns of action. Pentamidine and 

NAAGA inhibited complernent and were effective in reducing CD1 Lb upreguliition with 

both PS and PS-PEG. However, they also had a direct effect on leukocyte signalling 

mechanisms. Leukocyte adhesion occurred to sirnilar extenr on both PS and PS-PEG beads. 

While sCRl and P5P blocked adhesion and activation for adherent leukocytes on PS-PEG 

beads, they had no effect on leukocytes adherent to PS beads. 

The role of complernent in leukocyte activation wûs material-dependent. The Iück of 

an effect of sCR1 on leukocyte adhesion to PS beads also suggests that. with some matenais. 

adsorbed plasma proteins, such as fibrinogen, play a more important role than cornpiement in 

leukocyte adhesion. Thus, leukocyte-rnaterial compatibility rnay not always be resolved by a 

low complement activating capacity as other mechanisms appear to play a significant role in 

leukocyte activation and adhesion. 



1, Introduction 

The presence of a foreign material in blood results in the activation of the coagulation 

cascade. the complement system, platelets and leukocytes. These events are part of the 

inflammatory and thrombotic response to biomaterials. The inflammatory response 

associated with cardiopulmonary bypass. hemodialysis or synthetic vascular ;raft contributes 

to the development of complications suc h as organltissue inj ury. transient leukopenia and 

pulmonary dysfunction. In vivo leukocyte activation following contact wi th cardiovascular 

devices has been reported in many instances"! Leukocytes have long been recognized in 

playing a role in the inflammatory response through the release of cytokines. lysosomal 

enzymes. lipid mediators and reactive oxygen species7'! Activated leukocytes also become 

more adherent to biological and ürtificial surfaces. Arnong other pathways. leukocyte 

activation may occur through complement activation. Generation of C3a and C h  causes 

chernotaxis and activation of leukocytes while adsorption of iC3b on surfaces promotes 

leukocyte adhesion and a~t ivüt ion~) '~~.  However, it  is not clear as to whether leukocyte 

activation by materials is exclusively dependent on complement activation or not. 

While being inflammatory cells. üctivated leukocytes müy also be pan of the 

thrombotic response. as they possess membrane associated procoagulant properties. Upon 

activation. CD L 1 b. a leukocyte integrin receptor. is upregulated. CD 1 1 b binds to ICAM- 1. 

iC3b. Factor X and fibrinogen. and the latter two are p u t  of the coagulation cascade. Tissue 

factor becomes expressed on monocytes and will üctivate the extrinsic coagulation cascade. 

The exposure of negatively charged phospholipids (phosphatidylserine) on leukocyte 

membranes, where the prothrombinase complex can assemble. represents another 

procoagulant activity of leukocytes. Formation of platelet-leukocyte aggregates may also be 

a fom of leukocyte procoagulant activity. as through these aggregates they further activate 

each other. Many inflammatory disorders such as the allograt rejection reaction or 

disseminated intravascular coagulation, point to the potentiül role of leukocytes in thrombin 

formation' '"'. 
Thrombotic complications with cardiovascular devices are a recurrent problem. 

Surface modifications. ancilor the use of anticoagulants and anti-platelet agents have not been 

able to solve material thrombotic failure. We have hypothesized that materiül associated 

leukocyte activation contnbutes to cardiovascular device failure by enhancing thrombin 

formation. We also hypothesize that leukocyte activation (and consequent thrombin 



formation) is secondary to material-associated complement activation and platelet activation. 

In Chapter 3, we demonstrated that contact with polystyrene and PEG-gafted polystyrene 

beads resulted in leukocyte activation and expression of procoagulant activities: tissue factor 

expression, CD1 1 b upregulation, and association with platelets occurred on leukocytes in the 

bulk regardiess of the typefchemistry of beads. Activation of adherent leukocytes also 

occurred but this was. in part. material dependent. In Chapter 4. platelets were shown to play 

a role in tissue factor expression but not in CD1 lb upregulation. Increased monocyte 

adhesion was also observed with platelet adhesion to surfaces. The objective of this study 

was to characterize the role of complement activation in material-induced leukocyte 

activation in the absence in platelets. We hypothesized that inhibiting complement activation 

reduces material-induced leukocyte activation. 

To focus on the role of complement in leukocyte activation and leukocyte expression 

of procoagulant activities. isolated leukocytes were incubated with polystyrene or PEG- 

immobilized polystyrene beads. The effects of complement inhibition on C D l l b  

upregulation and TF expression of both bulk and adherent leukocytes were assessed. Since 

we were working in a "platelet-free" environment. we ais0 meltsured prothrombinase activity 

on leukocytes using annexin V'. Various complement inhibitors were used to evüluate the 

role of complement. A recombinant soluble fom of the cornplement receptor type I (sCR 1 ) 

was used: sCRl is a specific cornplernent inhibitor blocking the classical and alternative 

convertases by binding to C3b and CJb and promoting their inactivation by Factor 1". N- 

acetyl aspanyl glutamic acid (NAAGA), a synthetic dipeptide. blocks both the classical and 

altemate pathways by inhibiting formation of the C3 convenase'". To evaluate the role of 

the classicûl pathway in material-induced leu kocyte activation, pen tamidine and pyridoxal-5- 

phosphate were used. Pentarnidine. an antiprotozeal drug, is a serine protease inhibitor. 

which inhibits Cls, arnong othen". Pyndoxal-5-phosphate (P5P). the biologically active 

coenzyme form of vitamin 86 compounds, inhibits the classical pathway by modifying 

clq! In previous studies, pentamidine and P5P were found to block platelet adhesion on 

beads and reduce material-induced platelet microparticle formationL7 w hi le sCR 1 did not. 

Figure 1 illustrates the pathways of inhibition of the different complement inhibitors used in 

Our study. 

' In the presence of plritelets. ris they bind to leukocytes. it is difficult to distinguish between rinnexin V bound 
to leukwytes or annexin V bound to platelets bound to Iéukocytes. 



Cls Clr  Clq 
V-LV 

Pentamidine 1 PSP C3 
sCR 1 

NAAGA 

iC3b 

X Inhibition of the C3KJ  convertrise 

Inhibition via action on C 1s or C lq  respectivcly 

Figure 1: Pathways of inhibition of the complement inhibitors sCR1, NNAGA, 

pentarnidine and P5P. 

11. Materials and methods 

1 ) Reagents and antibodies 

Pyridoxal-5-phosphate (PSP) and N-acetyl aspartyl glutamic acid (NAAGA) were 

from Sigma Chemical Co, St Louis. MO. Soluble human recombinant complement receptor 

type 1 (sCR1) was a generous gift from Avant Immunotherapeutics. Needharn. MA (Dr. 

Carolyn Pettey). Pentamidine was from Faulding, Canada. 

R-phycoerythrin-cytochrome 3 (PE-Cyj) anti-CD45 was from Immunotech-Coulter 

(Marseilles. France). Mouse monoclonal antibodies agûinst human complernent iC3b and 

SC5b-9 were from Quidel Corporation, San Diego. CA. GAEVI-FITC anti body was from Dr 

R. Sutherland (Toronto General Hospital. Canada). A kit containing FITC-labelled annexin 

V and calcium binding buffer was purchased from Immunotech-Coulter. Al1 other 

antibodies and reagents were similar to the ones used in Chapters 3 and 4. 

2) Beads 

The s m e  45pm beads were used as in chapter Four: polystyrene (PS) and TentaGel 

beads, pol ystyrene beads grafted wi th pol yeth y Iene glycol (PS-PEG). The y were cleaned 



from endotoxin contamination as described earlier and resuspended in endotoxin-free PBS. 

In al1 experirnents. the residual endotoxin on the beads was equivalent to a concentration of 

endotoxin contamination that was less than 0.1 EUIrnl, which is below the FDA 

recommended maximum level 1 8 .  

3) Leukocyte isolation 

Leukocytes were separated from hepxinized blood (5 UImL) as described in Chapter 

4. Provided platelet contamination was less than l x l 0 ~ 1 r n ~ .  leukocytes were resuspended 

together at a concentntion of 5x lob neutrophils/mL and 1 n 10' monocytesfmL in RPMI with 

15% plasma or serum. Cell viability as determined by trypan blue was greater than 98%. 

4) Serum and heparinized plasma 

Autologous plasma was prepared from the platelet rich plasma by centrifugation for 

20 minutes at 1000g. Platelet poor plasma was then removed and ultracentrifuged for 3 

minutes. The plasma was set aside at roorn temperature" dunng the leukocyte isolation 

procedure (approximately 3 hours). 

Pooled plasma (5UImL hepxin) and serum were prepared following standard 

procedures. Plasma or serurn from at least four individuals was pooled. Pooled aliquots 

were stored at -70UC. They were thawed and ultracentrifuged for 3 mlnutes pnor to 

expenments. 

5) Leukocyte-material contact 

Mixed leukocytes. resuspended in 15% plasma or serurn. were incubated with only 

one concentration of beads (IOx 10' beads/mL - equivalent to a surface area to volume rritio 

of 13 cm") for 2 hours at 37'C on a haematology mixer. The complement inhibitors were 

added one at a time to the leukocytes before the beads at the following concentrations: SCRI 

(200 pg/rnL), P5P (500 pp/rnL), pentamidine ( 1 mgmL) and NAAGA (20 mM). Leukocyte 

reactivity was also tested with PMA following incubation with complement inhibiton. 

For the negative control. EDTA (8 mM final concentntion) was added to leukoc~es 

and beads while the positive conirol was leukocytes incubated with endotoxin (5 pg/rnL) 

ii In this case, storage at room temperature is better. as too rnany temperature changes have been showm to 
activate c~rn~iement~~.  



without beads. 

Following incubation, beads were allowed to settle and aliquots were taken for flow 

cytornetry analysis of non-adherent cells and for a cell count using CellDyne 1600 (Abbott 

Laboratories, IL). To analyse adherent cells on beads, the cell supematant was removed and 

beads were washed once with RPMUFBS and then incubated with the appropriate antibodies. 

6) Flow cvtometry 

Flow cytometric analysis was carried out on leukocyte suspension and beads as 

before. Briefly, small aliquots (30 jL) of leukocytes or beads. diluted in 5Op.L of HTB were 

incubated wi th saturating concentrations of fluorescent1 y labelled monoclonal an tibodies for 

30 minutes at 4°C. After a 30-minute incubation. samples were diluted and fixed with 

paraformaldehyde (1% final concentration). Samples were analysed on a Becton Dickinson 

FACScan flow c ytometer (Mountain View, CA). using CELLQuest software. 

To measure prothrom binase ücti vi ty, leukocytes were incubated wi th FKC-annexin 

V in a calcium-binding buffer (50~1) for 15 minutes in the dnrk at room tempenture. They 

were then diluted in HTB and analysed immediately. 

To ensure that platelet contamination was kept at a minimum for 311 experiments. 

association of leukocytes with platelets and platelet adhesion on bends were monitored using 

expression of CD4 1 (GPnb-iIIü platelet receptor). For al1 the isolüted leukocyte enpenments 

reported, plütelet contamination was kept to a minimum (5  1x10~ platelets/m~. i.e., less than 

1% of normal platelet counts): ail CD41 fluorescence values on leukocytes and beads were 

similar to EDTA+beads levels. 

7) Complement activation with beads 

Pooled semm was incubated for 2 hours at 37'C on a haematology mixer with beads 

(20x 10" beadslmL - equivalent to an area to volume ratio of 13 cm-') and the various 

complement inhibitors at the same concentrations as those used in the leukocyte experiments. 

After incubation, EDTA was added (8 rnM final concentration). smples were centrifuged 

and serum aliquots frozen at -70°C. To analyse complement adsorption on beads by flow 

~ ~ t o r n e t r ~ ' ~ ,  beads were washed once and resuspended in RPMI/FBS. They were then 

incubated with saturating concentration of anti-iC3b or anti-SCSb-9. After a 30-minute 

incubation at .(OC. they were washed twice and incubated with GAM-FITC for 20 minutes at 



4OC. Following two washes. they were then diluted in HTB and fixed with 

paraformaldehyde. Bead samples were analysed using the same setting as for beads with 

leukoc ytes. 

Complement activation in the bulk was determined by enzyme immunoassays 

(ELISA) for iC3b and SC5b-9 (Quidel Corporation). The principle for both complemcnt 

products was a three-step procedure utilizing: ( 1 )  a rnicroassüy plate coated with a mouse 

monoclonal antibody which binds specifically ro the complernent product: (2) a horseradish 

peroxidase conjugated antibody to antigens of the component; (3)  a chromogenic substrate. 

8) S tatistical analvsis 

Al1 results are reported as means + SD. To evaluate the significance of the 

differences in cell activation. analysis of variance (ANOVA) was camed out followed by the 

Student-Newman-Keuls test. which is a protected test for multiple comparisons~O. A p-value 

of less than 0.05 was required for statistical significance. The number of repeüt expenments 

was equal to or greater than three with three different donors. 

III. Results 

1)  Complement - activation bv PS and PS-PEG 

PS and PS-PEG generated the same amount of iC3b. but SCjb-9 wils lilmost three 

times higher with PS-PEG than with PS beads (Table 1). As expected, sCR 1. pentamidine 

and NAAGA blocked complement activation. P5P did not have any significrint effect on 

cornplernent activation as measured by iC3b and SC5b-9 in the bulk. 

Complement adsorption as measured by fiow cytometry was observed on both types 

of beads. PS-PEG adsorbed less iC3b than did PS, but similar tluorescence of SCSb-9 was 

observed (Table 1). Adsorption levels were reduced to those similar to EDTA with sCR1. 

NAAGA and pentamidine. As it had in the bulk, P5P had no measurable effect on 

complernent adsorption. 



Table 1: Complement activation by PS and PS-PEG beads and the effect of various 

cornpiement inhibitors in pooled human serum. 

I Fluid 

No beads 

+ Pentarnidine 80 1 3  

1 PS-PEG 1 326 + 52 

1 + Protamidine 1 S O f 7  

phase Adsorbed I 

b N=3to6+S.D.. N=3.  

For the ELISA Al1 samples were run in duplicatr. 

iC3b and SC5b-9 signds on beads reprrsrntrd as a pçrcentagr relative to beadscEDTA. 

* Significantly differenr from PS or PS-PEG beads as appropriate (p  < 0.002) 

' Significantl y different from PS (p c O.Oûû3) 

NIA: not applicable. N/D: not determined 

2) Isolated leukocytes (autologous heparinized plasma): ieukocvte sidhesion and 

activation on beads 

Table I shows the effect of the various complement inhibitors on leukocyte adhesion 

and activation on beads, while the level of CD1 l b  activation on adherent leukocytes is 

s h o w  in Figure 2. 

As shown in the first three columns of Table 2.  leukocytes adhered to PS and PS- 

PEG to similar extents. This is based on leukocyz count differences and on the fluorescent 

intensity of the CD45 and CD14 signals. sCR1 and P5P blocked monocyte and neutrophil 

adhesion on PS-PEG beads, but were ineffective with PS beads. On the other hand, 



pentamidine significantly reduced leukocyte adhesion on PS beads. With PS-PEG beads, 

pentarnidine brought conflicting results: flow cytometry data showed pentamidine to block 

only monocyte adhesion (i.e., reduced CD 14 but not CD45 signals on beads compared to PS- 

PEG alone), while the relative leukocyte count (neutrophils and monocytes) in the presence 

of pentamidine was significantly higher than the one observed with PS-PEG beads alone. 

suggesting that pentamidine was indeed blocking both neutrophil and monocyte adhesion to 

PS-PEG beads. As for NAAGA, i t  reduced adhesion with both PS and PS-PEG beads. 

Signals for TF, annexin V binding, and CDllb on beads (measuring adherent 

leukocyte activation) are reponed in Table 3 (Iast three columns). No significünt TF 

expression was seen on adherent monocytes with or without inhibitors. On the other hand. 

significant CD 11b signals were present on both PS and PS-PEG beads. Even in the presence 

of sCR 1 and P5P. leukocytes on PS beads were very activated. as show by the high CD I 1 b 

signals. However, CD1 l b  values on PS beads with pentamidine and NAAGA were low 

since few adherent leukocytes were present. CD1 1b values were also low on PS-PEG for al 

complement inhibitors with the exception of wi th pentamidine. As for iinnexin V. signi fican 

binding was observed on PS beads only. with or without inhibitor (Table 2). 

When the numbers of üdherent leukocytes are not simillir (for example PS-PEG witl 

and without sCR 1). compuing CD I L b signals may lead to erroneous conclusions. The 

CD i 1 b signal on beads depends on the level of activation of the adherent leukocytes but also 

on the number of leukocytes present on the beads: the fewer the cells. the smaller the CD 1 1 b 

signal. Thus, to detemine if  complement was indeed reducing leukocyte activation and nor 

only adhesion, we defined an index of leukocyte activation on beads as the (Q of CD1 Lb on 

beads) divided by (% of CD45 on beads). Results are reported in Figure 2.  As shown in 

Figure 2, sCRI and P5P significantly reduced activation of adherent leukocytes on PS-PEG. 

but not on PS beads. Also, NAAGA reduced activation of adherent leukocytes for PS and 

PS-PEG beads, while pentamidine was only effective with activation on PS beads. 





I PS 
OPS-PEG . 

Figure 2: Effect of various complement inhibitors on the index of CD l 1 b activation of 

leukocytes adherent to PS and PS-PEG beads (autologous heparinized plasma). sCRi 

and PSP significantly reduccd CD1 l b  upregulation par adherent Ieukocyte on PS-PEG. while thry 

had no effect on Ieukocytes adhrrent to PS beads. The index of CD1 l b  leukocyte activation is 

calculated ris the (5% of CD 1 1 b on beads)/(% of CD45 on beads). The r/c of CD 1 1 b and CD45 on 

beads are defincd in Table 2. ' Significantly differrnt from PS beads ( p  < 0.01). ' Significantly 

different from PS-PEG beads (p IO.02). N = 3 to 4 + SD 

3) Isolated leukocytes Iautologous heriarinized plasma): bulk activation with beads 

Tables 3-5, and Figure 3 show the effect of the various complement inhibitors on 

leukocytes in the bulk: TF expression (Table 3). CD1 l b  upregulation (Figure 3 and Table 4) 

and annexin V (Table 5). 

Table 3 shows that TF expression was not significantly higher than background levels 

on bulk monocytes (with "no" platelets present), except for samples incubated with 

pentamidine and NAAGA where abnormally high values were observed. This is different 

than what was seen in whole blood (i.e. with platelets) in Chapter 3 and it  agrees with Our 

platelet-poor plasma results from Chapter 4. 



Table 3: Effect of various complement inhibitors on tissue factor expression induced by PS 

and PS -PEG beads (isolated leukoc ytes in heparinized plasma). 

PS + Pentarnidine 108 I 29 54 I 6 

PS + NAAGA 143 k 49 55 k 2 9  

1 PS-PEG ' I 6 8 f  10 l 1 6 1 6  I 

TF expression 

(% monos expressing TF) 

4 * 2 S.S. No beads 

- - 

N = 3 t o 5 + , S D  

TF expression is represented as a percent relative to the maximum where maximum expression is 

drtermined by the fluorescent intensity of leukocytes incubated with LPS for 2 hours at 37°C 
b TF expression is represented as the percentage of monocytes stnining positive for tissue factor using 

the dot plot of TF vorsus CD 14. 

The complement inhibitors had the same effect on TF expression induced by PS-PEG beads as thry 

had for PS. 

Not statisticaily di fferent frorn PS or PS-PEG beads. 

TF expression 

(relative fluorescent intensity in %)' 

47 + g ".S. 

On the other hand, Figure 3 shows that signifiant CDL lb upregulation occurred on 

leukocytes in the bulk in the presence of beads. even in the absence of platelets. sCRl and 

P5P significantly reduced CD 1 lb upregulation induced by PS-PEG beads but had no effect 

on PS-induced activation. Also, pentamidine significantly reduced CD 1 l b  upregulation for 

both PS and PS-PEG beads, while NAAGA totally inhibited CD1 lb upregulation. Note also 

that CD1 ib  upregulation on leukocytes without beads was high due to the longer prepantion 

and incubation time of these experiments relative to those done previously": plasma was left 

to sit for a few hours in a polypropylene tube during leukocyte preparation and the presence 

of activated complement products likely contnbuted to this "background" leukocyte 

activation over the 3-hour incubation. 

Also, using the differences in size scatter and intensity for CD45 between neutrophils 

and monocytes, we were able to distinguish the inhibitor effects on the two populations. 



Except for P5P with PS beads, the effects of the various complement inhibitors on CD1 lb 

were similar for both neutrophils and monocytes (data not shown). However, P5P was only 

able to significantly reduce monocyte (but not neutrophil) CD1 Lb upregulation induced by 

PS beads (Table 4). 

No beads Beads + sCR1 + PSP 

Figure 3: Effect of various complement inhibitors on C D l l b  upregulation on isolated 
leukocytes (neutrophils and monocytes) in autologous heparinized plasma. sCR 1 and PSP 

partially reduced CD1 1 b upregulation with PS-PEG berids. but not with PS. CD1 l b  upregulation is 

represented as 3 percent relative to the maximum (determined by the fluorescent intensity of 

leukocytes incubated with LPS) . * significantly diffrrent from no beads. ' Significantly diffrrrnt 

from beads without inhibitor (p < 0.0002). N = 3 to 5 i SD 

As shown in Table 5, following contact with beads. ünnexin V binding on monocytes 

and neutrophils was not significantly higher than background levels without beads. Annexin 

V binding on bulk monocytes was reduced with sCR1 and P5P for both PS and PS-PEG 

beads, but only P5P lead to a reduction that was significant. On the other hand. sCRl and 

P5P had no effect on neutrophils. and in some cases, P5P even increased phosphatidylserine 

exposure on neutrophils, as illustrated by the high annexin V binding levels with PS. 



Table 4: Effect of P5P on neutrophil and monocyte activation induced by PS and PS-PEG 

beads (isolated leukocytes in heparinized plasma). 

l 1 76 CD 1 1 b upregulation 1 % CD 1 1 b upregulation I 
1 / on neutrophils ' 1 on monocytes ' I 

No bead 

N = 3 t o 5 + S D  

' CDI lb  upregulation is representrd as a percent relative to the maximum determincd by the 

fluorescent intrnsity of leukocytcs incubatrd with LPS for 1 hours at 37°C. 

Monocytes and neutrophils were gated by flow cytometry using their size scatter and CD45 signals. 

* Significantly different from PS and PS-PEG beads (p c 0.02) 

PS-PEG 

+ P5P 

Table 5: Effect of sCRl and P5P on annexin V binding to isolated leukocytes incubated 

with beads in heparinized plasma. 

60f 8. 

1 ( Annexin V on Monos 1 Annexin V on PbINs 1 

671.5.  

53 I 10 

5 7 4 9 .  

53 25 

6 0 f  10-  

( PS-PEG l 578 f 162 l 558 I 396 I 

1 

. - 

N = 3 o r 4 k S D  

" Annexin V binding is represented as a percent relative to the minimum determinrd by the 

fluorescent intensity of leukocytes incubated with beads and EDTA for 3 hours at 37OC. 

Significantly different from PS kads  (p 5 0.05) 

Significantly different from PS-PEG beads ( p  < 0.04) 

". Not statistically diffrrent from PS or PS-PEG beads. 

No beads 383 + 132 272 f 41 



4) PMA-stimulated leukocyte CD 1 1 b upregulation 

After the 2-hour incubation with the various cornplement inhibitors and beads. 

leukocytes were stimulated with PMA to verify that they were still able to respond to a strong 

agonist. PMA is a direct activator of the protein kinase C (intracellular signalling mechanism 

of activation) that induces strong CD1 lb upregulation? Table 6 shows how leukocytes. 

incubated with beads and the complement inhibitors NAAGA or pentamidine for 2 hours. 

were unable to upregulate CD L Lb in the presence of PMA. These results suggest that these 

two agents significantly affected leukocyte intracellular signalling rnechanisms. Hence in 

addition to complement inhi bi tory effect. NAAGA and pentamidine appeared to inhi bit 

direct1 y leukocytes. 

Table 6: PMA-induced activation of leukocytes after a 2-hour incubation with beüds and 

cornplement inhibitors (isolated leukocytes in heparinized plasma). 

I CD 1 I b upregulation 

1 No beads I 60 k 8 I 

1 PS + P5P + PMA 1 97f 13 1 

No beads + PMA 

PS + PMA 

PS + sCRl+  PMA 

1 PS + Pentamidine + PMA 1 55f 8 .  I 

56 f 8 

97+ 1 1  

LOl I l 3  

N=-t- tS .D.  
" CD1 l b  upregulation is represented as a percent relative to the maximum (dsirrminçd by the 

fluorescent intensity of leukocytes incubated with LPS for 2 hours rit 37'C). 

Significantiy different from No beads + PMA (p < 0.001) 

PS + NAAGA + PMA 

5) Isolated leu kocytes: pooled serum and pooled-heparinized plasma 

To verify that the previous results were independent of the presence of heparin 

(known to have some complement inhibitory effect), experiments were repeated with 

313 '  

PS-PEG + PMA 101 4 8 



leukocytes resuspended in semm. Only sCR1 and P5P were used with serum as NAAGA 

and pentamidine were found to affect leukocyte-signalling mechanisms (see above). 

Table 7 shows the level of leukocyte adhesion and activation on PS and PS-PEG 

beads in pooled serum or pooled heparinized plasma conditions. Levels of leukocyte 

adhesion on beads in semm were lower than those observed in plasma. As observed 

previously in plasma, neither sCRl nor P5P blocked adhesion or activation on PS beads, 

while both were effective with PS-PEG beads. 

Table 7: Leukocyte adhesion and activation on beads (isolated leukocytes in serum or 

heparinized plasma) 

Serum 

CD45 CD1 l b  

W" (%)" 

Berids + EDTA LOO 2 0  100 i O * -  

+ sCR1 114 f L4 135 f 12 

133 k 33 1 46 $ 2 6  

PS-PEG 117+ 14 156 + 35 

Heparinized plasnia 

N = 3 2 S.D.. N = 2 

Significantly different from PS beads (p < 0.03) 

Significantly different fmn PS-PEG (p 5 0.05) 

Figure 4 shows CD 1 l b  upregulation on leukocytes in  the bulk in the presence of 

pooled serum or pooled heparinized plasma. Contrary to enperiments in heparinized plasma 

(Figure 4 or Figure 2 ) .  no diFference in CD l lb upregulation was observed with or without 

beads for leukocytes incubated in serum. Moreover, in the absence of beads. leukocytes in 

semm were signi ficantly more activated than leukocytes in plasma. 

Figure 4 also shows the effect of P5P and sCRl on material-induced CD1 lb 

upregulation in serum. While P5P in heparinized plasma had been previously show to 

reduce CD1 lb upregulation only with PS-PEG, P5P in serurn was effective in significantly 



reducing leukocyte activation with both PS and PS-PEG beads. As seen in hepainized 

plasma (Figure 2). SCRI in serum was only able to partially reduce leukocyte activation 

induced by PS-PEG, but had no effect with PS. 

No beads Berids 
I I L 

Serum Heparinized plasma 

: UPS-PEG . -- 
l 

Figure 4: Effect of serum (versus pooled plasma) and various complement inhibitors on 

CDllb upregulation of isolated leukocytes (bulk) with PS and PS-PEG beads. .As sern 

previously with autologous plasma. sCR1 reduced CD1 lb upregulation only with PS-PEG. A high 

background I r v d  of CD1 Ib upregulation was obsrrvrd in srrum. ' Significantly diffrrent from no 

bead in heparinized plasma (p = 0.01). ' Significantly diffrrent from PS bcads (p < 0.03). 

Significantly different from PS-PEG (p < 0.05). N = 3 t S.D 

IV. Discussion 

1) Leukocvte activation with isolated leukocytes 

Following contact with PS and PS-PEG beads, significant CD 1 lb upreguiiition in the 

bulk was observed on isolated leukocytes in plasma. but TF expression was not much 

different from that observed without beads. These results confirmed Our previous findings 

(Chapter 4) that platelets were necessary for increases in TF expression on monocytes. PSP. 

sCR1, pentarnidine and NAAGA were unable to block the observed background TF 

expression, suggesting that the TF expression present in these expeiiments may be an 

inevitable consequence of the isolation procedure. 



Annexin V was used as a probe to measure the exposure of negatively charged 

phospholipids foollowing contact with beads. Annexin V is a phospholipid-binding protein. 

which in the presence of calcium ions exhibits high and selective affinity for 

phosphatidylserine. Phosphatidylserine, a negatively charged membrane phospholipid 

(required for the assembl y of the clotting enzyme complexes such as the prothrombinase 

complex). may become exposed upon ce11 activation. While activated plate let^'^"". platelets 

adherent to a bi~material'~ and platelet micr~~articles'~ are recognized to express 

phosphatidylserine. very little has been reported about material-üctivated leukocytes and 

phosphatidylserine. In Our enperiments. after contact with PS and PS-PEG beads. both 

monocytes and neutrophils exposed phosphatidylserine. but to levels that were not 

significantly different from those observed without beads. This is consistent with a study by 

Satta et al2' showing small differences of phosphatidylserine exposure between control and 

LPS-stimulated monocytes. Strong exposure of phosphatidylserine has been observed 

previousl y pnnci pal1 y on monocyte mi~ro~articles'~. Our finding showing 

phosphatidylserine present on neutrophils and monocytes. even without beads. also agrees 

with earlier studies by Mann et al2"" indicating prothrombinase activity on leukocytes. As 

to whether this observed potential procoagulant activity is a consequence of the isolation 

procedure is unclear, since sCR 1 and P5P had many different effects. sCR l and PSP were 

unable to block background exposure of phosphatidylserine on neutrophils. suggesting then 

that i t  may be a consequence of isolation. On the other hand. P5P significantly reduced 

exposure on monocytes with PS and PS-PEG beads. but to different extents. suggesting that 

exposure of phosphatidylserine on monocytes was a consequence of activation induced by 

the beads. Funher work is needed to fully charxterize phosphatidylserine enposure on 

leukocytes. 

In the presence of plasma (pooled or autologous). PS beads induced a significant 

CD1 lb upregulation on leukocytes compared to the no beads sample. CD1 lb  upregulation 

was also observed with isolated leukocytes in serum, however no significant differences were 

present between the beads and no-bead samples, because of the high background activation. 

CD1 lb upregulation on leukocytes without beads in serurn was significantly higher than in 

heparinized plasma. Both serum and plasma carne from the sarne pool of donon, dismissins 

the possibility of an inter-individual variation. Compared to plasma, semm is more likely to 

contain activated complement products and other inflammatory mediators generated by 



activation of the coagulation cascade (e.g; platelet release. kallikrein). Indeed. recent work 

by Karlsson et a130'31 showed that serum from blood (clotted for 10 minutes) induced CD 1 lb 

upregulation, leukocyte priming, increased respiratory burst and intracellular calcium levels 

on neutrophils. Different phospholipids were also found in serum, and the authors believed 

that they may potentially be important intercellular signalling moleculesî' that are 

responsi ble for the observed leukocyte activation. in addition. si p i  ficant complement 

activation was genented by the glass tube used to prepare serum3'; and i t  likely contributed 

to the observed semm-induced leukocyte activation. Thus, the inflammatory products 

generated during serum preparation may have primed ieukocytes to respond strongly to the 

complement activation induced by the pol ypropy lene tube during our 2-hour incubation 

penod. This hypothesis is further supponed by previous results showing that adding sCR 1 to 

the rest sample was able to significantly reduce leukocyte activation. even in the absence of 

beads (data not shown). When studying mechanisms of leukocyte activation. serum is 

usually thought to represent a better system since no anticoagulant is added. However. it 

appears that the presence of inflammatory mediators generated during blood clotting primes 

leukocytes and results in unwanted leukocyte activation. 

On the other hand. the disadvantage of using hepürinized plasma over serum is thiit 

heparin has recognized inhibitory effects on complement activation3'. However, the 

inhibitory effect of heparin on complement activation varies with the type of heparin, 

concentration, incubation time and mate ria^'^‘^^. In fact, we (see Chapter 6) and ~ the r s ' ~ ' "~  

have shown that 5 U/mL of hepann did not have a significant inhibitory effect on 

complement activation. It is then advised that heparinized plasma. at 5 units/mL or lower 

concentration. be used when studying leukocyte/material interactions. 

2) Complement - activation with PS and PS-PEG beads 

PEG or PEO ;rafting is often thought of as a solution to blood compatibility as i t  

prevents protein adsorption and platelet adhesion3'? Although blood compatibility is not 

limi ted to platelet-material interactions, few studies have actuall y studied complernen t 

activation by PEO or PEG-gafted surfaces. In our in vitro system. PS-PEG was significantly 

more complement activating than PS as it generated more SC5b-9. PEO grafting on silane 

glass has also been shown to result in a higher degee of complement activation than silane 
39 glass . One hypothesis is that the presence of hydroxyl groups at the end of the PEG chain 



is responsible for this increased complement activity. It is important to note that for the PS- 

PEG beads. the PEG chains were immobilized on the PS matrix by anionic graft 

copolyrnerisation to ensure a free functional hydroxyl Hydroxyl and amino groups 

are recognized to allow covalent binding of c3bI0. Attachment of C3b to the surface would 

result in the formation of the alternative pathway C3 convertase. The clustering of C3b 

around the C3 convertase, conferred by the presence of numerous hydroxyl groups on the 

surface. may then lead to the formation of the C5 convertase with generation of CSa and 

~5b-910"". The activating effect of PEG on cornplement rnay also be explained by the low 

molecular weight of the chah used in our study (3000 kd) and it  might not be as effective in 

repelling protein. Also the PS surface may also not be entirely gafted with PEG and then the 

PEG would not be able to effectively prevent protein adsorption. Since we did not 

characterize protein adsorption directly, we cannot explain the increased cornplement 

activation observed wi th PS-PEG beads. However. these results underscore that w hen using 

PEG coating. conclusions on the biocompatibility of this surface should be drawn with 

caution. While PEG treatment of surfaces prevents platelet adhesion. it may not be the 

solution to blood-compatibility since. in some cases, the presence of PEG strongly activates 

complemen t. 

3) Leukocvte activation and complernent inhibition in the isolated leukocvte svstem 

Table 8 summanzes the effects of the various complement inhibitors on leukocyte activation 

and adhesion. 

a )  Pe~itamidinr 

Pentamidine significantly reduced cornplernent activation and CD 1 L b upregulation in 

bulk with both PS and PS-PEG. However, leukocytes incubated in the presence of 

pentamidine were unable to Further upregulate CD1 l b  in the presence of PMA. PMA is a 

direct protein kinase C activator and bypasses receptor-mediated pathways of activation. 

Pentamidine thus appeared to be interfering with leukocyte intracellular signalling 

mechanisms, suggesting that pentamidine's e ffect on leukoc ytes was not related to the 

associated complernent inhibition. Its inhibitory effects on platelei activation"."' and 

complement had made pentamidine an interesting prospect to resolve material 

incompatibility. However, pentamidine's side effects on leukocytes will likely limit the 

pharmaceutical potential of this drug. Indeed, neutropenia in AIDS patients is a frequently 



ïuble 8: Summüry tüble on the efleci of vürious complemeni inhibitors on mater-iül-induccd activütioii of isolüied leukocytes in 

hepürinized plüsinü. 

1 Isoluted Icukocytes 

Adhcsion 

Adhcrcnt 

~üteriül-dependeni 

(J with PS-PEG) 

(J with PS-PEG) 

- 

(J with PS-PEG) 

Maieriül-dependent 

( A  wiih PS-PEG) 

-L-L NID 

Matcr-iül-dcpendcnt 

(d wiih PS-PEG) 

- 

NID 

Mütcriül-dependeni 

(J wiih PS) 

N/D 

4 

N/D 



occumng side effect of pentarnidine's useJ3. Pentamidine is an antimicrobial agent and these 

agents have also been recognized to compromise phagocytic cell functionsu. Pentamidine 

has actually been found in vitro to interfere with neutrophil degranulationJ5, and inhibit 

superoxide radical f~rmation"~ and chemotactic cytokine release'". The inhibitory effect of 

pentamidine on PMA-induced CD l 1 b upregulation was in the range of therapeutic 

concentrations. WhiIe othen have not previously reported pentamidine's effect on CD 1 1 b 
55-47 upregulation. Our results agree with previous reports showing that the inhibitory effect of 

pentamidine on leukocytes is at the intracelluiar level and not via inhibition of inHammatory 

mediators such as complement activation. The mechanism. by which pentamidine acts on 

leukocyte activation, remains unknown. Thus despite interesting platelet and complement 

inhibitory properties, pentamidine, given as a drug, does not represent a viable solution to the 

bioincompatibility problem since it significantly impairs leukocyte signalling functions. 

6) NAAGA 

NAAGA totaily inhibited CD 1 lb upregulation on bulk isolated leukocytes with PS 

and PS-PEG beads. Complement activation was also inhibited by NAAGA. However, the 

effect of NAAGA on leukocytes is unlikely to be related to complement inhibition since. like 

pentamidine, PMA was unable to induce CD1 lb upregulation. Moreover, al1 other 

inhibitors. when effective, were seen to prevent biornateriül associüted CD 1 lb  upregulation 

(i.e.: CD1 lb upregulation with beads and inhibitors was sirnilar to the no-bead level) while 

NAAGA totally abrogüted CD1 lb expression on leukocytes to a level lower than the one 

observed with EDTA. Washing leukocytes, that had been first in contact with beads and 

NAAGA, pnor to incubation with anti-CD 1 lb did not change CD 1 I b expression. suggesting 

that NAAGA had either altered the CD 1 l b  binding epitope in an irrevenible manner or that 

NAAGA, by interacting with calcium pools or channels, interfered with CD1 lb expression. 

The latter hypothesis seems to agree with other experirnents where the treatment of isolated 

leukocytes with NAAGA was show to inhibit release of histamine"' and leukotriene B?. in 

a mechanism thought to involve selective inhibition of calcium influx from the estracellular 

cytoplasm. 

c) sCRl 

In accordance with Cheung et al?', complement activation was inhibited by more 

than 908  by sCRL with both PS and PS-PEG beads. On the other hand. CD L 1 b upregulation 

was only partially reduced by complement inhibition, and only with PS-PEG beads. The 



effect of sCRl on isolated leukocytes was not an effect of heparin since similar results were 

found with semm. The inadvertent presence of a few platelets during incubation with 

isolated leukocytes was unlikely to have contributed to PS-induced leukocyte activation since 

adding anti-[IbRUa during the experiments was without any effect (data not shown). PS- 

PEG generated high levels of SC5b-9 and thus can be chancterized as a strong complement 

activating material, when compared to PS. Considering the complement activating property 

of Our materials, the fact that sCR 1 was only effective in reducing CD 1 lb upregulation with 

a high complement activating matenal (PS-PEG) but not with a modernte activator is then 

not as surprising. The results with sCRl also tend to suggest that the terminal pathwüy of 

complement ( C k ,  C5b-9) is more important in leukocyte activation (CD1 lb upregulation) 

than the common pathway (C3a. C3b. iC3b). Moreover. the absence of an effect of sCR1 for 

PS-induced leukocyte activation implies that with some materials. other mechanisms of 

activation (independent of complement) exist. at least for isolated cells. 

arees The material-dependent effect of sCR 1 on activation of isolated leukocytes a, 

with Our previous work with dises of biomaterials, showing that sCR1 was only effective in  

reducing leukocyte activation with high complement activating rnaterials such as 

cellophane2'. Rozenkranz et al. also showed CD1 l b  upregulation induced by cuprophan on 

isolated neutrophils to be only panially inhibited by sCR1. leaving neutrophils still 

significantly activated when compared to the contro15' . In their study, they also demonstrated 

that complernent-dependent neutrophil activation was dependent on a CS-mechanism. which 

supports our observation. Cheung et al." also noted that the inhibitory effect of sCRl on 

leukocyte release was only partial (25 to 70%) and material-dependent, suggesting that 

material-induced neutrophil activation was mediated in part by pathways other thrin 

complement. Other pathways of activation, such as cytokiness'. have been shown to 

upregulate CD 1 lb, even in the presence of sCR1. Indeed, in the absence of complement. 

interleukin-1 and arachidonic acid metabolites. two inflammatory mediators able to support 

leukocyte activation, have been observed with some hemodialysis membranes5'. With some 

materials, such as PS. several pathways of the inflammatory response may be activated 

(complement being only one part of it), while with others, such as PS-PEG. the in flarnmatory 

response to this foreign material may be centered on complement activation. Thus, 

generalization on the mechanisms of material-induced leukocyte activation should be done 



with caution: while materials induce sirnilar level of leukocyte activation. the mechanisms. 

by which activation is regulated. differ and depend on the material's properties. 

d )  Pyridoxal5-pli ospliare 

P5P, a compound related to vitamin B6. significantly reduced CD1 lb upregulation 

induced by PS-PEG beads while it had only a small effect with PS-beads. We were unable to 

measure any significant complement inhibition by P5P. even though P5P is believed to be a 

Cl  inhibitor. PSP. at 3mM (the same concentration that was used in Our study). totally 

inhibited C l  activation. by reacting with lysyl residues on C lq and inhibiting its ability to 

associate with U s - ~ l r - ~ l r - ~ 1 s " .  It must be noted that inhibition at the C 1 level mliy not 

result in a significant inhibition of cornpiement activation, as other pathways are able to 

bypass this component to still activate complement. PSP, at low concentr~tions and for short 

incubation times (up to 10 minutes). is li leukocyte anti-aggregantsj without any effect on 

other leukoc yte functional parameters (adhesion. respiratory burst)j6. How P5P acts on 

leukocytes at higher concentration and For longer period of times such as Our 2-hour 

incubation has not been reponed. On the other hand, we know that. due to its negative 

charge and hydrophilic nature. P5P does not cross the ceil membranes'. Ln the concentration 

range used here. P5P has also been reported to inhibit platelet ag;regation5"" and ~lottin$~. 

most likeiy due to a modification of the fibrinosen binding site on thrombin. The mechanism 

by which P5P inhibits platelet aggregation may be sirnilar to how P5P inhibit leukocyte 
6 1 activation. With pllitelets. P5P affected neither c-AiMP levels nor ca2' mobilization 

induced by calcium ionophore5! On the other hand. P5P inhibi ted platelet aggregation 

induced by ADP and thr~mbin'"~'. Taken together, these studies suggest that P5P has a 

direct effect on receptor-mediated pathways of pllitelet activation and that it is interacting 

with specific glycoproteins on the platelet membranes. It is then conceivable that P5P also 

interacts with a leukocyte receptor to inhibit CD1 l b  upregulation induced by PS-PEG beads: 

however. Our results do not ailow us to speculate which membrane activation pathway P5P 

may inhibit. Harrington et al5' also speculated that PSP has a direct effect on Na'M 

exchange or on its mechanisms of platelet activation. This might also be true for its effect on 

leukocyte activation. On the other hand. another hypothesis is that the P5P effect on 

leukocyte activation is directly linked to its inhibition of Clq. Clq has been demonstrated to 
63 365 have inflarnmatory functions with leukocytes. enhancing phagocytosis and oxidative 

burstM? AIso, stimulated but not resting neutrophils selectively respond to elevated levels 



of free Clq, resulting in enhanced CD1 lb expression66. Our present data does not allow us 

to conclude if P5P affects leukocyte activation via Clq inhibition or via its interaction with 

receptor-mediated leukocyte activation. Funher experiments with Cl-INH will help in 

understanding the rnechanisms of action of PSP. 

The fact that P5P had a significant effect on monocyte activation induced by PS beads 

but not on neutrophil activation underscores the existence of activation mechanisms that are 

different for neutrophils and monocytes. The different effect of a stimulus on monocytes and 

neutrophils is not u n ~ o m r n o n ~ " ~ ~ .  

P5P was found to significantly reduce CDl lb  upregulütion and exposure of 

phosphatidylserine associated with PS-PEG beads. while it had only a minor effect with PS 

beads. As for sCR1, the matenal-dependent effect of P5P on leukocyte activation is likely 

related to the fact that PS and PS-PEG activate different mechanisms of leukocyte activation. 

PS-PEG may be a material activating the classical pathway of complement more than PS 

does. Or, PS and PS-PEG may have similar classicül cornplement activity but PS may 

activate othrr pathways of leukocyte activation that cün bypass a C lq-dependent mechanism. 

The latter hypothesis appeÿrs more reasonable, since, from our results. leukocyte activation 

induced by PS-beads occurs via complement-dependent and independent mechmisrns. while 

for PS-PEG. complement seems to be playing a more central role. On the other hand. upon 

contact with PS-PEG but not PS. leukocytes may release an inflammatory mediator (such as 

a cytokine or platelet activating factor) with which P5P interricts to block the signal for 

leukocyte activation. However. in the absence of any data on classical complement 

activation by PS and PS-PEG. and not knowinz the specific rnechanisms of actions of P5P, 

only sugestions can be made. Further studies are warranted to fully elucidate the properties 

of P5P. 

4) Leukocvte adhesion and cornrilement inhibition in the isolated leukocvte svstern 

Since NAAGA and pentamidine affected leukocyte-signalling mechanisms, results on 

adhesion with these two inhibitors will not be discussed. 

Significant leukocyte adhesion and activation of adherent cells was observed on both 

PS and PS-PEG and to similar levels, despite the presence of PEG on the latter beads. Since 

complement inhibition, by means of sCR1. inhibited leukocyte adhesion on PS-PEG but not 



PS beads, it appean that leukocyte adhesion at Ieast on this material is complement 

dependent. 

On PS-PEG beads, both sCRl and P5P were effective in blocking adhesion and 

activation of adherent leukocytes. P5P blocked leukocyte adhesion on PS-PEG beads. just as 

well as sCR1, even though iC3b levels remained high with P5P. This suggests that Clq may 

be an important mediator in adhesion to PS-PEG beads or that P5P interferes directly with 

leukocyte adhesion on PS-PEG. The latter hypothesis is less likely as. if P5P interfered 

directly with leukocyte adhesion on PS-PEG, i t  should also have had some effect on 

leukocyte adhesion on PS. Further experiments wiih Cl-[h'H or measurernent of Clq on PS- 

PEG will help in understanding the mechanisms by which P5P acts on adhesion with PS- 

PEG beads. 

Despite the absence of iC3b on PS beads with SCRI, leukocyte adhesion still 

occurred in heparinized plasma. The fact that isolated leukocytes are able to adhere to 

surf~ces in the absence of complement activation and platelets is not in itself surprising since 

leukocyte adhesion has been reponed even in the absence of plasma proteins"'. The 

leukocyte adhesion observed here with sCR1 is more likely rnediated by fibrinogen adsorbed 

on PS beads than by the few platelets that might be present. Tang et a~ . ' ~ ) ' ~ '  also found 

similar level of leukocyte adhesion to bfylar@ films adsorbed with normal or 

decomplemented plasma. Fibrinogen and igG were shown to play an important role in 

leukocyte adhesion on PET rither than complernent products70. Our semm results tend to 

reinforce the fact that fibnnogen is an important ligand in leukocyte adhesion to PS beads, as 

less leukocyte adhesion was observed on PS beads in senim (where no fibrinogen is left) than 
7 1 in plasma. . 

The fact that leukocytes adherent to PS beads were more activated with sCRl than 

without sCR1 remains a mystery. This is not due to endotonin contamination of sCRl since 

it tested negative for endotoxin. A similar increase in activation on adherent leukocytes was 

also observed with P5P. In both cases, this enhanced activation on adherent leukocytes was 

observed in plasma only, but not in serum, which tends to suggest that adsorbed fibrinosen 

may play a role. In the absence of complement products adsorbed on the surface. adhesion 

through fibnnopn may be favoured and t r i jg r  signalling mechanisms that Iead to higher 
72-74 levels of activation. Indeed, Anderson et al have found that fibrinogen on polystyrene 

activated monocytes to produce certain cytokines but not others. 



The fact that sCRl was effective in blocking adhesion to PS-PEG also suggests that 

fibrinogen adsorption was minimal on these beads (as expected, since PEG is recognized to 

prevent protein adsorption). Thus, in the absence of both complement products and 

fibrinogen on the surface, the PS-PEG beads were not able to support leukocyte adhesion. 

Our results on the effects of sCR1 on leukocyte adhesion al1 point toward fibrinogen as being 

an important ligand for adherent leukoc ytes. With isolated leukocytes. fibrinogen may thus 

be more important than complement products in mediating adhesion to materials and 

subsequent activation. These results also underscore how material properties. such as their 

ability to selectively adsorb proteins. are an important parameter in adhesion and activation 

of adherent leukocytes. 

The presence of annexin V binding on leukocytes adherent to PS and not PS-PEG 

suggest that exposure of phosphatidylsenne is governed by a different rnechanism of 

activation than CD 1 lb  upregulation, since both PS and PS-PEG induced CD 1 1 b on adherent 

leukocytes. The elevated annexin V signal on PS beads cannot be explained by the few 

platelets present on the surface since both PS and PS-PEG had similar background signals of 

CD41. Again. difference in matenal properties. such as difference of protein adsorption or 

matenal chemistry. rnay be linked to difference in exposure of phosphatidylsenne. 

V. Conclusion 

Following contact with PS and PS-PEG beads. isolated leukocytes in plasma in the 

absence of platelets were found to express less procoagulant activity than in whole blood: 

only a signifiant CD1 lb upregulation was observed. while TF expression and exposure of 

phosphatidylserine remained ai background levels. None of the cornplement inhibitors used 

were able to effectively reduce the background tluorescence of TF expression or 

phosphatidylsenne exposure, suggesting that the cells were primed during the isolation 

procedure and inflammatory inhibi ton other than complement were involved in the 

background expression. Pentamidine and NAAGA inhibited complement and were effective 

in reducing CD 1 1 b upregulation for PS and PS-PEG. However, they also affected direct1 y 

leukocyte signalling mechanisms. which make them unsuitable to irnprove blood-matenal 

compati bili ty. 

Complement inhibition via sCR 1 significantly reduced CD 1 1 b upregulation only in 

the presence of a high complement activating surface such as PS-PEG. The lack of effect of 



sCR1 on leukocyte activation and adhesion induced by PS beads but not on PS-PEG suggests 

that with isolated leukocytes. despite similar levels of leukocyte activation, (1) mechanisms 

of activation are material-dependent, and that (2) complement-independent mechanisms of 

leukocyte activation exist. The CD 1 l b  inhibition by P5P was also matenal-dependent and 

funher showed that generalization on the mechanisms of material-induced leukocyte has to 

be done with caution, as no one matenal activates leukocytes via the same mechanisms than 

another. 

Our results with isolated leukocytes and sCRl also suggest that adsorbed proteins 

other than complement, such as fibnnogen, play an important roie in mediating leukocyte 

adhesion and activation on the surface. This funher underscores thüt the low complement 

activation of a material does not preclude low leukocyte activation and adhesion. Material 

chemistry and properties can also affect leukocyte activation even in the absence of 

complement activation. 
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Chapter 6 

Role of complement and platelets in leukocyte activation induced by 

polystyrene and PEG-immobilized polystyrene beads in whole blood 

Abstract 

In whole blood. inhibiting both complement and platelets significantly reduced 

material-induced leukocyte activation. In the presence of sCRl (a specific complement 

inhibitor). material-induced CD1 lb  upregulation in bulk was significantly reduced only with 

a high complement-activating surface (such as PS-PEG) but not with the rnoderate activating 

PS. sCRl had no significant effect on material-induced TF expression or platelet-leukocyte 

aggregates. Anti-GPIIbllna (a GPIlb/Eia platelet receptor antagonist) only partially reduced 

material-induced TF expression and platelet-leukocyte aggregates. while it had no effect on 

CD 1 1 b upregulation. Both adherent platelets and adsorbed complement products mediated 

leukocyte adhesion to materials. Complement played a role in  CD1 lb  upregulation of 

adherent leukocytes, while TF expression on üdherent monocytes was dependent on adherent 

platelets. Combining both sCRl and anti-GPIIb/IIIa resulted in a significant reduction (but 

not total) of material-induced TF expression and platelet-leukocyte aggregates. while CD 1 lb 

upregulation and leukocyte adhesion were blocked. Pyridoxal-5-phosphate (P5P) done 

significantly reduced both material-induced TF expression and CD 1 1 b upregulation. in a 

way we believed to be associated with ils C lq and piatelets inhibitory activities. 

Material-induced leukocyte activation, associated with expression of procoagulant 

activities, appeared to be secondary to both platelet and complement activation. This 

suggsts that blood-material compatibility will be greeatly improve by the presence of 

biomatenal that minimally activates both platelet and complement or by the use of 

thenpeutic agents. such as maybe P5P. that simultaneously affects platelets and complement. 



1. Introduction 

With the use of cardiovascular devices. thrombotic complications continue io occur 

despite anti-platelet and anticoagulant therapies. Leukocyte activation, leading to the 

expression of procoagulant activities, may contribute to thrombotic failure of cardiovascular 

devices. In Chapter 3, monocytes were found to express functional TF. and CD1 l b  

upregulation and platelet-leukocyte aggregates were observed following material contact. In 

Chapter 5 ,  phosphatidylserine exposure was also demonstrated on isolated leukocytes. TF 

expression, by activating the entrinsic coagulation cascade; CD1 lb, by binding Factor X or 

tïbrinogen; phosphatidylserine by promoting cortgulation complexes binding; and platelet- 

leukocyte aggregates, by creating a microenvironment for activation: are al1 potrntial ways 

by which leukocytes may participate in thrombin Formation. TF expression on monocytes 

following blood-material contact has been reported by othrrs i ~ i  vitro'.' and irc vivo'" but the 

mechanisms of its expression remains unknown. A role t'or complement has been suggested 

in CD1 lb upregulation of bulk leukocytes but it is unclex as to whether i t  is exclusiveiy 

dependent on complement or not. As for adherent leukocytes in whole blood. very little is 

known. apart from the fact that cornplement (and other proteins such as tïbrinogen) are likely 

playing a role in adhesion. Understanding the mechanisms leading to the expression of 

procoagulant activities on leukocytes. both in the bulk and adherent to surfaces. wiil offer 

valuable means to improve blood-compatibi li ty. 

Blood-material interactions are complex since many protein systems (complement. 

coagulation) and blood cells are activated. We have hypothesized that both platelets and 

complement play a role in  leukocyte activation and that they affect TF and CD1 lb in 

different ways. Using isolated leukocytes, a role for complement in CD 1 l b  upregulation was 

shown to be dependent on the material propenies (Chapter 5 ) ,  while platelets were shown to 

play a role in TF expression (Chapter 4). Since the isolation procedure may create artefacts. 

whole blood experiments were undertaken to determine the role of complement and platelet 

activation in whole blood. We hypothesized that inhi bi ting complement activation and 

platelets in whole blood reduced material-induced leukocyte activation. To isolate platelet 

effects, a complement inhibitor, a recombinant soluble forrn of the CR1 receptor (SCRI), was 

used: sCRl is a specific complement inhibitor blocking the classical and alternative 

convertases by binding to C3b and C4b and promoting their inactivation by Factor I ~ .  

Platelet activation due to fibrinogen binding was blocked using Reopro, a platelet antagonist 



for G P I I ~ ~ ~ .  Prornising results obtained with Pyridoxal-5-phosphate (P5P) (Chapter 5 and 

Gemmell's work7). the biologically active coenzyme fonn of vitamin B6 cornpounds which 

inhibits the classical pathway by modifying clq'. led us to also test this cornpound in whole 

blood. 

To be consistent with the isolated leukocyte experiments (Chapter j), whole blood 

experiments were fint run in heparinized whole blood. For the isolated leukocyte 

experiments, heparin had been chosen over PPACK. due to PPACK's instability and the long 

process required for leukocyte isolation. 

11. Materials and methods 

1 ) Reagents and antibodies 

The same reagents and antibodies üs in Chapter 5 were used. ReoproB Abciximab (anti- 

IIbma) was frorn Eli Lily and Company (Indianapolis. IN). The saturating concentration of 

Reopro had been previousl y determined lit 15 pghL by Gernrnel l (personcil cornrnunication. 

2000). The same antibodies for flow cytometry and reagents were used as in Chüpter 5 .  

2) Beads 

The same 45pm beads were used as in previous chüpters: polystyrene (PS) and 

TentaGel beads. polystyrene beads immobilized with polyethylene glycol (PS-PEG). They 

were cleaned from endotoxin contamination as descnbed earlier and resuspended in 

endotoxin-free PBS. In all experiments, the residual endotoxin on the beads was equivalent 

to a concentration of endotoxin that was less than 0.1 EU/ml, which is below the 

recommended maximum FDA leve19 of 0.5 EUlrnL. 

3) Blood-material contact 

Whole blood from normal human volunteers was drawn into syringes preloaded with 

anticoagulant (5 UnitsIrnL heparin or 120pM PPACK) after discarding the first millilitre. 

Blood was incubated with only one concentration of beads ( M o 5  beads/mL - equivalent to 

a surface area to volume ratio of 13cm") for 2 hours at 37°C on a haernatology mixer. The 

inhibitors were added one at a time or in combination with anti-lIb/EIa to the blood before 

the beads at the following concentrations: sCR1 (700 pg/mL), P5P (500 pC/mL), and anti- 

IIbllIIa (75pghL). For the negative control, EDTA (8 m M  EDTA final concentration) was 



added to blood and beads while the positive control was blood incubated with endotoxin (5 

pg/rnL) without beads. 

As previously described, following incubation, beads were allowed to settle and small 

blood aliquots were taken for flow cytometry analysis of non-adherent cells. To analyse 

adherent cells on beads, red blood cells were lysed for 10 minutes with FACSlyse (Becton- 

Dickinson). Beads were washed with RPMIlFBS and then incubated with the appropriate 

anti bodies. The introduction of FACSLyse as a lysing buffer represents a modification from 

the protocol used in Chapter Three. FACSlyse is a prepared solution that lyses RBC more 

effectively than the NKCI lysing buffer. FACSlyse dso contains fixative and this ensures 

that cell activation does not occur dunng the lysing process'O. The disadvantage of the 

fixation step introduced with FACSlyse is that fixation before staining is recognized to 

increase expression of some receptors"~" (namely CD45. CD 14 and CD4 1 in our case). 

Thus. cornparisons of the flow cytometry adhesion results between Chapter 3 and 6 should 

be avoided. 

In some experiments. SEM (Hitachi. S-520) was performed on 

fixation in 2.5% glutaraldehyde and dehydration in ü graded series of ethano 

beads following 

I solutions. 

4) Flow cytornetry 

Flow cytometric analysis wûs camed out on blood and beads as described before in 

Chapter 3. Bnefiy. small aliquots (5 to 30 pL) of blood or beads. diluted in 5OpL of HTB 

were incubated with saturatins concentrations of fluorescently labelled monoclonal 

antibodies for 30 minutes at CC. For leukocyte activation in the bulk. following incubation 

with antibodies. erythrocytes were lysed for 10 minutes in the dark with FACSlyse. They 

were then washed, diluted in HTB and fixed with paraformaldehyde (1% final 

concentration). Al1 other samples were directly diluted in HTB and fixed. Samples were 

analysed on a Becton Dickinson FACScan flow cytometer (Mountain View, CA). using 

CELLQuest software. 

5) Complement activation in the mesence of anticoagulants 

Serum, from at l e s t  four individuals. was prepared following standard procedures. 

Pooled aliquots were stored at -70°C. They were thawed and ultncentnfuged for 3 minutes 

pnor to expenments. 



To isolate the effect of anticoagulants, heparin (5 UImL final concentration) or 

PPACK (final concentration 120 PM) was added to serum and the sarnples with beads were 

incubated for 7 hours at 37OC on the haematology mixer. After a 2 hour-incubation, EDTA 

was added (8 m M  final concentration), samples were centrifuged and serum aliquots frozen 

at -70°C. Complement activation in the bulk and adsorption on beads were assessed as 

previously described in Chapter 5 by flow cytometry and ELISA respectively. 

6) Statistical anaiysis 

All results are reponed as rneans + SD. To evaluate the significance of the 

differences in ceIl activation, analysis of variance (ANOVA) wûs camed out followed by the 

Student-Newman-Keuls test. which is a protected test for multiple ~ o r n ~ ~ s o n s ~ ~ .  A p-value 

of less than 0.05 was required for statistical significance. The number of repeat experiments 

was equal to or greater than three with three different donors. 

III. Results 

1) Effect of sCR 1. PSP and anti-I[b/UIa on leukocvte adhesion. 

Table 1 summarizes flow cytornetry results on leukocyte and platelet adhesion on PS 

and PS-PEG beads. Figures I to 4 show the effects of complement inhibition and platelets 

on leukocyte adhesion (Figures 1 and 2) and the level of activation on adherent leukocytes 

(Figure 3, TF and Figure 4. CD 1 1 b). 

Table 1 shows that similar levels of leukocyte adhesion (CD45 on beads: neutrophils 

and monocytes) were observed on PS and PS-PEG beads. Monocyte adhesion (CD 14 signal 

on beads. Table 1) was sigificantly less on PS-PEG than on PS. sugpesting that while fewer 

monocytes adhere to PS-PEG, neutrophils strongly adhered to this surface. These 

observations are in accordance with our previous results in PPACK whole blood (Chapter 3). 

Both platelets and complement played a role in leukocyte adhesion to PS belids 

(Table 1). On the other hand. for PS-PEG beads. which did not support platelet adhesion, 

leukocyte adhesion was reduced to background levels with complement inhibition (sCR1) 

alone. P5P alone had no effect on leukocyte adhesion to PS beads. However, PSP in 

combination with anti-IIblIIIa reduced leukocyte adhesion to background levels. Ali 

inhibitors had an effect on CD14 and CD45 signals. suggesting that they acted 

indiscriminately on monocyte and neutrophil adhesion (Table 1). 





Scanning electron microscopy. as illustrated in Figures i and 7. confirmed the leukocyte 

adhesion results obtained with flow cytometry. 

Figure 1: Scanning electron rnicrographs of PS beads with and without inhibition of 

complement and platelet activation in heparinized whole bIood: (a) no inhibitor, (b) with 

sCR1, (c) with mti-llb/IIIa, (d) with sCRl and anti-Ilb/lIIa. 



Figure 2: Scanning electron micrographs of PS-PEG beads with and without inhibition 

of complement and platelet activation in heparinized whole blood: (a) no inhibitor, (b) 

with SCRI, (c) with anti-IIblIIIa, (d) with sCRl and ami-IIbAIa. The creases obsened in 

the micrographs of PS-PEG are artefacts generated dunng the fixation and dehydntion 

process. 



As shown by the TF signal on beads (Table 1), significant levels of TF were observed 

on monocytes adherent to PS and PS-PEG beads. Al1 inhibitors alone or in combination 

significantly reduced TF signal on PS beads, while for PS-PEG only sCRl had an effect. 

The reduction of TF signal on beads was usually associated with a reduction in monocyte 

adhesion (i.e.. reduced CD14 signal). To ensure that the reduced TF signal on beüds was a 

result of inhibition of activation rather than a consequence of a reduced number of cells, the 

index of activation was calculated: (O of TF expression on beads) divided by (% of CD14 on 

beads). As illustnted in Figure 3. the index of activation for TF indicates that only anti- 

[ IbAa and P5P sigificantly reduced TF expression per adherent monocyte on PS beads. 

suggesting that the other significant differences observed with TF signal on beads (Table 1)  

were most likely due to the associated reduced monocyte adhesion. The lack of significant 

reduction for the TF index of activation with sCR1 further suggests thüt complement 

activation plays a minimal role on the expression of TF on monocytes. 

B eads 

O PS-PEG 

Figure 3: Effect of complement and platelets on the index of activation for TF 
expression on adherent monocytes in heparinized whole blood. P5P and anti-ib/üIa done 

significantly reduced TF expression per adherent monocyte on PS beads. TF index of activation is 

calculated as the (% of TF on beads)l(% of CD 14 on beads), whereby the % of TF and CD la on 

beads are expressed relative to the signal on beads+EDTA. * Significantly different from PS kads  

without inhibitor (p4.W). N = 3 to 6 k S.D. 



Sirnilar levels of CD1 1 b signals were observed on PS and PS-PEG beads (Table 1). 

Only sCRl and P5P sipificantly reduced CD1 lb  signal on cells on beads (Table 1). In 

Figure 4, the index of activation for CD1 l b  shows that, for both PS and PS-PEG beads. 

complement inhibition with sCR 1 signi ficantly reduced CD 1 1 b upregulation per adherent 

leukocyte. On the other hand, the reduction observed when combining sCRl+anti IIbDIIa or 

PSP+anti-IIb/IIIa was not sigiificant when compared to inhibitor alone. suggesting that the 

small CD1 lb  signals (Table 1) were more a consequence of reduced leukocyte adhesion than 

a reduced activation. 

a PS 
O PS-PEG 

Beads 

Figure 4: Effect of complement and platelets on the index of activation for C D l l b  
upregulation on adherent leukocytes in heparinized whole blood. Complernent inhibition 

via sCR 1 significantly reduced CD 1 1 b upregulation on adherent leukocytes to PS and PS-PEG beads. 

CD1 Lb index of activation is calculated as the (5% of CDL l b  on beads)/(% of CD45 on bertds). 

whereby the % of CD 1 i b  and CD45 are expressed relative to the signal on br;ids+EDTh. 

* Significantly different from respective beads without inhibitor ( p  < 0.05). N = 3 to 6 i- S.D 

2 )  Effect of sCR1. P5P and anti-iIblIIIa on leukocyte activation in the bulk 

Table 2 and Figures 5 ,  6 and 7 show the effect of complernent and platelets on TF 

expression (Table 2) and CD1 lb upregulation (Figure 6) on leukocytes in the buik incubated 



with PS beads. Table 3 and Figure 7 show the effect of complement and platelets on TF 

expression and CD I Lb upregulation with PS-PEG beads. 

As shown in Table 2. only P5P alone was able to significantly reduce TF expression 

on monocytes (in the bulk) induced by PS beads. Anti-m/TIia alone only reduced the 

number of monocytes expressing TF. but not the levei of TF expression. Adding anti-IIblIIIa 

to P5P further reduced TF expression. Combining anti-[IbLlIa and sCRi also resulted in a 

significant reduction of TF expression to the no beads level. TF expression in the no bead 

sample rnay appear relatively high compared to the initial TF expression. This rnay be 

explained by the presence of some platelet-monocyte aggregates that fonned even in the 

absence of beads (due most likely to low levels of platelet and leukocyte activation). 

Interestingly. for a similar level of TF expression between sCRl+anti-IIb/ma and the no 

bead samples. similar low levels of monocyte-platelet aggegates were observed (Table 2). 

Indeed. Figure 5 shows a positive correlation (Pearson R = 0.75: p < 0.001) found between 

TF expression and monocyte-platelet aggregates, the correlation study was performed using 

data from al1 the experiments. 

5 1 O 1 5  20 2 5  3 0 3 5 1 0  1 5  

% TF expression on monocytes 

Figure 5: Correlation graph between TF expression on monocytes and plate 
monocyte aggregates (CD41 signal on monocytes) induced by PS beads in heparinized 
whole blood. (Pearson R = 0.75: p c 0.00 1 ; N = 37) 



Table 2: Eîfect of complement inhibition and anti-II blllla on TF expression, platelet-leukocyte uggregutes und platelet activation 

induced by 13S I~eads in heparinized whole blood. 

I I Ideu kocyte activation 

1 1 TF expression 1 Monocytes cxpressiiig 1 Platelet-lcukocytc 

Plutelet activation 

t = O 

Na bciids 

niicropilrticles ( %) 1 expression ( %) 

N = 4 i o U f  S.D. 

( %)" 

13f  2 *  

2 3 + 3 *  

" TF expressioii i s  represeiiied üs a percent relative io the iiiüxiiiiuiii wlizre ~iiüxiiiiiiiii cxprcssioii is deteriiiiiicd hy tlic Huaresceiit iiiteiisiiy of 

leiikocytes iiicubütcd with LI'S for 2 Iioiirs üt 37°C' 
I i Moiiocytes siüiiiirig positivc for 'TF expressioii. 

' C1M 1 ürbiiriiry lliioresceiicc on ~ C ~ J ~ O C ~ I L ' S .  

' Significantly din'ercni l'rani PS bcüds (p 5 0.01) 

TF (%)" 

O k O 

4 + 3 *  

aggregutes ( F I d  uiiits) 

7 f  3 .  

34-  17. 



Figure 6 shows that, as expected from the results with isolated leukocytes, CD1 l b  

upregulation induced by PS beads in heparinized whole blood was unaffected by sCRl or 

anti-IIb/mri. However. as opposed to results with isolated leukocytes. P5P significantly 

reduced CD1 lb upregulation induced by PS beads in blood. Addin; anti-IIblIIIa to sCRl or 

P5P totally inhibited CD 1 1 b upregulation induced by PS beads (levels similar to t=O). 

t=O PS + sCRI + P5P + m t t - l l b / l i I r i  + K R  1 + PSP 
+ m i - t i b / l l I r i  + m i - [ M I I r i  

Figure 6: Effect of complernent and platelets on CDl lb  upregulation on leukocytes 

induced by PS beads in heparinized whole blood. Combining sCRl and snti-Ibflnn or P5P 

and anti-[Ib/Uls inhibited C D l l b  upregulation induced by PS beads. CD1 l b  upregulation is 

represented as ri percent relative to the maximum (determined by the fluorescent intensity of 

leukocytes incubated with LPS for 2 hours at 37°C). * Significantly different from PS beads 

(p10.0001). N = 4 to 6 i S.D. 

Table 2 aIso shows the effect of sCR 1, P5P and anti-Iib/IiIa on the formation of 

platelet-leukocyte aggregates and platelet activation. In accordance with results from 

Chapter 3. significant association berween platelets and leukocytes was obsewed in the 

presence of PS beads. These platelet-leukocyte aggregates were unaffected by sCRl whilr 

anti-IIblIIIa and P5P alone significantly reduced platelet-leukocyte association to the no- 



bead level (anti-IIblIIIa) or lower (P5P). In the presence of both P5P and anti-lIblIIIa, 

platelet-leukocyte aggregates were similar to t=O. Platelet microparticle formation and P- 

selectin expression were reduced by P5P but not sCRl (Table l), as expected based on the 

results of ~emrnell'. Not surprisingly and in accordance with other  tud dies'.'"^. anti-WKia 

totally blocked platelet MP formation and P-selectin expression. 

For PS-PEG beads in heparinized whole blood. high leukocyte adhesion was 

observed with PS-PEG alone and with anti-IIb/Eia. leaving too few leukocytes in the bulk to 

perform a proper analysis of leukocyte activation in the bulk'. However. we were able to 

obtain some values for PS-PEG: values for PS-PEG alone are either from the same inhibition 

expenments (enabled by higher collection time. n=2) or from others experiments. Table 3 

shows that TF expression on bulk leukocytes. similür to the one induced by PS. wüs observed 

with PS-PEG beads. As for PS beads. sCRl alone had no effect on TF expression. while 

combining sCR 1 and anti-iIb/IIia reduced TF expression. As illustrated in Figure 7. sCR 1 

significantly reduced CD 1 1 b upregulation induced by PS-PEG belids in heparinized whole 

blood. which is in accordance with our results from isolated leukocyte expenments. Adding 

anti-IIblIIIa to sCR 1 funher reduced CD 1 1 b upregulation. in a way that was significantly 

different from the effect of sCRl alone. 

Table 3: Effect of cornplement inhibition and ami-iibLIili on TF expression induced by PS- 

PEG beads in heparinized whole blood. 

1 TF expression 1 Monocytes expressing TF 1 

1 PS-PEG I 53+6  I 25 I 8 I 

t = ~  

No beads 

N = 3 to 4 f S.D. " expression is represented as a percent relative to the maximum where maximum expression is 

determined by the fluorescent intensity of leukocytes incubated with LPS for 2 hours at 37°C. 

Statistically significant from PS-PEG kads  (p S 0.02) 

(%la 
L ~ I Y  

2 3 + 3 *  

+ sCRl 

+ sCR 1 + anti-EIb/llJa 

i Such a problem hrid not been encountered be fore (Chapter 3 ) when PPACK-anticoagulrited blood wrts used. 
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tw 
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4 + 3 .  
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Figure 7: 

i=O Yo  berids PS-PEG + S C R I  +SCRI 
+ ant~-[lbIIlIa 

Effect of complement and platelets on CD1 1 b upregulation on leukocytes 

induced by PS-PEG beads in heparinized whole blood. Cornpiement inhibition significantly 

reduced (but not entirely) CD 1 l b  upregulation inducrd by PS-PEG beads. Ordinate is explriincd in 

Figure 8. * Significantly different from PS-PEG beads (p 50.0008). N = 3 to 4 + S.D 

3) Effect of sCRl and anti-llb/lIIa on bulk leukocyte activation and leukocvte 

adhesion in PPACK whole blood. 

Expenments with sCRl and anti-iIb/IIIa were also performed in PPACK blood with 

PS and PS-PEG beads to verify results obtained with PS-PEG beads in heparinized blood. 

since too few leukocytes remained in the bulk in these conditions for PS-PEG and PS-PEG 

with anti-IIbMa. We were also interested in investigating the effect of anticoagulant on 

material-induced leukocyte activation in the presence of complement and platelet inhibitors. 

Figure 8 and tables 1 and 5 show the effect of complement and platelets in PPACK whole 

blood on leukocyte adhesion on PS and PS-PEG (Table 4) and leukocyte activation in the 

bulk (Table 5,  TF and Figure 8, CD L Lb). 

As shown in Table 4, contrary to hepminized blood. sCRl had no significant effect 

on leukocyte adhesion or activation of adherent leukocytes (as measured by TF and CDI l b  

signals) on either PS or PS-PEG beads. Furthemore, as opposed to previous results in 

PPACK blood (Chapter 3) and in heparinized blood (above), significantly lower adhesion 

occurred on PS-PEG compared to PS beads. On the other hand, similarly to its effects in 



heparinized whole blood. anti-IIb/IIIa reduced leukocyte adhesion on PS beads and 

subsequent TF expression on adherent monocytes. 

Table 4: Effect of complement inhibition and anti-Iib/ma on platelet and leukocyte adhesion 

and activation of adherent leukocytes on PS and PS-PEG beads in PPACK whole blood. 

Berids + EDTA 

-- - 

b N = 4 i S . D ,  N = 3  

CD45. TF. CD 1 1 b and CD4 1 signals on bsods are rspresenrad as a percenragr relative to 

beads+EDTA. 

* Statistically significant from PS beads (p  < 0.05) 

Statistically significant from PS-PEG brads (p c 0.05) 

PS-PEG 

TF expression in the bulk is shown in Table 5. With PS-PEG beüds in PPACK 

blood, the expected inhibitory effect of anti-iIb/ma on TF expression in the bulk was 

observed. further confirming Our hypothesis that platelets played a role in TF expression 

independently of the material. Complement inhibition alone had no effect on TF expression. 

As for PS beads in PPACK blood. results similar to hepainized blood were obtained for TF 

expression in the presence of the various inhibiton (Table 5). 

As found previously with PS beads in hepuinized conditions. the platelet antasonist 

anti-IIbl[IIa alone was without effect on CD 1 1 b upregulation in the bulk induced by PS-PEG 

(Figure 8). On the other hand, Figure 8 shows that. while sCRl was found to be ineffective 
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in reducing CD 11 b upregulation induced by PS beads in heparinized blood, sCR1 in PPACK 

blood significantly reduced CD1 Ib upregulation in bulk with PS. 

Table 5: Effect of complement inhibition and anti-IIb/IIIa on TF expression and platelet 

activation induced by PS and PS-PEG beads in PPACK whole blood. 

1 No beads 

t = O  

b N = 3 to 4 I S.D. N = 1 for TF. N = 2 for platelets 

"F expression is represrntcd as a percent rehtive to the maximum whrrr maximum expression is 

determined by the fluorescent intensity of leukocytes incubaird with LPS for 1 hours at 37°C 

Statistically sipnificiint from PS beads (p  5 0.02) 

* Statisticrilly significant from PS-PEG beads (p  1 0.0 1 ) 

TF expression 

( % )" 

13i3 m u  

16k 1 1  I LOI 1 
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Platelet microparticles 1 
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35 1 8  



t=O No bcads Bcads 

II PS 
O PS-PEG 

Figure 8: Effect of complement and platelets on C D l l b  upregulation on leukocytes 

by beads in PPACK whole blood. As opposrd to nsults in blood. sCR1 significüntly 

reduced (but not entirely) CD1 l b  upregulation by both PS and PS-PEG beiids. Ordinate is 

expliiined in figure.7. * Significrintly different from beads without inhibitor (p  c 0.05). N = 3 to 

4 f S.D 

4) Effect of anticoagulant on complement activation 

sCR1 was able to reduce leukocyte activation in the bulk induced by PS beads in 

PPACK blood but not in heparinized blood. On the other hand, sCR1 had a significant effect 

on adhesion and activation of adherent leukocytes in heparinized blood but not in PPACK 

blood. To funher undentand these differences. complement activation was measured in the 

presence of heparin and PPACK. To isolate the effect of just the anticoagulants. they were 

added to serum and samples with beads were incubated for 2 houn at 37°C. 

As shown in Table 6, hepaiin at 5 units/mL reduced (but not significantly) 

complement activation in the bulk induced by both PS and PS-PEG beads. On the other 

hand, PPACK at 120pM significantly increased complement generated with PS beads in the 

bulk by a factor of 4. Similar results were obtained with PS-PEG beads. The addition of 

PPACK to serum resulted in increased cornplement activation so that iC3b levels genented 

with both the beads and the no bead samples were then identical. while SC5b-9 levels were 

identicai for PS and PS-PEG but still greater than the no bead sample. The addition of 



heparin had no such effect for SCSb-9, although iC3b levels were the same for both PS and 

PS-PEG beads (but higher than the no bead sarnple). Plasma from blood experirnents was 

also analysed and similar effects of PPACK were found when compared to heparinized blood 

(data not shown). 

Table 6 also presents results on complement adsorption on beads in the presence of 

PPACK or heparin. To Our surprise, while the presence of PPACK resulted in an increase in 

complement products in bulk. very little complement was actually adsorbed on the beads. 

Table 6: Effect of heparin and PPACK on complement activation induced by beads in serum 

Fluid Phase 

iC3b (pg/mL) 1 SCSb-9(pg/mL) 

1 + PPACK (120 PM) 1 

Adsorbed 

iC3b (9%)" 

No beads 

+ Heparin (5 units/mL) 

I I 

+ PPACK ( 120 PM) 1597 f 233 4 5 i 5 .  125 + 17 1 

175 

126 

+ Heparin (5 units/mL) 

1 + Heparin (5 units/rrL) ( 

6 

5 

193 f 37 

I 

PS-PEG 

N t  A 

NIA 

N = 3 + S . D .  ~ = 2  

YC3b signal on beads is representrd as a percentage relative to beads+EDTA ( 100%). 

Significantly different from PS and PS-PEG beads with or without heparin (p c 0.0005) 

Significantly different from PS-PEG beads with or without heparin (p < 0.0002) 

7 1  l *  

311136 

1 + PPACK ( 120 PM) 
1 

To ensure that the effect of PPACK was not due to an interaction with antibodies 

during the EUSA or flow cytometry procedures. several controls were mn. To verify that 

the unexpectedly high values observed with the ELISA were not due to non-specific binding. 

PPACK was added to EDTA-semm or PBS, incubated for 2 hours rit 37°C frozen at -70°C 

and then analysed for SC5b-9. Only background values of SC5b-9 were observed with or 

without PPACK. Adding PPACK to bead samples before incubation with the antibody for 

flow cytornetry did not have any effect. PPACK was also not contarninated by endotoxin. 

613 f 101 

25 + 2 

101 + 3 0 b  1461 + 337 ' 

I 

371+ S5 

4 3 + 4 *  



Also, the acidified buffer in which PPACK was dissolved was not acidic enough to 

significantly affect physiological pH: the acidified buffer was then not responsible for the 

enhanced complement activation observed with PPACK. Taken all together. these control 

experiments suggested that a specific interaction occurred between PPACK and complement. 

which resulted in an enhanced complement activation. 

IV. Discussion 

1) Effect of cornplement and platelets on leukocvte adhesion in heparinized whole 

blood 

Following a two hour-incubation in heparinized whole blood. leukocyte adhesion 

occurred on PS and PS-PEG beads to the same extent. Our results dernonstrated thrit 

complement activation products and platelet presence on the material surface mediüte 

leukocyte adhesion. As a consequence of cornplement inhibition by sCR1, no iC3b wiis 

adsorbed on the berids (see Chapter 5) .  The reduction in leukocyte adhesion rnüy be 

explained by the absence of iC3b on beads, as iC3b is a recognized ligand in leukocyte 

adhesion to biomaterials'~ However. Our results show that i t  is not the only ligand to 

rnediate leukocyte adhesion: in the absence of adsorbed iC3b, adherent plateleis (when 

present) were able to support leukocyte adhesion. Under low shear conditions. leukocyte 

adhesion to surface-adherent platelets may be mediated by interaction of CDllb  with 

fibrinogen bound to the [IbAIIa receptor on platelets'7"s or via binding of platelet P-selectin 

to its leukocyte counter-receptor PSGL- 1 ""O. The presence of platelets on the leukocyte 

membrane may also represent ri rneans of adhesion to surfaces. whereby the leukocyte attach 

to the biomaterial via its adherent platelets. 

Anii-IIb/IIIa reduced leukocyte adhesion on PS beads. in a way we believe to be 

associated with its inhibition of platelet adhesion. There have been some reports on anti- 

IIblIIIa interacting directly with leukocyte CD1 lb and blocking leukocyte adhesion to 

fibrinogen and ICAM-l"? While Our results with PS-PEG showed no effect of anti- 

IIblIIIa on leukocyte adhesion, this does not provide more insight on how anti-IIbAIa may 

affect leukocyte adhesion (i.e; via its inhibition of platelet adhesion or via an interaction with 

CDllb) since the presence of PEG on the PS-PEG beads most Iikely prevented fibrinogen 

adsorption. However, Our previous results from isolated leukocytes with sCRl showing no 

effect of anti-IIb/?Iia on leukocyte adhesion suggested that anti-IIb/ma did not interact with 



CD1 lb  and supports our hypothesis that anti-D[blIIIa effect on leukocyte adhesion is via its 

inhibition of platelet adhesion. Mickelson et al1' also found that Reopro did not bind to 

neutrophils; while Makkar et al2' observed leukocyte adhesion on stents implanted in dogs in 

the presence of 7E3. These two reports further suggest that an interaction between anti- 

iIb/ma and leukocytes is unlikely. The type of antibody used as well as the cells (cell lines 

versus fresh blood cells) may explain the interaction found in the earlier studies by   le scia" 
and simon". ~ o l l e ?  also recently reported that 7E3 appean to bind only to an activated 

conformation of CD1 lb. conformation that may not be adopted during physiologie 

activation. Furthermore, 7E3 binds to CD1 1 b with a much lower affinity (K,-160nM) than 

it binds to GPiIblIIIa ( ~ , - 4 n ~ ) " ' .  This confirms our hypothesis that. in  our experirnents. 

7E3 did not intenct with leukocytes. 

Cornplement inhibition via sCRl hüd a small (but not significant) effect on TF 

expression on adherent monocytes on PS and PS-PEG beads. as shown by the TF index of 

activation. On the other hand. sCR 1 signitîcantly reduced CD 1 1 b upregulation on 

leukocytes adherent to PS and PS-PEG beads. The fact that TF expression and CD1 lb  

upregulation are not regulated by the same mechanisms of activation is not surprising, as TF 

needs to be synthesized while CD1 lb is tnnslocated frorn intracellular granules. The effect 

of complement activation on CD 1 lb may occur either through binding of leukocytes to 

adsorbed complement products (such as iC3b) or complement products in the bulk (such as 

the anaphylatoxins C3a and C h )  rnay activate the adherent leukocytes. Both mechanisms 

may be relevant in this situation. since opsonized surfaces with iC3b tend to enhance 

leukocyte a~tivation'~'" and presence of C3a and C5a in the fluid phase have been shown to 
' 5  27-211 activate adherent leukocytes- 

Anti-[IbLIIIa did not reduce CD 1 1 b upregulation on adherent leukocytes. However. 

adding anti-Ubma to sCRl further reduced CD 1 1 b expression induced by adhesion on PS 

beads relative to sCRl alone. suggesting that platelets may also contnbute to CD1 lb 

upregulation of adherent leukocytes. The lower CD1 l b  index of activation observed with 

PS-PEG beads (which did not support platelet adhesion) in the presence of SCRI, compared 

to PS, Funher supports the hypothesis that platelets play a role in CD1 lb upregulation of 

adherent leukocytes. On the other hand, the tact that in the presence of both sCRl and anti- 

IIbma, leukocyte activation in the bulk was inhibited may also have affected activation of 

adherent leukoc ytes. 



Anti-IIblIIIa significantly reduced TF expression per adherent monocyte on PS beads. 

Anti-IIb/IIIa also biocked platelet adhesion and activation. This suggests that the presence of 

platelets on the surface or of platelet activation products (such as thromboglobulin or platelet 

activating factor) plays an important role in the expression of TF on adherent monocytes. 

The significant difference in TF expression of monocytes adherent to PS versus PS-PEG 

beads suppons our hypothesis that platelet adhesion andfor platelet activation participate in 

TF expression of adherent monocytes. While our experiments do not allow us to distinguish 

between the effect of platelet activation versus platelet adhesion. our previous experiments 

with isoiated leukocytes and platelets suggested that platelet presence on the surface may be 

an imponant factor in TF expression on adherent monocytes. Funher experirnents with anti- 

P-selectin, which would block platelet-leukocyte interactions on the surface but not platelet 

activation, would provide vüluable information on the rnechanisms of TF expression on 

adherent monocytes. 

P5P significantly reduced TF expression per adherent monocytes, suggesting that 

C l q  may be an important mediator in TF expression. A role for C lq in TF expression on 

monocytes appeared earlier in a study by Ostenid and ~skeland'~. where monocytes 

resuspended in plasma free of Clq and factor D failed to synthesize tissue factor in the 

presence of LPS. They later showed that adding back C lq partially restored LPS-induced TF 

expression". That sCRl alone, while inhibiting çomplement activation. was not able to 

reduce TF expression does not contradict the hypothesis that C lq may play an important role 

in TF expression, since sCR1 does not act on complement iit the level of C 1 but at the C3. C 1  

and C5 levels. PSP reduced but not significantly CD 1 1 b upregulation on adherent 

leukocytes. On the other hand. cornbining P5P and anti-iIb/lIIa surprisingly inhibited 

CD 1 1 b upregulation on adherent leukocytes. Since nei ther reagent was effective alone, this 

inhibition may be due to the fact that in the presence of both P5P and anti-IIbllIIa. leukocyte 

activation in the bulk was inhibited and this may have prevented CD1 l b  upregulation of 

adheren t leukoc ytes. 

2) Effect of complement inhibition on leukocvte adhesion in PPACK whole blood. 

In PPACK-anticoagulated whole blood significant less leukocytes adhered to PS- 

PEG compared to PS beads, which disagrees with Our earlier results showing sirnilar levels 

of leukocyte adhesion on both beads (Chapter 3). This may be explained by the fact that a 



new batch of PS-PEG was used. Upon XPS analysis, differences in Cls spectra were 

observed. suggesting that the PS-PEG used herein had more PEG immobilized on its surface 

(see Appendix E). Any cornparison with leukocyte adhesion results in Chapter 3 should then 

be done with caution. since different PS-PEG beads were actually used. The fact that a 

difference appeared in leukocyte adhesion between the different batches of PS-PEG but not 

in leukocyte activation in the bulk agrees with our hypothesis that material surface chemistry 

affects leukocyte adhesion but not leukocyte activation in the bulk (Chapter 3). 

The lack of effect of sCRl on leukocyte adhesion to PS and PS-PEG beads in 

PPACK blood is not surprising. since in the presence of PPACK. little iC3b was adsorbed on 

the beads. The piatelet presence on PS beads was almost entirely responsible for leukocyte 

adhesion on PS beads in PPACK blood. since anti-IIblma (which blocked platelet adhesion) 

signi ficantl y reduced leukoc yte adhesion to EDTA levels. This further con fi rms our results 

in heparinized blood. showing that in the absence of iC3b. platelets (when present) mediate 

leukocyte adhesion. The fact that leukocyte adhesion to PS-PEG in PPACK blood was not 

affected by sCR 1 (contrary to our heparinized results) implies that proteins other than iC3b 

mediate leukocyte adhesion on PS-PEG in PPACK blood. 

Despite the absence of iC3b on the surface (due to the effect of PPACK) and the high 

level of cornplement activation in the bulk. CD1 lb upregulation occurred on adherent 

leukocytes, but at a much lower level than the one observed with heparinized blood where 

iC3b was present on the beads. Moreover. in PPACK blood. sCRl was without significant 

effect on CD1 lb upregulation of adherent leukocytes. suggesting complement activation in 

the bulk has no effect on adherent CD L lb upregulation. This implies that the complement 

effect on CD1 lb upregulation on adherent leukocytes observed previously in heparinized 

blood is due to the adsorbed cornplement products and not complement activation in the 

bu1 k. 

3) Effect of sCR1 and anti-IIb/ma on platelet adhesion in whole blood 

Significant platelet adhesion occurred on PS beads. while. as expected. few platelets 

were present on PS-PEG beads. Complement inhibition via sCR1 had no effect on platelet 

adhesion on PS beads, while P5P had a small but significant effect. The lack of effect of 

sCRl on platelet adhesion in whole blood is in accordance with Gemmell's study, where 

sCR1 did not block platelet adhesion on PS beads in platelet-rich In that study7, 



P5P was aiso shown to reduce platelet adhesion, but the degree of inhibition was much 

higher than the one we observed (65% reduction in CD41 signal on PS beads versus 308). 

The difference in incubation times (20 minutes versus 3 hours), of in vitro models (static 

versus low shear) and medium (platelet-rich plasma versus whole blood) may account for 

the variation in P5P efficacy. Indeed, in a 1-hour rocking expenments in whole blood, P5P 

was not as effective as in platelet-rich plasma in inhibiting platelet adhesion to polyethylene 

tubes7. 

As expected, anti-IIbLiIa blocked platelet adhesion to PS beads. On the other hand. 

anti-IIblIIIa failed to inhibit the small platelet adhesion occumng on PS-PEG. while sCRl 

prevented it. This is most likely due to the fact that platelets present on PS-PEG beads are 

actually associated with leukocytes via P-selectin and not directly adhenng to PS-PEG. 

SEM funher confimed that direct platelet adhesion on PS-PEG beads was extremely rare. 

The effect of sCRl on platelet signal on PS-PEG beads is thus likely a consequence of its 

inhibition of leukocyte (associated with platelets) adhesion. 

4) Effect of complement and platelets on leukocvte activation in the bulk in whole 

b lood 

Leukocyte activation, as meüsured by TF expression, CD1 l b  upregulation and 

association with platelets, was observed with both PS and PS-PEG beads in PPACK and 

heparin anticoagulated blood. In accordance with our earlier study in PPACK whole blood 

(Chapter 3). both materials rictivated leukocytes to the same extent. The effect of 

complement and platelets on leukocyte activation in the bulk in PPACK and heparinized 

blood wi Il be discussed together, since a di fference between the two anticoagulants on1 y 

appeared in the case of sCRl and PS-induced CD 1 1 b upregulation. In the discussion, the 

type of anticoagulant will not be mentioned unless significant di fference in the inhibitor 

effect was observed depending on the anticoagulant used. 

a)  h t i -  IIb/UIu 

Adding anti-IIb/IIIa to whole blood prior to incubation with beads significantly 

reduced the number of monocytes expressing TF (but not to the no-beads level). This 

follows the trend of our previous results with isolated leukocytes where platelets were found 

to play a significant role in material-induced TF expression. In the absence of a material, a 



role for platelets in TF expression has been shown before, whereby the presence of platelets 

enhanced LPS-induced TF e ~ ~ r e s s i o n ~ ' ' ~ ~ .  

On the other hand, the presence of the platelet IIb/ma antagonist dunng blood 

incubation with either type of beads wüs totally ineffective in reducing CD1 Lb upregulation 

on leukocytes. This further confirmed our results with isolated leukocytes showing the lack 

of effect of platelets alone on material-induced CD1 lb upregulation. suggsting that platelet 

activation is not a primary mechanism for CD1 Lb upregulation and other mechanisms, such 

as complement activation, played a role. However. there have been some reports of anti- 
mma~j.3-t reducing CD 1 1 b upregulation in myocardial inhrction and dut-ing ansioplasty: 

these effects were obtained after 12 and 24 hours. respectively. The longer time periods or 

the fact that i t  might be a situation of very low complement activation with high plntelet 

activation (a case thai we did not study here) may account for the difference in the effect of 

anti-IIb/IIIa. Time may actually be an important factor for platelets to have a significant 

effect on leukocyte CD1 lb upregulation. May et al showed that. after coronary stent 

implantation, a significant reduction in CD 1 lb upregulation appeared only after the day 

of antiplatelet thenpy (ticlopidine) j5. 

As expected. blocking fibrinogen binding to platelets wi th anti-[IblIIIa signi ficantl y 

inhibited both mateniil-induced platelet activation and formation of platelet-leukocyte 

aggregates. Reduced platelet-leukocyte aggregates have also been observed irt vivo 

following administration of a GPiIbLDa antagonist 15.34.36.37 . The Iack of P-selectin 

expression on platelets. a p n m q  ligand for the association between platelets and leukocytes 

(Chapter 4 and de ~aetano"). explains the minimal presence of phtelet-leukocyte 

aggregates. Anti-C[b/ma rnay also have blocked bridging between platelets and leukocytes 

via fibrinogn, a common ligand for platelet GPiIblIIIa and leukocyte CD 1 1 b, funher 

inhibiting any possible association between platelets and leukocytes. 

b) SCRI 

Complement inhibition (wi th sCR1) alone did not sipificantly reduced TF 

expression, the number of monocytes expressing TF, and platelet-leukoc yte aggreegates 

induced by PS and PS-PEG beads in whole blood. This suggested that complement 

activation did not play a prirnary role in  material-induced TF expression and formation of 

platelet-leukocyte aggreegates, and that other mechanisms were involved. 



In heparinized blood, sCRl significantly reduced CD1 l b  upregulation induced by 

PS-PEG beads but not by PS. These results agree with Our isolûted leukocyte experiments 

that demonstrated the primary role of complement activation in PS-PEG induced CD1 lb 

upregulation while pointing to other complement-independent mechanisms of activation for 

CD1 l b  upregulation induced by PS beads. To further discuss the effect of complement 

inhibition on CD1 lb, the platelet and complement activating properties of each rnaterial 

should be considered. As shown previously in Chapter 5. PS-PEG is a highly complement 

activating material (high levels of [SC5b-91). but induces minimal platelet activation as 

measured by formation of platelet microparticles and P-selectin expression. PS is a mild 

complement activating material (low [SCjb-91). but a strong platelet activator. Considenng 

these differences, the fact that sCRl in whole blood is effective with one material but not the 

other may then not appear as surprising: i.e. i f  the material is not a strong complement 

activator, then the effect of sCR 1 should be small. 

Our results on the lack of effect of sCR 1 on PS-induced CD 1 1 b upregulation may 

appear to disagree with the mmy reports on the importance of complement activation in 

material-induced leukocyte activation bt vitro. However. i t  is necessary to look closely at the 
39 40-45 activating propetties of the material tested . Himmelfxb et al."' and Rinder et al.'l" 

showed a significant reduction in CD 1 1 b upregulation with sCR 1 with a mûterial that was 

highly complement activating but minimally activated platelets. which agrees with our 

results with a rnaterial with similar properties. PS-PEG. With a strong platelet and 

complement activating material such as PVA"~.  P V C ~ ~ ' ~  or extncorporeal circuits" "'. sCR 1 

or inhibition of complement at CS or C9 levels was found effective in blocking leukocyte 

activation. While we did not study such a type of material in our study with heparinized 

blood, a parallel may be dnwn to the case of PS in PPACK blood characterized by high 

[SC5b-91 complement generation (to be explained later) and platelet activation. In this case. 

we also showed an effect of sCR1. Taken all together, our results and others on the effect of 

cornplement inhibition on material-induced CD1 lb upregulation tend to suggest that a 

pnmary role for complement in CD1 lb upregulation is only observed when high terminal 

pathway activation is present. 

While our expenments do not directly m e s s  how the complement pathways C3 and 

C5 are involved in CD 11 b upregulation, Our results with sCR1, showing its effect primarily 

when high SC5b-9 levels are observed, tend to suggest that the C5 complement pathway may 



be important in the mechanisms of material-induced CD1 lb upregulation. Gillinov et ala6 

showed that the terminal pathway of complement activation was most important in material- 

induced CD 1 lb upregulation: blocking the C3 pathway but not the terminal pathway resulted 

in similar leukocyte activation relative to the absence of inhibition. Other  tud dies^"^' also 

demonstrated that the terminal pathway, but not C3a. contributed to leukocyre activation. 

Thus the matenal-dependent effect of complement inhibition appears to be directly linked to 

the complement activating properties of the material: only when high terminal complement 

activation is present is complement inhibition effective. This further supports the notion that 

activation of the terminal pathway of cornplement rnay be a more relevant index of blood 

compatibility. Videm et al4' also proposed that measuring the terminal cornplement 

activation rnay be the best index of complement activation during cardiopulmonary bypass. 

When a role for complement was shown in our study, a reduction in CD 1 1 b 

upregulation to level sirnilar to the no beads sample was usually observed. But the no bead 

level was greater than the EDTA or initial levels. suggesting that there was sorne material- 

independent activation occumng. Anti-UbAIIa had to be present with sCR1 to totally inhibit 

CD1 lb upregulation, suggesting that platelet activation. even when minimal, contnbuted 

CD1 lb upregulation. This partial inhibition in CD1 lb upregulation upon complement 

inhibition seems to contradict other in vitro studies in blood, which observed a total 

abrogation of CD1 lb upregulation (level with complement inhibition similar to initial level). 

These discrepancies rnay be the result of the differences in experimental protocol or in the in 
40-42 virro model used. In the iri vitro studies by Rinder et al. . the priming solution used to 

dilute blood contains mannitol, a hydroxyl scavenger. Hydroxyl radicals are known to 
50-52 activate leukocytesa and platelets . Thus the presence of mannitol most likely inhibited 

other pathways of leukocyte activation, making complement activation the exclusive 

mechanism. Difference in temperatures of incubation (110 min at 37OC versus 17'C for 60 

min, and 37OC for 30 min)M42 rnay also account for the difference as lower incubation 
53;54 tempenture have been reponed to induce lower leukocyte activation . The 25% blood 

dilution and higher heparin concentration (10 U/mL versus SUImL) in the study of 

FLimmelfarbJ3 rnay also have an impact on the extent of leukocyte activation. Finally the in 
39;u vitro model used, such as the one developed with PVC by Larsson et al , rnay affect to 

which degree the different mechanisms of activation are involved. Their model used a 

smaller surface area to blood volume ratio (6 cm") with a large volume of air (4 mL of gas 



for 5 mL of blood). In such a systern, the effect of complement activation induced by the air 

bubble rather than by the material may be measured. The presence of gas bubbles has been 
55-57 previously reported to significantly activate complement . 

In PPACK blood, sCRI significantly inhibited (but not entirely) CD 1 l b  upregulation 

induced by PS beads, while it had been ineffective in heparin. Our complement results have 

shown that in PPACK blood. high complement activation is observed. changing PS from a 

moderate complement activator to a high complement activator with concentrations of 

[SC5b-91 similar to PS-PEG. Thus. the mechanism of leukocyte activation in PPACK blood 

appears to be dnven in  part by the high complement activation for PS. hence the effect of 

sCR1. The role of platelet activation as a secondary mechanism for leukocyte activation is 

also observed whereby the reduction in  CD1 lb upregulation in the presence of sCRl is 

stronger with PS-PEG beüds (minimal platelet activation) than with PS beads. This is funher 

verified by adding anti-IIbl[na with sCR 1. which combination totally blocked CD 1 1 b 

upregulation induced by incubation with beads. The partial role of complement in  leukocyte 

activation induced by a strong platelet and complement acti vating material was funher 

demonstnted in vivo by Fitch et alJ7, where a recombinant C5 complement inhibitor was 

shown to reduce but not entirely CD1 lb upregulation on leukocytes in patients undergoing 

bypass graft surgery with cardiopulrnonary bypass. Their results funher confim Our 

hypothesis that in a case of a high complement and platelet activating mûterid, both 

complement and platelet activation have to be inhi bited to total l y block material-induced 

CD L 1 b upregulation. 

C )  sCR 1 m i c i  utif i-  Ilb/ZIIa 
I 

Inhibiting both complement activation and plütelet activation via fibrinogen binding 

(with anti-IIb/ma) reduced TF expression and the percentage of monocytes staining positive 

for TF to the no-beads level. Complement and platelet activation appear then to act together 

in material-induced TF expression in the bulk. Funher reduction might have been achieved 

if fewer platelet-monocytes aggregates were present. While we showed a positive 

correlation between platelet-monocyte aggeegates and TF expression on monocytes, we were 

unable to demonstrate directly the effect of platelet-monocyte association on TF expression 

in whole blood. Our cornmerciai source of anti-P-selectin was contaminated with endotoxin 

and another source could not be found in the appropriate time frarne. W m e s  et als8 have 

actually shown that anti-P-selectin reduced LPS-induced monocyte TF expression and from 



our isolated leukocyte experiments with platelets (Chapter 4). a similar trend would be 

expected for material-induced TF expression in whole blood. 

Combining both sCRl and anti-IIblIIIa also resulted in a significant inhibition of 

CD1 Lb upregulation with PS beads, while none of the reagents were effective alone. This 

suggests that both complement and platelet activation were playing a role in PS-induced 

CD l 1 b upregulation: inhibiting one pathway of activation was ineffective as the other one 

was still present to activate leukocytes. Adding anti-[IblIIIa to sCRl with PS-PEG also 

further reduced CD 1 1 b upregulation observed wi th sCR 1 alone, suggesting that the minimal 

platelet activation present with PS-PEG beads was responsible for some of the remaininz 

leukocyte activation in  the presence of sCR 1. 

These results funher emphasize the existence of more than one piithway for leukocyte 

activation and show that depending on the properties of the material. inhibiting one pathway 

of leukocyte activation. such as complement activation. may not have a significant effect. In 

vivo studies by Rousseau et als9 and Videm et al" also point toward a material effect on 

leukocyte activation that is not always related to complement activation but also to platelet 

activation. As discussed previousl y. generalization on material-induced leukocyte activation 

from one material to another should be done with caution unless they appear to have simi1i.u 

complement and platelet acti vating propenies. 

d )  Pyrido.ral-S pliospliure 

The presence of P5P alone in whole blood with beads reduced TF expression to the 

no-beads level. P5P also significantly reduced the association between platelets and 

monocytes. The effect of P5P on TF is unlikely due solely to the reduction in  platelet- 

monocyte aggregates since. with anti-[Ibrna. similar levels of platelet-leukocyte aggregates 

did not result in such a significant reduction of TF expression on monocytes. The C lq 

inhibitory effect of P5P might be responsible for its effectiveness in inhibiting TF expression 

induced by PS-beads. As mentioned above, Clq has been shown to play a role in LPS- 

induced TF expression30. Adding anti-IIbllIIa to P5P totally abrogated TF expression on 

monocytes (level sirnilar to initial TF expression), suggesting that the low TF expression 

induced by PS beads in the presence of P5P was due to the remaining platelet activation. 

P5P. alone, sipificantly reduced CD 1 1 b upregulation induced by PS beads. These 

results c m  also not be explained by reduced platelet activation and leukocyte-platelet 

aggregates alone since anti-IIb/IIIa failed to have such an effect on CD1 lb. P5P effect may 



suggest C Lq participation in CD1 l b  upregulation. Presence of C lq has been reported to 

increase PMA-induced CD 1 1 b upregulation6'. The inhibition of C lq by P5P may reduce 

CD1 l b  upregulation by blocking Clq  stimulative effect on activated leukocytes. Adding 

anti-ITb/EIa to PSP blocked CD1 l b  upregulation induced by PS-beads, further confinning 

our hypothesis that complement and platelet activation. both. play a role in leukocyte 

activation. 

Material-induced formation of platelet-leukocyte aggregates was blocked by P5P. 

The low P-selectin expression on platelets müy not entirely explain this observation; despite 

si miliu levels of P-selectin present wi th PS-PEG, platelet-leukocyte aggregates still formed. 

The cornbined effect of PSP on platelet and leukocyte activation may prevent the association 

between platelets and leukocytes. 

While we discussed the effect of P5P focussing on its reported Clq  inhibition. it is 

also important to remember that PSP rnay have other xtivities (previously discussed in 

chapter 5) that may be linked to its effect on leukocyte activation: these potential xtivities 

for P5P were studied with platelet~6? Briefly, P5P rnay be able to interact with a 

glycoprotein receptor on leukocyte and rnay also have an effect on Nat/H+ exchange. 

Funher studies with C l - N H  are warinted to characterize the mechanisms by which P5P 

inhibited leukocyte activation. 

5) Effect of complement inhibition on platelet activation in whole blood 

In our in vitro system. complement inhibition via sCRl did not affect platelet 

activation. This agrees with previous works by ~emmell" and Larsson et al3'. On the other 

hand, in Rinder's studies, cornplement inhibition with antibodies against ~ 5 "  or ~ 8 ' '  

significantly reduced platelet activation. The contradiction on the effect of complement on 

platelets rnay arise from the presence of mannitol, a hydroxyl scavenpr, in Rinder's studies. 
50-5 2 .  Hydroxyl radicals have been reported for their capacity to activate platelets . iheir 

neutralization by mannitol may suppress an effective mechanism of platelet activation and 

explain Rinder's finding for a primary role of cornplement in platelet activation in these 

studies. 

In the presence of P5P, material-induced platelet microparticle formation was 

reduced, which is in accordance with previous results from ~emmell~! P5P hhas also been 
65 ;68 previously reported to inhibit platelet aggregation6"67 and platelet release in vitro. While 



not directly demonsvated yet, P5P effect on material-induced platelet activation is thought to 

be through its inhibition of C lq6! 

6) Effect of anticoa~ulants on complement activation 

The presence of heparin in  serum reduced, but not significantly, complement 

activation induced by beads. Heparin is an anticoagulant that also has anti-complement 

properties". However. the inhibitory effect of heparin on complement activation appears to 
73-76 Vary with the type of heparini0'73 and concentration . The reponed effects of complement 

inhibition by heparin have usually been observed at concentration of lOUlmL and 
higher73:74:76 . During surgery and haemodial ysis. the therapeu tic concentration of heparin is 

usually 5 ~ / r n ~ ~ ~ .  At this concentration. Our results and others 73;78;79 suggest that hepürin at 

SUIrnL has a minimal effect of complement activation. 

Frorn earlier work by Kettner and shawS0, PPACK is believed to be a very selective 

thrombin inhibitorJ1"'. However. Our results points to an interiction between PPACK and 

complement, since in the presence of PPACK. high complement activation wiis observed 

even in the absence of beads. The high specificity of PPACK has been reported at low 

concentrations of PPACK (between 10'"nd M)~', while we used a hirly high 

concentration of anticoagulant ( 120pM) to compensate for the instability of PPACK and our 

long incubation time. At high concentration. PPACK may not be as specitïc as expected. 

Othen have found that PPACK at concentration in the micromolar ranges inhibited plasmin 
Y3;84 andtPA . Gilboaetal8JactuallyshowedthatPPACKinhibitionofplasminandtPAivas 

concentration de pendent. 

In our experiments. PPACK. cit 120pM. led to a significant level of complement 

activation in the fiuid phase while little iC3b was observed on the berids. The very high 

activation in the fluid phase suggesests that PPACK may be interacting with some of the 

regulatory proteins of complement. The fact that little iC3b was observed on the beads (a 

monoclonal antibody to iC3b was used) suggests that Factor 1 may be that protein. By 

interacting with Factor I, PPACK would prevent the inactivation of the C3b and thus favour 

formation of the C3 and C5 convertases. arnplifying complement activation. Knabb et alg5 

have reported that PPACK at ZOOnM inhibited complement Factor I. While no other study 

has been reported yet with PPACK and complernent, an interaction of PPACK with Factor I 

cannot be dismissed (personal communications, Jeffrey Weitz, Roben Knabb, 2000). A 



derivative of PPACK, DuP714 has been reported to directly act on cornplement proteins. 

DuP714 is a boroarginine derivative of PPACK, which was shown to be a highly effective, 

slow binding inhibitor of thrombins6. DuP714 was also found to activate complement 

through its potent inhibition of Factor I"''! Factor I and thrombin are both trypsin-like 

senne proteases and have a very similar amino acid sequences, especially in the areas of the 

ligand binding region for DuP7 14 or PPACK? In our study. the interaction of PPACK with 

the complement regulatory protein Factor I is likely due to the high concentration of PPACK 

used and may explain the increase in complernent activation.. 

It then appears that there is no "inert" anticoagulant for in vitro use: while heparin is 

known to bind to cells and plasma proteins'9, PPACK specificity for thrombin at high 

concentrations is questionable. The properties of the anticoagulants also have to be weighed 

against their ease of use. price and availability. Thus heparin. at concentration of 5 U h L  (or 

lower) may be a better choice over PPACK for long time experiments. 

V. ConcIusion 

Following contact with beads. significanr TF expression. CD1 lb upregulation and 

leukocyte association with platelets were observed. AI1 these markers of leukocyte 

activation have been recognized to have potential procoagulant activities and their expression 

suggests that material-induced leu koc yte activation may play a role in  thrombosis associated 

with cardiovascular devices. Table 7 summarizes the results obtained with sCR1. PSP and 

anti-IIb/IIIa. Platelei activation plays a si gni ficant role in TF expression on monocytes. both 

in the bulk and adherent to beads. A role for platelet-leukocyte aggregates was dso 

suggested in material-induced TF expression. and further studies with anti-P-selectin are 

warranted to better characterize the role of aggregates in material-induced TF expression. 

sCR1 was only effective in partially reducing CD 1 lb upregulation in the bulk when 

high cornplement activation had been present (i.e., high levels of [SCSb-91, suggesting that 

complement-independent mechanisms of activation participated in material-induced CD 1 1 b 

upregulation. Both complement and platelet activation had to be blocked to totally inhibit 

CD1 l b  upregulation induced by PS and PS-PEG beads. confirming that complement is not 

the exclusive mechanism of activation: platelet activation appem to play a second- role in 

material-induced CD 1 1 b upregulation. 



Both adherent platelets (when present) and adsorbedJbound complement products 

were found to mediate leukocyte adhesion on beads. However. others proteins. yet 

unidentified. appear to participate in leukocyte adhesion on PS-PEG in the absence of iC3b 

on the surface. Upregulation of CD1 l b  on adherent leukocytes was primarily due to 

complernent activation. 

This study shows that material-induced leukocyte activation is mediated by both 

platelet and complement activation. Depending on the propenies of the material. inhi biting 

one pathway of leukocyte activation may not have any significant effect on leukocyte 

activation. and hence on leukocyte expression of procoagulant activities. The expression of 

procoagulant acti vities by leukocytes is also regulated di fferently by complement and 

platelets. and thus by inhibiting one pathway will only affect one aspect of leukocyte 

procoagulant activities. A combination of anti-IIblIIIa and P5P was also very effective in 

inhibiting material-induced leukocyte and platelet activation. White the mechanisms by 

which P5P inhibits leukocyte activation are not yet well understood. its potential, as a 

biocornpatible agent. should be seriously considered. Funhermore. it appears that blocking 

both platelet and complement activation may significantly improve blood compatibility with 

cardiovascuIar devices. When tryin; to design better biocompatible materials or to improve 

existing materials via surface modification. one should remember that the ideal biomüterial 

seems be a material that activates neither platelets nor complement. Meeting only one of 

these conditions will likely not be enough. Both surface üdhesion and bulk activation are 

also important parameters to keep in mind. 
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Summary and perspectives 

Biocompatibility of blood contacting material is a complex problem where 

interactions between inflamrnatory. hiiemostatic and cellular systems are present. Despite 

over 25 years of material research. the ideal blood-compatible surface has not been found 

and surface coatings have failed to provide significant improvement. Thrombotic 

complications rernain a recurrent problem in the use of cardiovascular devices. even in the 

presence of anticoagulant and anti-platelet therapy. This thesis took a more fundamental 

approach to the problem by trying to understand how leukocytes were üctivated by material 

contact and how they can contri bute to thrombogenesis. The previous chapters investigated 

how materials. platelets and complement are involved in leukocyte activation that can be 

linked to procoagulant activity: TF expression. CD1 l b  upregulation. and formation of 

platelet-leukocyte aggregates were studied. .An iri vitro lissay using small beads (45pm) was 

developed to assess leukocyte activation both in the bulk and adherent to beads by flow 

cytometry. Polystyrene beads and PEG-immobilized polystyrene beads were used as rnodels 

of blood-activating surfaces. 

L) Materials activate leukocvtes and induce the expression of procoa~ulrint activitv. 

The presence of a material, regwdless of its surfiice area. was suffficient to stimuliite 

monocytes to express tissue factor (Chapter 3). TF expression was fint assessed by tlow 

cytometry. We also dernonstrated using a clotting test (FIT) and anti-TF that the measured 

TF expression was indeed functional (i.e. initiated the extrinsic pathwiiy) and resulted in 

fibrin formation (Chapter 3). 

On the other hand, CD 1 1 b upregulation in the bulk and formation of platelet- 

leukocyte aggregates were dependent on surface area: significünt CD 1 1 b upregulation and 

aggregate formation were observed when the surface area to volume ratio reached 13 cm-' 

(Chapter 3). CD1 l b  may be associated with thrornbin generation as it may bind fibrinogen 

or Factor X. In some experiments. we were able to show that Factor X was directly activated 

to Factor Xa in the presence of material-acti vated leukoc ytes. 

The presence of PEG on PS beads did not result in a reduced level of leukocyte 

activation in the bulk when compared io unmodified PS beads (Chapters 3, 4, 5 and 6). 



These results further confirmed our understanding that material chemistry does not play a 

significant role in leukocyte activation, at least in the bulk. 

We also demonstrated that leukocyte adhesion increased as the surface area 

increased, regardless of the type of beads studied (Chapter 3). The presence of PEG alone on 

PS beads did not significantly reduce leukocyte adhesion. However. activation of adherent 

leukocytes (TF, CD 1 1 b) was dependent on matenal chemistry, suggesting that specific 

interactions with adsorbed proteins. platelets or chemical groups at the intedace regulated the 

activation of adherent leukocytes. 

Our studies on material-induced leukocyte activation and procoagulant activities were 

limited to the membrane-associated receptors TF and CD 1 1 b. Release of procoagulant 

mediaton. such as elastase and Cat hepsi n G. also occurs dunng material-induced leukoc yte 

activation (see Chapter 7-section 4). Future work on leukocyte release would add another 

dimension to the characterizlition of material-induced leukocyte activation associated with 

procoagulant activities. Furthemore. studying leukocyte release would also provide 

evidence that leukocyte activation contributes to the formation of platelet-leukocyte 

aggregates. The procoagulant activity of in vitro material-induced leukocyte activation ülso 

needs funher charactenzation. such as the contribution to thrombin generation of adherent 

versus bulk leukocytes. and the relative contri bution of neutrophils and monocytes. 

However, ai this time. we believe, it is more relevant to assess directly the contribution of 

matenal-induced leukocyte activation to fibnn formation i ~ i  vivo. 

2) Mechanisms of material-induced TF expression 

Platelets were found to have a significant role in TF expression on monocytes in both 

isolated leukocytes resuspended wi th platelets (Chapter 4) and w hole blood (Chapter 6). We 

demonstrated that the presence of platelets was a necessary condition for monocytes to 

significantly express TF in the presence of a foreign surface (Chapter 4). Under extremely 

low platelet conditions (5 1 x 106 platelets/mL), on1 y background levels of TF expression 

were observed on monocytes (Chapters 4 and 5). In Chapter 4, a role for platelet-monocyte 

aggregates in material-induced TF expression was also shown using an anti-P-selectin 

antibody. which blocked the Formation of leukocyte-platelet aggreegates. A positive 

correlation found between TF expression in whole blood and monocyte-platelet agsegates 

(Chapter 6) further confirmed that monocyte association with platelets played a significant 



role in TF expression. Platelet activation per se did not appear to play a direct role in TF 

expression. since similar TF expression occurred wi th PS. a strong platelet activator. and PS- 

PEG. which minimally activated platelets. 

Complement activation alone was not responsible for material-induced TF 

expression, as sCRl failed to have any significant effect on TF expression (Chapters 5 and 

6). However, sCRl in whole blood in combination with anti-IIblIIIa (which alone reduced 

partially TF expression) resulted in a significant reduction of TF expression (Chapter 6). 

This showed that both complement activation and platelets (via association with monocytes) 

played a role in material-induced TF expression. The synergistic effect of complement 

activation and platelets in material-induced TF expression was further confirmed with P5P. it 

C lq complement inhibitor that also reduced platelet-leukocyte aggregates. P5P was the only 

inhibitor that w hen used alone was able to signi ficantly reduced material-induced TF 

expression (Chapter 6). 

3) Mechanisms of material-induced CD I 1 b upregulation 

Using the specific complement inhibitor C R I .  a role for complement activation in  

material-induced CD 1 1 b upregulation on bulk leukocytes was demonstrated only in the 

presence of a material that significantly activated the terminal pathway of complement. such 

as PS-PEG. This was seen with isolated leukocytes in the absence of platelets (Chûpter 5 )  

and with leukocytes in whole blood (Chapter 6). 

When effective. inhibition of complement activation was also shown to only partially 

reduce CD1 l b  upregulation. suggesting that other mechanisms of activation existed 

(Chapters 5 and 6). Indeed, platelet activation was identified as another mechanism that 

contributed to CD 1 1 b upregulation (Chapter 6). Material-induced CD 1 1 b upregulation was 

blocked, only when both complement and platelet activation were inhibited. 

Pentamidine and NAAGA, two other complement inhibitors tested, were shown to 

significantly inhibit CD1 l b  upregulation with a11 beads (Chapter 5). However. despite their 

effect on CD1 l b  upregulation. pentamidine and NAAGA do not represent valuable means to 

improve blood-material compatibility as they were found to significantly affect leukocyte 

intracellular mechanisms. On the other hand. the presence of P5P in whole blood resulted in 

a significant reduction in material-induced CD 1 1 b upregulation (Chapter 6). 



While we only measured material-induced CD1 l b  upregulation (Le.. increase in 

CD1 lb surface expression), i t  is important to remember that functional/conformational 

changes of CD1 lb  also occur upon leukocyte activation. These changes result in increased 

avidity of CD1 lb  for certain ligands (see Chapter 2 - Section 4) and promote leukocyte 

adhesion and aggregation. During our experiments, CD1 1 b increased avidity for fibrinogen 

and iC3b was likely an important factor in leukocyte adhesion to the beads. CD1 lb 

conformational changes are also relevant for activated leukocytes in the bulk, as these can 

enhance the avidity of CD1 l b  for Factor X. and hence increase leukocyte contribution to 

thrombin formation. 

4) Mechanisms of formation of platelet-leukocyte aocregates 

In Chapter 3, we showed that despite minimal platelet activation with PEG- 

immobilized PS beads. many platelet-leukocyte aggregates were present (similar in number 

to PS beads. which substantially activated platelets). These results suggest that leukocyte 

activation plays a role in the association between platelets and leukocytes. As TF expression 

appean to correlate with platelet-monocyte aggregates. understanding the mechanisms by 

which platelets associate with leukocytes also becomes an issue. 

Complement activation did not appear to be directly invoived in the formation of 

platelet-leukocyte aggregates, since sCR1 had no effect (Chapter 6). On the other hand. 

unsurprisingly, platelet activation played a role in the formation of platelet-leukocyte 

aggregates. as shown by the effect of the platelet mtagonist mti-[Ib/UIa (Chapters 4 and 6). 

The formation of platelet-leu kocyte aggegates was pri man l y mediated by interaction wi th P- 

selectin: in Chapter 4, we showed that an antibody against P-selectin inhibited their 

formation. 

5) Mechanisms of leukocyte adhesion to materials 

In whole blood, both the presence of adherent platelets and adsorbed complement 

products were demonstrated to mediate leukocyte adhesion (Chapter 6). Our results also 

suggested that adsorbed or bound iC3b was one ligand responsible For leukocyte adhesion 

(Chapter 6). However. monocyte adhesion was also strongly dependent on the presence of 

platelets on the surface. Even in the presence of adsorbed complement products. minimal 

monocyte adhesion was observed on PEG-immobilized PS beads. which did not support 



platelet adhesion (Chapters 4 and 6). Monocyte adhesion to adherent platelets on surfaces 

also occurred primarily via interaction with P-selectin (Chapter 4). 

There were some contradictions on the role of platelets and complement in neutrophil 

adhesion between whole blood and isolated leukocytes experiments. Wi th isolated 

leukocytes, neither complement activation nor adherent platelets were found to significantly 

affect neutrophil adhesion to PS beads while they both did in whole blood. This is most 

likely explained by the difference in experimental conditions. As a consequence of the 

separation procedure, isolated neutrophils rnay be more adhesive than neutrophils in whole 

blood and thus less sensitive to changes in the celi population and proteins at the material 

interface. Adhesion of isolated leukocytes müy also be regulüted by different mechanisms 

than leukocyte adhesion in whole blood. Thus. while working with separ~ted cells helps in 

isolating mechanisms of interactions. it  is important to verify results in the more 

physiological system that whole blood represents. 

Complement activation also played a role in CD1 l b  upregulütion on adherent 

leukocytes. regardless of the capaci ty of the materiül to acti vate the terminal pathway of 

complement (Chapters 5 and 6). Adsorbed complement products. and most likely iC3b. 

appeared to be responsible for CD1 l b  upregulation (Chapter 6). On the other hand. 

interactions with adherent platelets but not complement products played a role in TF 

expression on adherent monocytes (Chapters 4 and 6). 

Our in vitro expenments were performed under low shear conditions. Contradictory 

reports exist on the role of shear in leukocyte adhesion (Chapter 2.  section n-6) and more 

research is required in this area. Future investigations should assess the effect of shear on 

leukocyte adhesion to materials in the presence or absence of platelets. As experimental 

conditions appear to affect the outcornes of the shear studies, we recommend that if  isolated 

leukocytes have to be used, both plasma and red blood cells should be present. 

6) Role of platelets and compIement activation in material-induced leukocvte 

activation 

Using anti-IIbRiIa and sCRl in whole blood. a role for both platelets and 

complement activation was demonstrated in material-induced leukocyte activation, as 

measured by TF expression, CD 1 L b upregulation and platelet-leukoc yte aggregates (Chapter 

6) .  Figures 1 and 1 illustrate the mechanisms involved in material-induced TF expression 



and CD 1 l b  upregulation identified by Our experiments. Inhibiting either one pathway alone 

was only effective with some materials (even though they induced similar levels of leukocyte 

activation) or with some markers of activation. This showed that (1 )  the mechanisms of 

material-induced Ieukoc yte acti vation were material-dependen t and (3) that markers of 

leukocyte activation. such as TF and CD1 lb. were not regulated by the sarne mechanisms. 

We dernonstrated that blocking both platelet and complement activation significantly 

inhibited material-induced leukocyte activation and leukocyte adhesion. suggesting that 

leukocyte activation was secondary to platelet and cornplement activation. 

throm bin P-selectin 

PSGL1 ( Monocyte ,) 

Figure 1: Mechanisms of material-induced TF expression. Note that the presence of 

activated platelets on the biomaterial underlines the role of platelets in  monocyte adhesion 

and subsequent TF expression. The arrow inside the monocyte indicates intracellulrir 

signalling trigering protein synthesis. 



Leukocyte 
MOfPMN 

Figure 2: Mechanisms of material-induced CDl lb  upregulation. The presence of 

platelets iC3 b. and fi brinojen on the biomaterial underlines their role in leukocyte adhesion. 

The two latter ones are also believed to play a role in CD1 lb upregulation on adherent 

leukocytes. MO: monocyte, PMN: neutrophil 

The fact that the regulatory mechanisms for TF expression and CD 1 1 b upregulation 

appear to differ is not as surprising when considering that TF needs synthesis while CD 1 l b is 

tnnslocated from intracellular granules. The requirement for platelet-monocyte interaction 

in material-induced TF expression suggests that the binding of P-selectin to its ligand on 

leukocytes PSGL- 1 triggers the intracellular mechanism to synthesize TF. In the absence of 

such a signal, no signi ficant material-induced TF expression will occur. Cornplement 

activation products, such as C lq binding to its receptor. act as a cooperative stimulator. On 

the other hand, for CD1 lb, binding of a complement product alone, such as C h ,  to its 

receptor is sufficient to trigger the rnechanism for CDl lb translocation. Platelet release 

products, such as PAF or P thromboglobulin. appear as another alternative stirnulator. The 

fact that platelet activation contributed minimally to CD 1 1 b upregulation with PS-PEG 

beads. suggest that either high concentrations or a combination of platelet mediators ;ire 

required. 



7) Perspective on blood-material compatibilitv 

While we have shown that in vitro contact with a material resulted in leukocyte 

activation with expression of procoaguIant activities such as TF and CD1 lb, the role of 

leukocyte activation in thrombogenesis associated with cardiovascular devices has not yet 

been proven. Our in vitro experiments provide information on the early molecular and 

cellular events. A relationship between these events and formation of a thrombus still has to 

be established. Future investigation should then focus on an irz vivo model whereby the role 

of leukocytes on thrombin or fibrin formation can clearly be demonstrated. An in vivo 

model would also help in characterizing the timing of the different factors (Factor XU. 

platelet activation. leukocyte activation) that contn bute to material thrombogenecity. Since 

TF requires synthesis. it is likely that TF contribution to thrombin generatjon would appear at 

a later tirne than the platelet contribution ing a material. The effect of neutrophil release 

Using the ex vivo dog shunt in Our Iaboratory. and antibodies ügainst P-selectin. GPWma. 

TF and CD1 lb, we should be able to demonstrate how the presence of leukocytes on a 

matenal significantly affects fibrin deposition. The role of leukocytes in thrombin 

generation in the bulk may be more difficult to elucidate due to dilution effects. 

Our in vitro results. showing that material-induced leukocyte activation is secondruy 

to platelet and complement activation. suggest that the ideal biomaterial should be a materid 

that minimally activates both complement and platelets. Such conditions have to be verified 

in the bulk and on the surface, implying: 

minimal platelet adhesion 

minimal bulk platelet activation (such as platelet microparticle 

formation and P-selectin expression) 

minimal bulk complement activation 

minimal adsorption of complement products. 

It rnay be difficult to create such a material, and inhibitors of activation, such as the 

ones used in this thesis, may represent a better solution. It also appears that C lq mediates 

platelet activation. Thus inhibiting both classical and alternate pathways of complement 

activation may be a useful approach to improve blood-material compatibility. While we do 

not know yet the rnechanisms of P5P on leukocytes and platelets. the phmaceutical 

potential of P5P as blood-compatible therapeutic agent should also be seriously considered. 



To date, both anti-IIb/IIIa and sCRl are undergoing separate clinical trials. Should it 

be shown in vivo that leukocytes play a significant role in thrombogenesis. the combined use 

of anti-IIbm[a and sCRl may one day prove to be useful in eliminating the thrombotic 

complications observed with cardiovascular devices. 

8) Contributions 

Most studies on the problems related to the failure of cardiovascular devices due to 

thrombotic complications have focussed on the role of platelets and the extnnsic pathwüy of 

coagulation. In this thesis, the mechanisms involved in material-induced Ieukocyte 

activation with expression of leukocyte procoagulant activities were identified. Our i ~ i  virro 

results showing significant expression of leukocyte procoagulant activities suggest that 

leukocytes are li kely to play role in cardiovascular device thrombotic fai lure. We developed 

an in vitro bead assay to assess material-induced leukocyte activation both in the bulk and 

adherent to the beads. Using this in vitro model. the principal contributions of this research 

are summarized below. 

Mechanisms of material-induced leukocyte activation 

Chiirxterization of the effect of material surface area on leukocyte activation and 

adhesion (TF expression. CD 1 1 b upregulation. formation of platelet-leukoc yte 

aggregates). 

Demonstration that blood contact with a material results in increased leukocyte 

procoagulant activity. 

Identification of the role of platelets in material-induced leu kocyte activation. 

Demonstration that material-induced leukocyte activation is secondary to both 

platelet and complernent activation. This provides a new avenue towards the 

developmenr of therapies andor biornaterials that wi l l effecti vel y reduce 

cardiovascular device failures. 

Biocompatible Materialsfïherapies 

PEG immobilization may not be the ideal solution to blood-material compatibility as 

it has the potential to activate complement and leukocytes. 



Chmcterization of the efficacy of combining sCRl and anti-UôAa in reducing 

material-induced leukocyte activation. 

Identification of P5P as a promising agent to irnprove blood-material compatibility. 

Experimental design 

Characterization of the effect of endotoxin contamination on material-induced 

leukoc yte activation. 

Characterization of the effect of anticoagulmts (heparin and PPACK) on complement 

and leukocyte activation in the presence of materials. 

Cornparisons of material-induced leukocyte acti vütion in whole blood versus isolated 

cells systems. 



Chapter 8 

Conclusions 

In whole blood, leukocyte activation in the bulk but not on the beads was independent 

of material chemistry 

The presence of a material, regardless of its surface area, induced TF expression on 

monocytes 

CD1 lb  upregulation in the bulk. platelet-leukocytes aggregates and leukocyte 

adhesion were dependent on surface area. 

Material-induced leukocyte activation in the bulk was independent of material- 

induced platelet acti vation. 

Monocyte adhesion and subsequent TF expression were related to the presence of 

adherent platele ts. 

Material-induced T F  expression was procoagulant. 

With isolated leukocytes, material-induced TF expression but not CD 1 1 b upregulation 

was dependent on the presence of platelets 

Matenal-induced TF expression in the bulk was related to platelet-monocyte 

aggregates. 

P-selectin mediated the formation of platelet-leukocytes aggregates during materiül 

interaction. 

Monocyte adhesion but not neutrophil adhesion was dependent on the presence of 

platelets on beads. 

With isolated leukocytes in the absence of platelets, complement inhibition, via sCR1, 

was only effective in reducing CDllb upregulation with a highly complement activating 

material (PEG-immobilized PS). 

Despite similar Ievels of material-induced CD1 lb  upregulation. the rnechanisms 

regulating leukocyte activation were different for PS and PS-PEG. 

The effect of P5P, a C Lq inhibitor, on CD 1 I b upregulation induced by PS-PEG beads 

suggested a role for classical complernent in leukocyte activation. 



Other mechanisms of activation (independent of complement) were responsible for 

leukocyte activation induced by PS beads. 

In the absence of platelets. plasma proteins andfor adsorbed complement products 

mediaied leukocyte adhesion. 

Material-induced leukocyte activation in whole blood is secondary to both platelet and 

complernent activation. 

Material-induced leukocyte activation was inhi bited w hen both complernent 

activation and platelets were blocked with sCR1 and anti-1Ibllllii. respectively. 

P5P inhibitory effects on PS-induced leukocyte activation suggsted a role for C 1 q in 

TF expression and CD 1 1 b upregulation. 

Cornplement inhibition with sCR 1 was effective in reducing CD 1 l b  upregulation in 

the bulk only with a high complement-activating surface (high [SCjb-91). 

Platelei activation contnbuted io CD 1 1 b upregulation in the bulk. 

TF expression in the bulk correlated with platelet-monocyte Liggregate formation.. 

Both adherent platelets (when present) and adsorbed complement products rnediated 

leukocyte adhesion to beads. 

TF expression on adherent monocytes was regulated primririly by plateiets. while 

adsorbed complement products regulated CD 1 1 b upregulation on adherent 

leukocytes. 

General Condusion 

Material-induced leukocyte activation, resulting in the expression of membrane 

associated procoagulant activity. depends on both platelet and complernent activation. 
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Abstract: Neutrophil activation Cor adherent and nonaci- 
herent cells. as  merisurcd t?y florv cytometry. was not 
strongly dependent on matrrial surface chernistry. We had 
hypothesized that material-induced neutrophil activation 
kvas an important parameter associated with material iail- 
urc. AI1 materials tested [cellophane, an acrylonitrile copoly- 
mer (.4N69), Pellethanes, nylon, polyethylene terephthal- 
ale, low density poiyethylenr, and poly dimethylsiluxan~ 
activated isolated human neutrophils, rvhich w r e  resus- 
pended in plasma or scrum, to similar extents based on 
L-selectin shedding, CD1 l b  upregulation, and stimulation of 
the oxidative burst at'ter 30-min exposure. inhibition of 
complement activation by sCRl unexpectedly had little ef- 
fect if anv on nonadhercnt neutrophils. H o r ~ e \ ~ e r ,  neutrophil 
adhesion, but not the Ievcl of activation ot the adhercnt cells, 
rvas strongly dependent on complement activation. Prctreat- 
ment with albumin did not inhibtt adhesion or reduce n w -  

trophi1 xtit.;irion. but piasma pretreatment rcsiilted in in- 
creased ,icti\.ation tor nonadhercnt and d h c r c n t  d s .  Vorc 
adhesion cind a higher leteel of cicti\pL~tion of adherent ïclls 
rvas obsewcd follorving pretrcatment with iibrinogcn, .i li- 
gand ot CDllb.  Takcn tog~ther  these rcsults suggcst that 
upon contact tvith ,I m,itcrial, ncutrophil activation ma? oc- 
cur though mechanisms that art. not meciiatcd by cornplc- 
ment. For cxamplc, the prescncc a i  pl'isma protcins juch JJ 

fibrinogcn at the interface may trigger activatmn ~ n d  the 
relcase of other acti\.ating agents. Although thc material Jif- 
terences are small, the extent ot activation ma' be qniCicmt 
and warrant iurther study of thc mcchanism dnL-1 conse- 
qucnces ot that activation. C 1999 John tVi1t.y & Sons. [nc. J 
Biomecf 1Iater Rcs, 44, 289-297, 1qY9 

Key words: ilorv cytomctry; irr a t r o  neirtri)phil aïti\.ation; 
biomaterrals 

INTRODUCTION 

Blood-material contact triggers a complex series of 
events including protein adsorption, platelet and leu- 
kocyte adhesion and activation, complement activa- 
tion, and coagulation. No material has been found !et 
to be truly compatible wi th blood. Despite anticoagu- 
lant and antiplatelet activation therapy, thrombosis 
and thromboernbolism continue to occur in cardiovas- 
cular devices. Aititough platelets and activation of the 
coagulation cascade play a central role in thrombosis, 
material-induced leu kocyte activation may also play a 
role in materiat failure. Irr ;+tvo leukocyte activation has 
been observed during cardiopulmonary bypassl and 
hemodia~~s is . '  The roles of adsorbed proteins, 
complemen t, and ma terial chernistry in leukocy te ac- 
tiva tion are unclear. 
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Neutrophils (or polymorphonuclear leukocytes, 
PMNs) are the predominant subpopulation of leuko- 
cytes. Xlthough short lived, thev possess potent pro- 
inflamma tory properties with the secretion u i  Iyso- 
soma1 enzymes, cytokines, reactive oxygen species, 
and lipid rnediator~.~.' Neutrophil activa :ion resul ts in 
alterations in surface membrane receptors, such as L- 
selectin (L-sel) shedding and CDII/CDlS upregula- 
tion,' leading to an increased adhesiveness to artificial 
and biologicai surfaces and in the release oi reacti1.e 
oxvgen products - ("oxidative burst")" and proteases 
(degranula tion).' Stimulation of neutrophils wi th in- 
flarnmatory mediators (e.g., C3a, CSa, or cytokines) 
activates the oxidative burst, resulting in the gtinera- 
lion and release of tissue damaging reactive ox]irgen 
products. These may be especially important in tfiose 
devices (e-g., stents) for which blood-material contact 
may influence other tissues located neart?!. Repetiti1.e 
oxidative bursts b y leu kocytes mav enhance endothr 
lia1 ce11 membrane lipid peroxidation and lead to en- 
dothelial dysiunction2 and may aisu alter the ncutro- 
phil response to infection due to s~haus t ion .~ '  



GORBET, YEO, AND SEFTON 

The multiple responses possible during leukocyte 
activation and an incomplete understanding of their 
interactions necessi ta te measuremen t of more than 
one response to fully characterize the extent of activa- 
tion. Here we use fluorescent activated flow cytometry 
( FAFC) to assess leu kocyte activation rvith monoclo- 
nal antibodies and fluorescent dyes. Upon actiLPation, 
neu trophils increase their cell-surface expression a( 
the CDllb/CDlS (Mac-1) integrin receptor via trans- 
location and fusion of intracellular granules rvith the 
plasma membrane.'" Another marker of ce11 activation 
is the shedding of L-sel (CD63L); L-sel is a lectin gly- 
coprotein that is cleaved at a membrane proximal site, 
resulting in its rapid shedding from the cell surface." 
The oxidative burst begins with the production of su- 
peroxide by a reaction catalyzed by NADPH oxidase, 
and then H,O, and chlorinated oxidants are gener- 
ated.' FAFC analysis of the regdation of the adhesion 
molecules L-sel and CD1 Zb requires monoclonal anti- 
bodies conjugated to fluorescein isothiocyana te 
(FiTC), while the production of intracellular reactive 
oxygen species can be detected using the fluorescent 
probe dihvdrorhodamine 123 (DHR). These markers 
of activation have been used in itr rifro and itr r?is9o 
studies to document leukocyte activation in cardiovas- 
cular devices. '*'*" 

The specific objectives of this study rvere to charac- 
terize neutrophil activation on a range of clinically 
relevant cardiovasmlar biomaterials and determine 
the effects of complement inhibition (SCRI) and pro- 
tein precoating (albumin, fibrinogen, and plasma). In 
tritro experiments were performed on isolated neutro- 
phils to distinguish the direct effect of the material on 
neutrophil activation from indirect effects mediated, 
for example, through pla telets. Nonadheren t and ad- 
herent neutrophils were both assesseci; adherent neu- 
trophils were tested alter EDTA treatment to resus- 
pend them. 

MATERIALS AND METHODS 

Reagents, antibodies, and biomaterials 

Endotoxin-Cree bovine serum albumin (BSA), human se- 
m m  aibumin (HSA, high purity), and phurbol rnyristate ac- 
etate (PMA) were purchased from Calbiochem (San Diego, 
CA). Lipopolysaccharide (LPS; E~c'lt~rrchirt coli serotype 
055:85), EDTA, and paraformaldehyde (Sigma, St. Louis, 
MO) were used. Monoclonal an tibodies to CD1 1 b and L-sel 
(CDQL), both fluorescein isothioqanate conjugates, tvere 
from Immunotech (Marseilles, France). Soluble human re- 
combinant complement receptor type 1 (SCRI), a generous 
gift irorn T Cell Sciences (Dr. James Levin, Needham, hl.&), 
was used in some experiments. Al1 other chemicals were o i  
analytical or reagent grade. 

.4 range of clinically relevant biomaterials were tested in- 
cluding the hvo NIH reference materials low density poly- 
ethylene (LDPE) and  polydimethyl siloxane (PDMS) 
(Xbiomed, Danvers, MA), rvhich were used as our reicrence 
materials. Pellethanes and nylon (courtes? of bls. A. Sarv- 
yer, Cordis, htiami Beach, FL), polyethylene tcrephthalate 
(PET, in the form of Mylar iilm, Advanceci Polyrners Inc.. 
Salem, S H I ,  a cellophane dialysis membrane iGermany/ 
[UPAC Working group, courtes! of Dr. M. josetou-tcz, Vil- 
letaneuse, France), and sulfonateti polyacrylonttrile (XNbq. 
Hospal, Meyzieu, France; sarnple provided by Ur. J .  Brcilatt, 
Baxter Health, Round Lake, IL) rvcre tcstcd. Dishs (15-mm 
diameter) were cut and wnshed as describecl previwsly." 
X-ray photrwlectron spectroscopy (XPS) analysis rvas per- 
formcd on the washed surfaces (Tables 1, I I )  mcl contirmeci 
the expectcd surface chemistrios and the expccted prcsence 
of small amounts of silicon. 

Endotoxin levels 

Various buffcrs , ~ n d  rcagcnts rdistillcd watcr, dbumin) ,  '1s 
rvell JS the materids, twrc routinely tcsted ior rndotoxin 
contaminaticin using a chromogrnic suhstrate t~ss,iy" lie- 
cause or the knorvn d k c t  ot endotoun on Icukocytcs tTahlc. 
I I I ) .  Sdinc-rinsed drsks or mattlri.11~ rvtw inciibatrd in .;tcrilc 
polystyrcnc tubes rvith cndotutin trcc rvatcr ior 70 min ,it 
7 C .  Limulus amelrlicytc Iywtc rvas then adderi. m d  thc 
sampltls wcrc incub,ited ior 43 mtn , ~ t  37-C Fdlorvmr; xi- 
dition ut the chrornogcnic substratc t Boc-Ltlii-Glp-.-lrg-pS~i, 
Novabiochem, San Diego, CA) and a ?-min incub~t ion.  
sarnples were transfcrred to a 96-rveil plate in triplicate 'inci 
glacial   ce tic ~ c t d  was useci to stop the reaction. The pl,ite 
rvas rcad at  410 nm on an ELISA rradcr (mode1 >IR,,,,, Dy- 
natcch Lab Inc., Chantilly, V.4). Thc concentration oi  endo- 
toxin rvss detcrmined using a standard ciiwt. from seri,ll 
dilutions of LPS 035-65. Results rverc obtaincd in tlndotoxin 
units per rnillilitcr (EL ImL) , ~ n d  con\.t.rtrci tu n~inograms 
per milliliter (ng,'rnL; 5 EC,'ng LI'S 055:BS; G.  CVJII, pcr- 
sonal communication, 1996). 

Leukocyte and piasma/serum preparation 

CL?-iole blood ( h m  Jonors who dici not take medication 
within 2 h of the phlebotomy) was colIecttrci withoiit CI tour- 

TABLE 1 
Composition (atom "6) of Biomaterials Crom Low 

Resolution XPS Analysis 

PET -3.5 0.3 73.3 11 S 
Pellethane 19.1 2.6 76.8 2 .ù 
Nylon 7.9 6.3 YS.l 0.6 
LDPE 0.7 99.0 0.3 
PDbIS 26.7 51.1 --.- 77  7 

AN69 4.0 7 . 4  76.1 1.3(.4) 1 .il 
CeIlophane 34.0 62.2 11.3 f KLL] 3.2 



TABLE II 
Composition (atom %) of Biomaterials from High 

Resolution C l s  Spectra 

C-C or C-Si C-O m d / o r  C-N C=O (";) 
("L) (385 eV) ('!U) (386.5 eV) (388 eV) 

PET 55.9 25.1 19 
Pellethane 37.1 6.5 6.4 
Nylon 79.8 11.9 Y .3 
LDPE 100 
PDMS 100 
AN69 36.8 57.5 - "  

3. / 

Cellophane 38.4 46.3 15.3 

niquet into a h~parinized syringe (5 t ' /mL) aftcr discarding 
the Cirst milliliter to minimize blood activation. Neutrophils 
(PMNs) were isola ted by one-step densi tv gradient centrifu- 
gation on Polymorph Prep (Nvcomed, The Netherlands), 
and rvashed twice in PBS without Ca" and Mg2' 'iupple- 
mented with gliicose and albumin (137 mt! NaCI, 2.7 mbf 
KCI, 6.45 m1L1 N,i2HP0,. IZH20, 1.5 mhI KHJO,, 1 s/L 
glucose, 3.3 g/ L BSA, pH 7.4). They rvere then rwuspcndrd 
in Tyrode-albumin (TA; 137 mM NaCI, 1.7 m,Il KCI, 1.3 rnAI 
CaCl,, 0.49 mibl MgCl,. fiH,O, 0.36 mh! NatIzPO, . H.0, 
11.9 mh! NaHCO,, 1 g/L glucose, 3.5 g / L  HSA. pH 7.4) to 
a concentration of -1-5 x 10' PMNs/mL. Cd1 counts (white 
blood cet1 count and differenti~l) werc performed using a 
multiparameter, autornated hcmatology analyzcr ( S y s r n e ~ ' ~  
E-2500, TOA >ledical Electronics, Japan). All cells were 
>99"il viable by T ~ p a n  blue. The initial status oc the prc- 
pared leukocvtes was determincd bu florv c y t o r n e t ~ :  aiter 
isolation, neutrophils were in a rcsting state; Icss than 2"(, 
had shed L-sel, and the mcan fluorescence for CD1 Ib and 
DHR was minimal ( ~ 2 0 0  and 4 0 ,  rcspectivrly). 

Semm and plasma were preparcd following standard pro- 
cedures. Plasma or senim from at least fivc indir.iduals was 
pooled to limit interindividual d.~ta variation. Poolcd d i -  
quots were s t o r d  at -7JcC. 

Disk experiments 

Neutrophils rvere incubated with 15-mm diameter disks 
of the test biomaterials tixed to the bottom of a 24svell cul- 
ture plate by pieces of S i l a s t i c~ub ing  (1/2-in. id x 5/8-in. 
od x 1 / 16-in. rval1 x 1/S-in. length. Dow Corning).I3 Pfior to 
the experiment the biomaterials rvere rinsed with 0.9('0 
NaCl. Albumin [Y: ( tv/v)  HSX in PBS], tibrinogen (1":~ (rvi 
V) in PBS], or plasma were preadsorbed to the materials at 
37°C for 30 min on a rota- shaker for some experiments. 
Biomaterials (with or without preadsorbed proteins) were 
rinsed twice with Tyrode's buffer and kept in Tyrode's 
buffer until incubation rvith neutrophils. Preadsorption of 
proteins was scheduled 50 that no more than 10 min would 
elapse before neutrophil incubation. The neutrophil suspen- 
sion (200 PL) with 25% (v/v) plasma or semm in Tyrode- 
HSA was incubated on a rotating table (120 rpm, American 
Rotator V, R414O) at 3icC for 30 min, at which time EDT.4 (5 
d i  final concentration) rvas addeci. Nonadherent ceIls were 
removed and prepared for floiv cytometric analysis. Bioma- 

terials were then washed rvith TA and Tyrodt.. Remaining 
adherent neutrophils were either fixed, stained rvith Giemsa, 
and asscssed microscopicallv or removed by a 10-min incu- 
bation with cold EDTA (5 mtl in HEPES Tyrode buffer, 
HTB) for subsequent flow cytometric analysis. Incubation 
with 5 mL! EDTA has been shorvn to be satistactory in re- 
moving cells irom most materials (95% recovtiry)." The de- 
tached neutrophils rvere transfcrred into micr~itubes con- 
taining 1":) paraformaldehyde, rvashed, and resuspcnded in 
TA. 

For each expcriment a resting neutrophil sample (250 PL) 
m d  onc containing EDTA (iinai conccntr~tion 5 m,il i at 
3 X  riverc used as ïontrols. .At the end or' the experimcnt the 
resting control WJS stimulatcd with the strong .iy,onist PJ1.4 
( I O  ptl 1 to ensure tuIl reactiivity c i t  thc neutrophils. 

Flow cytometry 

Flow cytornetric analysis rvas c'irried clut on Itluk~cytc 
samples beiorc anif aiter tlxpasurr' to tcst m.itcrt.ils. Small 
.ilicpots (10-70 c i t  cell iluspensions, cfi1~1tt.d in 50 crL oi 
HTB (137 mA! NaCl. 7.7 mhl KCI, 16 m,Ll C"itKO,, 3 miIl 
MgCl,, 3.5 mi1 HEPES, I g/L glucose, 7 g i L  BSA, pH 7.4). 
rvere incubated with sriturriting concentrations of FITC- 
labelcd monoclonal antibodies (~n t i -CD1 l b  and mti-CDhZL) 
for 20 min at room temperaturc. Samples rvere then dilutcri, 
iixcd tvith pamforma1dehydc (I";, final concentraticin), ~ n d  
,issessed bu onc color ilotv cytometry on a Becton-Dickinson 
FXCScan tlc~rv cytorneter using CELLQuest soitiv.irc. m e  
degrce oi leukocyte CD1 lb  uprcgulation w ~ s  ~ietermineri by 
gating on positive CD! Ib c\.cnts ,inci rccording the dt.t 'ra~t> 
tluorescent tntensity of thc ';ign.il (FLI).  This $\+as cornparcd 
to that obtaincd tor the id ly  stimulateci sample. Tci .~ssess 
the dcgree ot L-,el shedding, thc tlumesccnt intensrty ot the 
L-sel signal rvas recorded. as rvcll cis the perccnt'igc. ot cclls 
nrgative for L-rjel. The h l ly  litimulated control rvas tised to 
detine the negativt. FL1 peak fat L-sel: those ncutraphil~; 
having tatally shed L-sel. For the fullv ';timul.itcd control, 
95-100Y1 of neutrophils had shed L-sel. The L->cil tluorescent 
intensity rvas compcired to that o i  the EDT.4 .inci i d l y  

TABLE III 
Endotoxin Contamination of Biomateriats 

PET 
Pellethme 
Kylon 
LDPE 
PDMS 
AN69 
Cellophane 

The concentration given indica tes the concentration ot  
pure endotoxin (reterence LPS OS5:BS) hat-ing the same color 
yield chromagenic substra te f Boc-Leu-Gly-=-\rg-pSa) as the 
biornaterial surface (1.76 cm2). Prior to endotoxin testing, 
materials were prepared and rvashed a s  tor neutrophil ex- 
periments. r t  = 2. 



stimulated controls. Irrevelant antibodies of the same iso- 
type were used as  controls. 
The production of intracellular reactive oxygen species by 

activated leukocytes was detected using the fluorescent 
probe dihydrorhodamine 123 (DHR, Molemlar Probes, Eu- 
gene, OR). DHR is freely permeable and localizes in the 
rni t~chondria . '~  After oxidation bu H,O, and 0,- to rhoda- 
mine 123. i t  ernits a green fluorescent s i p a l  upon excitation. 
DHR has been shown to be one of the most sensitive indi- 
cators a t  oxidative burst actitration.ID Neutrophils were 
loaded before exposure with biomaterials rvith IO J.UU of 
DHR for 5 x 10" cells/rnL at 37°C for 5 min under slight 
agitation. After incubation, thcv were fixed, stored at 4"C, 
and analyzed within the next Z h. 

The mean fluorescence of the samples (FL1) was normal- 
i z d  with that obtained rvith EDT.4 neutrophils and/or  tully 
stimulated neutrophils for the same experimcnt. EDTA fluo- 
rescent intensities were generally bctween 120 and 150 for 
L-sel, 130 and 700 for CD1 lb, and 15 and 20 for DHR. Stimu- 
la ted values were behveen 5 and 20 for L-sel, 800 and 1000 
for CD1 lb, and IO00 and 1200 for DHR. 

For each marker of activation, a minimum of 5000 ncutro- 
phil events were analyzed for nonadherent cells; data rvas 
collected for adherent cdls  for a set tirne (70 5). 

Quantitative assrssmen t of cell adhesion tvas performed 
with the flow cytometer using a modified bead method from 
Yano et al.ITTen-micron calibration bcads rvcrc ,idderf to the 
fixed samples bet'orc FACScan analysis. For analysrs c i  
samples containing the nonadhcrent cclls, a set number of 
neutrophil cvents (5000 minimum) was acquired; thus, the 
number of bead events collectcd allowed tor calculation of 
the decrease in neutrophil count due to adhesion or other 
processes. These rcsults werc verifitxi with the analysis of 
the adhercnt ceil samples containing cidded beads tor a set 
acquisition time (70 s). For these samplcs the colltxtrd num- 
ber of beads rvns constant rvhile the number of cell rventli 
varird, aliowing for the estimation o i  the numben ot  de- 
tached cells. 

Statis tical analysis 

Analysis of variance rvas carried out to evaluatc the sis- 
nificance of differcnces between neutrophil adhesion or ac- 
tivation. Cornparisons were made using Fisher's least sig- 
nificant difference test. A p value of less than 0.05 and cor- 
rected for the nurnber of comparisons was required for 
statistical significance. The number of repeJt eitperirncnts 
was three or more. 

RESULTS 

Nonadherent neutrophils 

in the presence of normal human plasma, aItentions 
in the expression of adhesion molecules (L-sel shed- 
ding, CDZlb upregulation) and generation of super- 
oxide were obsemed for al1 surfaces as shown in Table 
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IV. Al1 materials activated neutrophils at least to a 
limited extent. Horvever, there were few material dif- 
ferences among materials. Only cellophane pretreated 
or not with albumin induced significantiy more L-sel 
shedding than nonpretreated LDPE and PDMS (y < 
0.005). No significant difference among biomaterials 
was obsemed with either plasma or serum (as the sus- 
pending medium for the neutrophils) for CD1 Ib  up- 
regulation. .AS for stimulation of the ouidative burst, 
only neutrophils that had contacted cellophane tvere 
strongly activated. In the presence ot serum (Table V ) ,  
neutrophil activation was also observed for al1 bioma- 
terials, and slightlv higher activation levels were usu- 
d l v  obsewed in the presence of serum tvhen com- 
pared to plasma. Regardless of the materials, prctreat- 
ment with albumin had no passivatint; effect on 
neutrophil activation (data not shown). 

PET and LDPE were thcn selected to turther exam- 
ine the etfect of protein preadsorption and crimple- 
ment. These hvo surfaces were chosen because of their 
differences in inducing cell adhesion (see belotu) and 
their loir kvel of endotoiuin contamination. [n the 
complement study, some experiments w r e  also per- 
formed ivith ceIIophane, despite its higher let.ct ot en- 
dotoxin contamination, becausc of i ts high complc- 
ment reactivity. Pretreatment with albumin and f i -  
brinogen had little eitect on neutrophil xtivation iFig. 
1). However, Fretreatment of PET with plasma had a 
significant effect: CD1 1 b upregulation by piasna pre- 
treated PET was tound to be signiticantly highcr than 
al1 LDPE surfaces, untreated PET, and the other pre- 
treated PET surfaces (p < 0.002). The L-sel 'ihedding 
rvith plasma pretreatd PET was a150 signititantly di[- 
ferent [rom LDPE again (except that treated rvith al- 

TABLE IV 
Effect of Biomaterials on Leukocyte Activation: 

Nonadherent Ncutrophils in Plasma 

Pm 37.1 = 13.4 43.5 : b.5 1792 8 
Pellethane 29.3 2 3.1 43.5 2 !0.6 179 = 15 
Nylon 3 . 7  2 1.3 41.3 2 10.6 147 r 13 
LDPE 12.4 2 9.7 39.0 r 13.1 136 z 19 
PDMS 16.1 = 11.4 333 = 13.0 132 2 30 
AK69 31.3 = 5.9 47.5 = 9 5 169 = 9 
Cellophane 47 0 7.2.  47 b = iO.1 337 2 351 + 

L-sel shedding 1s represented as percent relative to the 
maximum, where the m a ~ i m u m  jhedding 1s Jetermincd ,IS 
the difference in fluorescent intensity ot unstimulated EDTX 
control and fully stimulated (Ph1.A) çample. CD1 ib  uprcgu- 
lation is represented as  percent relative to the maximum, 
where the maximal upregulation is determined by the fluo- 
rescent intençity of a fully stimulated (PhfA) sample. Oxi- 
dative burst is represented as percent relative to the tluores- 
cent intensity of unstimulated EDTA control. jz = 3 r SD. 

'Sigmficantly dltterent t'rom LDI'E iind I'DlclS. 
'Significantly ditferent from al1 ( p  < 0.003). 
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TABLE V 
Effect of Biomaterials on Leukocyte Activation: 

Nonadherent Neutrophiis in Serurn 

Material 

L-sel CDllb 
Shedding Cprcgula tion 
t SD (''A) = SD (%) 

PET 40 = 21 
Pelletfiane 39 2 23 
Nylon U z  19 
LDPE 37 2 23 
PDMS 43 2 13 
AN69 42 2 19 
Cellophane 69 = 11 

See Table iV footnote. rr = 3 = SD. 

bumin, data not shown). No significant change was 
observed in the oxidative burst measurements (data 
not shown). 

The effect of ~ l a s m a  could be accounted for bv ad- 
sorbed cornplekent products. because neither i lbu- 
min nor fib&ogen p;etreated samples lead to wch  a 

- - 
difference. This hypothesis was ;upported by per- 
forming these experiments in the presence of sCRI (a 
complement inhibitor). In this case, the levels of acti- 
vation were identical to the sarnples that rvere not 
pretrea ted, regardless of rvhether SCRI was added 
dunng the pretreatment rvith plasma or added to the 
neutrophil suspension (Fig. 2). Adding sCRl to the 
neutrophil suspension had no effect on the degree of 
neutrophil activation for unh-eated LDPE and PET, but 

LDPE PET 

Figure 1. Effect of pretreatment rvith plasma proteins on 
CDl lb  upregulation b.; nonadherent neutrophils in serum 
after a 30-min incubatton at 37°C. Note the significantly 
higher degree of CD1 l b  upregulation with plasma pretreat- 
ment of PEï but not LDPE, and the absence of an effect of 
albumin and fibrinogen on either surface. Cpreplat ion is 
represented as percent relative to the maximum where the 
maximal upregulation is determined by the fluorescence in- 
tençity of the h i i y  stirnulated sample (PMA). A11 pretreat- 
ments were performed at 3TC for 30 min. HSA, human 
semm albumin; Fbg, fibrinogen; LDPE, low density polyeth- 
y lene; Pm, polyethylene terephthalate. Significantly differ- 
ent from al1 others ( p  s 0.001). n = 3 2 SD. 

LDPE 

Figure 2. Effect ot complemcnt inhibition by sCIZ1 dn 
CDl lb uprcgulation by nonacihercnt neutrophils in scrum. 
cprcgulation as in Figure 1. sCRl A i c d  to neutrophil sus- 
pension or added to the plasma lor plasma pretreatment 
inhibitcd the incrcast. in a~tiv~itii in seen with plasma prc- 
treatcd PET. ri = 3 = SD, exccpt for plasma - sCRl prc- 
treated, r r  = 1. 'Significantly different trom LDPE, untreatcd 
PET, and plasma pretre'lted PET/sCKl (in bulk) (p s 0.001 ). 
No statistical analysis usils periormed rvith ccllophanc bc- 
cause only two experiments {vert. periorrncd. 

did result in a IO"& reduction Cor cellophane (compare 
to the first hvo columns of Fil; 2). However, in al1 the 
experiments rvith SCRI, its presence did not reduct? 
the extent of neutrophil activation tu zero. Superoxide 
generation was also not significantly atfected by sCR1 
(data not shown). 

Adherent neutrophils 

Yeutrophil adhesion was o b s e ~ e d  on d i  surfaces 
but to different degrees: LPDE and PDMÇ had the 
iewest adherent cells while PET, Pellethane. and cel- 
lophane had the most (Fig. 3). In the absence of semm 
or plasma, fetv ceIls adhered to any surface (data not 
shorvn). Albumin pretreatment did not inhibit cell ad- 
hesion: for al1 biomaterials, similar levels of adhesion 
were observed for atburnin treattrd s m p l t t s  and 
samples rvithout pretreatment (data not shown). Pre- 
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Figure 3. Neutrophil adhesion (expressed as a percentage 
of cet1 loss from the initial ce11 count) aftcr a 30-min incuba- 
tion with neutrophils in plasma. n = 3 = SD. 

treatment with fibrinogen and plasma led to signifi- 
cant  increases in ceIl adhesion,  howevcr.  CVhen 
complement activation was inhibited, a significant de- 
crease in ceIl adhesion tuas observed on PET (Fig. 4) 
and other materials (data not shown), regardless of the 
protein pretreahnent. 

The L-sel shedding for adherent cells was almost 
complete, regardless of the conditions or  the bioma te- 
rial: mean values tvere al1 abotetz S0% loss of L-sel, 
which was expected because L-sel shedding is one oi 
the first events in neutrophil adhesion (Table VI). On 
the other hand, as shown in Table VI, the degree of 
CD11b upregulation was only slightly materia1 depen- 
dent. 

Pretreatrnent with plasma had the most effect on 

Figure 4. Effect of complement inhibition and/or pretreat- 
ment with plasma proteins on neutrophii adhesion on PET 
after a 30-min incubation with neutrophils in serum. -411 
pretreatments rvere performed at 37'C for 30 min. Adherent 
neutrophils are represented by the nurnber of neutrophii 
events acquired by florv cytornetry in a set time (and specific 
volume). rr = 3 z SD. 

TABLE VI 
Effect of Biomaterials on Leukocyte Activation: Adherent 

Neutrophils in Plasma 

L-Selectin CDiIb  
Shedding Cpregula tion 

Material i: SD (",)) = SD ( . ' I I )  

PET 89.9 = 1.3 58.3 z 4.5 
Pellethane 38.7 z 1.6 3 . 6  = 5.1 
Nylon 88.7 2 2.6 --, 

71 1 : 3.2 
LDPE 90.4 r 1.7 43.1 = 3.5 
PDMS 3Y.g z 2.1 33.7 = S 3 
AN69 Yi.3 x 1.9 59 I 12.1 
Cellophane 37.5 = 3 4 :l = 2.1- 

Sec Table IV  iootnoté. rt = 3 = SD. 
'Signiiicantly differcnt tram LDPE and ['DM. 

CD1 l b  upregulation on PET (Fig. 5). For PET, only 
slight increases in CD1 1 b upregulation tvere obse rnd  
tvith albumin and fibrinogen pretreatments. Except 
for albumin, pretreatment with different protcins had 
no significant effect on the degree ot adherent neutro- 
phil activation for LDPE. With sCRl to inhibit comple- 
ment activation in the bulk (i.e., neutrophils ivere rc- 
suspended in serum and sCRl), tewer adherent ceils 
wcrc obsencd (Fig. A ) ,  but the degree ut CD1 1 b up- 
regula tion rivas similar, regardless of the protein Fre- 
treatment (Fig. 5).  When the plasma prertreahntmt was 
performed in the presence ot sCRl and iollurved by 
incubation tvith neutrophils in serum, the levt.1 ot 
CD1 lb upregulation oi the few adherent neutrophils 
was 70.5'3'0 o t  maximum. This suas a reduction corn- 
pared to plasma treated PET, and a level similar to 
that obsen-ed on untreated PET. 

Figure 5. Effect or pretreatment with plasma proteins 
(3TC, 30 min) on CDllb upregulation by ~dherent neutro- 
phiis in senirn. Lpreplation is represented as in Figure 1. 
'Significantly different from ail LDPE ( p  5 0.002). tCSigniti- 
cantly different €rom al1 LDPE except HS.4 (F) s 0.004). n = 2 
or 3 = SD. 
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DISCUSSION 

Assay system 

An in ;dm assay using isolated neutrophils rvas 
used to assess the effect of material chemistry on neu- 
trophil activation. Although a whole blood assa y 
would be cioser to the i~ cli~o situation, it was thoiight 
that ivhole blood rvouid make it more difficult to iso- 
la te the mechanism of materia 1-induced activation. 
The presence of platelets, iv hich would br activa ted, l g  

would influence leukocyte activation substantially, 
making resul t interprcta tion more di fficul t. In this as- 
say activation was not an artifact of agitation because 
similar results were observed under static conditions. 

CVhile low levels of endotoxin were detected, it did 
not appear to have a significant effect on neutrophil 
activation. Experiments rvere performed with pure en- 
dotoxin (using LPS 055:BS); only slight cell activation 
could be observed at 30 min at 1 ng/rnL, and a more 
pronounced activation occurred at 5 ng/mL. It is also 
important to note that such experirnents were per- 
formed tvith purified endotoxins that are known to be 
more potent tha t "environmental" endotoxins. lu-'" At 
the concentration of our con tamina ted bioma terials, 
environmental endotoxins [i.e., samples of endotoxin 
contaminated water) did not activate leukocvtes (data 
not shown). 

Slight differences could be obsen-ed in material- 
induced neutrophil activation bebveen plasma and se- 
mm. In the presence of plasma nonadherent cells were 
usually less activated, and more adherent cells with 
higher activation levels were obsenred. The presence 
of heparin ( 5  U/mL) and fibrinogen in the plasma 
may explain these observations. Heparin at this con- 
centration" is known to have some complement in- 
hibitory effects. A slight reduction in complernent ac- 
tivation in the bulk could be responsible for the ob- 
served decrease in neutrophil activation in the bulk. 
This is consistent with our complement inhibition re- 
sults with sCRl that shotved a slight (but not signifi- 
cant) decrease in nonadherent ceIl activation. 

cellophane. A recent study of protein adsorption on 
hemodialysers also showed tha t pretrea tment with al- 
bumin does no t reduce leu kopenia, suggesting tha t 
leukocyte activation still occun." 

Increased adhesion was observed following pre- 
treatment with fibrinogen or phsrna. It is likelv that 
the increase in cell adhesion observed with plasma, 
relative to serum, was due to the presence of fibrino- 
gen. Fibrinogen adsorbed to the wriaces c w l d  be an 
additional ligand for neu trop hi1 adhesion." 

Effect of cornplement on ce11 adhesion 

Although albumin tailed to reduce adhesion, adhe- 
sion was greatly rcduced in the presence of K R l ,  re- 
gardless of the surface studied. Various research- 
ers 3 3.23 demonstrateci prcviously that C3b and C3b 
degradation products are present on mrne of these 
surfaces in a significant amount. Among other pro- 
teins, iC3b was fotind on .-W69, PDXIS, and cella- 
phane. Neutrophils possess several receptors for C3b. 
iC3b, and ~ 3 d . ~  Only C3b [but not iC3b) was ad- 
sorbed on LDPE." Thus, the lotv PMN adhesion ob- 
sewed on LDPE and the reduced adhesion obtained 
when inhibiting cornplement activation suggests, in 

accordance with the work of Chcung et ,il.,''' that C3b 
d e p d a t i o n  products (but not intact C3b) have an im- 
portant role in PhIN adhesion. 

On the other hand, lorv adhesion w a ~  obsen*cd on 
AN69. Although AN69 rs not usually considered to be 
an activator of complement, it is recognized to speciti- 
callv adsorb cornplement activation products such as 
C ~ . J U , ~ I  and other C3h productsl'~" tC3h. iC3b. C3c. 

and C3d). The presence ut complemc'nt aclsorbed 
products on -4'169 did not result in "ma.;sn.t." neci- 
trop hi1 ad hesion. This ma! indicri te that the adsorbed 
complement proteins on AN69 are sterically hindered 
from interaction with their counterreceptor on leu ko- 
cytes. Further work is neéded to îlarify these obser- 
vations. 

Effect of complement o n  PMN activation 
Protein pretreatment 

Knowing the passivating effect of albumin on plate- 
lets,=" it rvas presumed that this effect would also be 
true for PMNs. However, consistent rvith other stud- 
ies, albumin did not significantly attenuate neutrophil 
adhesi~n.'+'~ Albumin coating also did not have a 
passivation effect on activation: slightty (but not sig- 
nificant) higher PMN activation was usually present 
with all albumin coated surfaces except tor &Ai69 and 

Because cellophane and to a lesser extent PET were 
strong complement activators, we expected that there 
tvould be substantial differences in leukocyte activa- 
tion among at Ieast thesr materials. The previously 
obsen-ed differences in complement activation did not 
translate into differences in neutrophil activation. Per- 
haps this is because neutrophils are reported to be 
more prone to activation by CSa than by C3a, which 
would have required longer incubation tirnes." On 
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the other hand, uicreasing the PMN incubation time to 
60 min did not lead to any significant differences 
among biomaterials (resuits not shown). 

Complement inhibition, by means of SCRI, aIso did 
not fully block the observed activation, aithough it did 
block the effect of plasma treatrnent. Furthermore, 
neu trophil activation could aiso be observed when 
cells were resuspended in TA buffer. Both of these 
resuIts suggest that cornplement is onlv partly respon- 
sible for neutrophil activation and other factors such 
as released products''-'3 and direct contact activation 
may play a roIe in activation. 

CONCLUSIONS 

.\II biomaterials measurably activated neu trophils. 
Despite a wide range of material chemistries, how- 
ever, fcw differences were obsened, suggesting that 
material c h e m i s t ~  mriv not be as important as one 
would expect. The presence of the material, per se, 
may be sufficient to trigger the nonspecific activation 
observed here, at  least for the nonadherent cells. 
Cornplernent seemed to have a smali effect, i f  an!, on 
nonadherent neutrophil activation, leriding to the con- 
clusion that other mechanisms of activation exist. Sig- 
nificant differences in activation could only be ob- 
served with adherent cells: the number of neutrophils 
and their degree of activation were both material de- 
pendent. Neutrophii adhesion was dependent on 
complement activation, presumably because ot the in- 
teraction with adsorbed C3b degradation products 
(iC3b and C3d). Horvever, the degree of activation of 
the adherent cells appeared to be independent of 
complement, similar to rvhat tuas observed for nonad- 
herent neutrophils. 

CVe acknowledge the financial support from a iellowship 
€rom the University of Toronto. 
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Appendix B 

Effect of flow on neutrophil activation 

Figure 1: Light micrognphs of human neutrophils adherent to 

fibrinogen-coated polyethylene surfaces after a 30-min contact with 

neutrophils/red blood cells (RBC) suspension with and without plasma. 

flow of 165 s-1 usin: a Grabowski type flow model. Page 226 

Figure 2: Light micrographs of human neutrophils adherent to 

polyethylene (PE) and polyethylene terephtalüte (PET) surfaces after a 

30-min contact with neutrophilsl RBClplasrna suspension. tlow of LOO s- 1 

using a Grabowski type flow model. Page 227 

Figure 3: Light micrographs of human neutrophils adherent to 

polyethylene (PE) and polyethylene terephtalate (PET) surfaces üfter 

30-min contact with neutrophilsl RBClplasma suspension. flow of 250 s- 1 

using a Grabowski type flow model.Figure 4: Effect of flow on CD I 1 b 

upregulation (relatively to EDTA) of non-iidherent neutrophils after a 30- 

min contact with PE and PET surfaces. using a Grabowski type tlow 

model. Neutrophi 1s resuspended with red blood cells (35% hematocri t )  

and plasma (75%). 

Page 225 

Page 139 



Figure 1: Light micrographs of human neutrophils adherent to fibrinogen-coated 
polyethylene surfaces after a 30-min contact with neutrophils/red blood cells (RBC) 
suspension with and without plasma, Bow of 165 s-l using a Grabowski type flow 
model. 

PE (x LOO). neutrophilsRBC suspension in absence of plasma 

PE (x100), neutrophils/RBC suspension in 25% plasma 



Figure 2: Light micrographs of human neutrophils adherent to polyethylene (PE) 
and polyethylene terephtalate (PET) surfaces after a 30-min contact with 
neutrophilsl RBC/plasma suspension, fiow of 100 s-l using a Grabowski type flow 
model. 

PET (x 100) 



Figure 3: Light micrographs of human neutrophils adherent to polyethylene (PE) 
and polyethylene terephtalate (PET) surfaces after a 30-min contact with 
neutrophild RBC/plasma suspension, flow of 250 seL using a Grabowski type flow 
model. 

PET (x 100) 

238 



Figure 4: Effect of flow on CDllb upregulation (relatively to EDTA) of non-adherent 
neutrophils after a 30-min contact with PE and PET surfaces, using a Grabowski type 
flow model. Neutrophils resuspended with red blood cells (35% hernatocrit) and plasma 
(25%). 

O 10 20 30 40 

Tirne (min) 



Appendix C 

Surface characterization of washed versus unwashed beads 

Table 1: Elemental composition from XPS low resolution analysis of beads 

before and after acid/base/ethanol wash to remove endotoxin contamination. Page 23 1 

Figure 1: C 1s spectrum of PS beads before and after acidlbaselethanol wash 

to remove endotoxin contamination. Page 232 

Figure 2: C 1s spectrurn of PS-PEG beads beïore and after acidlbase/ethanol 

wash to rernove endotoxin contamination. Page 232 

Figure 3: Cls  spectrum of PS-PEG-NH: beads before and after 

acidibaselethanol wash to remove endotoxin contamination. 

Figure 4: Surface roughness of beads. as seen by SEM. 

Page 233 

Page 233 



Table 1: Elemental composition from XPS low resolution analysis of beads before and after 

acid/base/ethanol wash to remove endotoxin contamination. 

1 1 Before wash 1 After wash 1 

PS 

PS-PEG 

I PS-PEG-NH? , 18.7 , 0.4 80.3 1 0.6 , 18.8 , 0.3 , 79.9 , 
l 

O 

30.3 

L 8.4 

Si N 

O 

O 

C 

56.5 

8 1 

O Si 

13.2 

0.6 

13 

N C 

O 85.8 

20.5 

1.2 

77.8 O 1.8 



Figure 1: Cls  spectrum of PS beads be 
to rernove endotox 

Fore and after acidmaselethanol wash 
n contamination 

Betore wash After wash 

Figure 2: Cls  spectrum of PS-PEG beads before and after acid/base/ethanol 
wash to remove endotoxin contamination 

Before wash At'ter wash 



Figure 3: Cls spectrum of PS-PEG-NH2 beads before and after 
acidhasdethanol wash to remove endotoxin contamination 

Before wash After wash 

Figure 4: Surface roughness of beads, as seen by SEM 

PS PS-PEG 

The creases observed on PS-PEG are an artifact of the dehydration 
drying process 

and 



Appendix D 

Scanning electron micrographs of leukocytes adherent to beads 

Figure 1: Scanning electron micrographs of leukocyte adhesion on PS 

after contact with blood for 2 hours. 

Figure 2: Scanning electron micrographs of leukocyte adhesion on PS 

after contact with blood for I hour (PPACK blood - 10x 104 beads/mL). 

Figure 3: Scanning electron micrographs of leukocyte adhesion on PS- 

PEG after contact with blood for 2 hours. 

Page 235 

Page 136 

Page 237 



Figure 1: Scanning electron rnicrographs of leukocyte adhesion on PS after 
contact with blood for 2 hours. 

PPACK blood - 20x 10J beadslml PPACK blood - 20x 10' beads/mL 

PPACK blood - 20x lC? beaddml PPACK blood - 20x 1@ beads/mL 



Figure 2: Scanning electron micrographs of leukocyte adhesion on PS after 
contact with blood for 1 hour (PPACK blood - 20x10" beadsfml) 



Figure 3: Scanning electron micrographs of leukocyte adhesion on PS-PEG after 
contact with blood for 2 hours 

Heparinized blood - 20x 104 beadslmL PPACK blood - 20x 104 beads/mL 

PPACK blood - 54x1@ beadslml PPACK bIood - 0 . 5 5 ~  beadslml 



Appendix E 

XPS analysis of the new batch of PS-PEG beads 

Table 1: Cornparisons of elemental composition of PS-PEG beads (dry 

forrn) between two batches. Page 739 

Table 2: Cornparisons of the high resolution Cls  composition of PS-PEG 

beads (dry fom) between two batches. Page 139 

Figure 1: High resolution Cls  spectra of the two different batches of PS- 

PEG beads (dry form): (a) old batch (Chapter 3). (b) new batch (Chapter 6) Page 739 



Table 1: Comparisons of elemental composition of PS-PEG beads (dry fom)  between two 

batches. 

Table 2: Comparisons of the high resolution CIs composition of PS-PEG beads (dry fom)  

between two batches. 

Si Zp PS-PEG 

Old batch (Chapter 3) 

New batch (Chapter 6) 

1 PS-PEG 1 285 e V  (C-C bonds) 1 386.5 eV (C-O bonds) 

0 1 s  

30.3 

31.9 

Figure 1: High resolution Cls spectra of the two different batches of PS-PEG beads 

(dry forrn): (a) old batch (Chapter 3). (b) new batch (Chapter 6) 

Cls  

Old batch (Chapter 3) 

New batch (Chapter 6) 

79.2 

77.8 

0.5 

0.3 

53.8 

47.5 

46.3 

52.5 




