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The drculatory sysem conssts of blood flowing through an intricate network of
blood vessds, whose inner lining is composed of endothdid cdls, collectively known as
the vascular endothdium. Blood is composed of formed dements (blood cdls and
platdets) sugpended in a sdine solution containing dissolved proteins and other solutes.
Molecular interactions between receptors expressed on the vascular endothedium and
ligands expressed on the formed eements play a criticd role in a variety of physologicd
and pathological processes. Wdl-known examples include, leukocyte recruitment and
platelet depogtion at dtes of tissue injury, tumor metastads and atheroscleross.  Since
this adheson occurs in the fluid dynamic environment of crculation, it is paramount to

study vascular adhesion from both a biologica and an engineering standpoint.

There is a distinct possbility that differences in the diameters of formed dements
affect their adheson and consequently, their function. This motivates a sudy into the
role of particle diameter in receptor-ligand mediated adheson. Our results clearly
demondrate that adheson is drongly dependent on particle sze and provide

experimenta proof for mathematica models linking particle Sze to adhesion.



The sdlectin and integrin families of cel adheson molecules play a key role in
orchedrating leukocyte recruitment to dtes of inflammation. In a separate tudy, we
examine molecular interactions between the leukocyte integrin Mac-1 (CD11b/CD18),
and endothelid cdls under flow. Our results reved that Mac-1 coated microspheres
adhere to endothdid cdls via E-sdectin and an additiond mechanism that perhgps

involves ayet unidentified endothelid receptor.

Motivated by a desre to further the undersanding of leukocyte recruitment and
hematopoietic progenitor cel (HPC) entry into bone marrow, numerous sudies have
focused on identifying ligands for E-sdectin on a specific HPC cdl ling, namely HL60
cdls. These previous reports both support and refute the ability of HLE0 cdl expressed
P-sdectin glycoprotein ligand (PSGL-1) to serve as an E-sdectin ligand. Our third study
provides evidence that PSGL-1 can, in fact, support atachment of HL60 cels to

endothdid Esdectin under flow.

Taken together, these three <udies contribute to the understanding of the

biochemistry and biophysics of receptor-ligand mediated adhesion to the endothelium.
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CHAPTER 1

AN OVERVIEW OF CELL ADHES ON

The adhesve interactions between cdls and interactions between cells and
proteins within the extracdlular matrix are crucad to cdlular organization, dSructure,
proliferation, metabolism and gene expresson (1-5). From directing the migration of
cdls (6) involved in modding the embryo during early embryologica development (7,
8), to mantaining homeostass (physiologicd bdance) (9) and regulating host defenses in
multicdlular organisms (10), cel adheson plays a pivotd role in numerous physologica

and pathological processes.

Extensve research in the last few decades has highlighted the importance of the
inner vascular (endothdid) lining (Figure 1.1) as an active paticipat in a variety of
pathologicd and physological processes. The human circulatory sysem condgts of
blood flowing through an intricate network of blood vessdls such as arteries, capillaries,
veins and venules, each with a didinct physology and vessd diameter. The wide
gpectrum of wall shear stresses that are prevaent in the vascular network are aitributed to
differences in vessdl cross-section and materid properties of these vessals (Table 1) (11).
Blood, may be loosdy defined as a suspenson of formed dements (blood cels and
platelets) in a sdine solution containing dissolved proteins and other solutes. The formed
eements comprisng of erythrocytes (red blood cells), leukocytes (white blood cells) and

platelets, conditute around 45% of whole blood, while plasma (proteins and solutes)
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accounts for the remaining 55% (Figure 1.1). A dealed liging of the cdlular
condituents of blood and its physcd and chemica propeties can be found at

http://Mmwww.ent.ohiou.edu/~adhesi on/

V essel Vessel | Volumetric | Reynolds |Wall Shear wall
Type Diameter | Flow rate Number Rate Shear Stress
(cm) (cm®/sec) Re (s (dyne/cm?)
Ascending | 53 45 100 800- 1600 | 50- 300 2-10
aora
\Femoral artery | 05 | 4 | 280 35| 11
Common 06 5 300 235 8
carotid
| Small arteries | 003 | 4x10° | 5 | 1500 | 53
| Arterioles | 3x10° | 5x10° | 4x107 | 1900 | 60
| Capillaies | 6x10™ |0.8-6x10° [0.4 -3x10° | 370- 2800 | -
‘ Post capillary ‘ ‘ ‘ 35-560 1-20
venules

Table 1.1. Physiological Flow Parametersof Human Circulation (11)

Any devidion from homeodstass, such as tissue injury or infection, precipitates
an inflanmatory response by the host (12, 13). Initid events in this inflammatory
regponse include the recruitment (and gimulation) of polymorphonuclear leukocytes
(PMNs) and platelets to dtes of infection or tissue damage; their primary function being
to locdize and eradicate the irritant or source of infection and subsequently induce
retoration of damaged tissue to its norma physiologicd dae. In the event tha this does

not occur, the inflanmation progresses to a chronic stae. Chronic inflammation is
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characterized by the recruitment of other leukocyte sub-types (eg. lymphocytes and
mononuclear phagocytic cdls) that essentidly continue where the PMNs left off and
ensure complete eradication of the irritant (or pathogenic agent) and induction of tissue
repar and redoraion. Criticadl seps in the host's inflammatory response, including
recruitment of PMNs and pladets during acute inflammation and subsequent trafficking
of lymphocytes and macrophages during chronic inflammetion, are al mediated through

adhesive interactions between these respective cell types and the endothelium.

Asde from numerous physiologica processes, a variety of pathologica processes
induding cancer (14, 15) and aheroscleross involve cdl adheson events  The
occurrence of cancer is characterized by tumor invason and metagtass, often attributed
to a decrease in cdl-cdl and/or cdl-matrix adheson in tumors (16). This loss of adhesion
results in the detachment of cancer cels from primary tumors. These detached cells might
eventudly enter the vasculaiure and travel in the bloodstream until they arrest within the
vasculature of a secondary Ste.  Subsequent to arrest, a cancer cel may transmigrate
from this intra-vascular compartment into the extravascular space, where the cancer cell
undergoes uncontrolled proliferation (16). Almost every aspect of the metastatic process
including the development of primary tumors, the detachment of cancer cells from the
primary tumor, and their subsequent arrest and transmigration from the vasculature a a

secondary Site, is mediated by adhesive interactions.
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Another illugration of adheson mediated pathology includes atherosclerosis (13,
17). Presence of a variety of injurious agents (eg. free radicas caused by cigarette
amoking, modified low dengty lipoprotens (LDL), infectious organisms, etc.) is known
to dter the norma hemodatic properties of the endothdium during the initid stages of
aheroscleross. A physologica inflammatory response to injury mediated by these
agents often leads to endothdid dysfunction, causng an increase in the endothdium's
adhesveness for leukocytes (lymphocytes and monocytes) and an  dteration of
endothelid permesbility. This continuing inflanmatory response dso  results in  the
migration and proliferation of smooth-muscle cdls from surrounding tissues to the lesion.
This mass of different cel types, lipids and cdl debris (necrotic core) is eventudly seded
off with a fibrous cap that can ether stay dable or undergo rupture. Rupture of this
atherosclerotic plague leads to severe injury of the intact endothelium and precipitates
platelet aggregation. Extensve aggregaion of platdets (i.e. thrombus formation) causes
further intruson of the plague into the lumen and occluson of the artery. This rupture of
the plague and eventud thromboss accounts for as many as 50 percent of dl acute
coronary syndromes and heart attacks. It is clearly evident, that an interplay of adhesive
interactions between different cdl types and the endothelium mediates crucid events in

the pathogenesis of atherosclerosis.

As mentioned in the above discusson, the recruitment of leukocytes and
depostion of platelets a dtes of tissue injury occurs largdy through adhesive interactions

between these respective cel types and the endothelid cdl lining of the blood vessels. A
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leukocyte, platelet, or for that matter any cel type adherent to the endothelium under
physiologicad flow conditions is subjected to a disruptive fluid force and torque that is
exerted by the flowing flud on an adherent cdl (18). For the cel adherent on the
endothelium to be in mechanica equilibrium, this diguptive force and torque must be
baanced by an opposng counteractive force, which in fact turns out to be an adhesve
force mediated by bonds formed between adhesive ligand molecules on the adhering cell

and complementary receptor molecules expressed on the endothelium.

Arguably, the two mog important issues in sudying cel adheson ae (1)
identifying the relevant endotheia receptors and cdl ligands involved in different
adhesion processes and (2) characterizing the biophysica attributes underlying these

adhesion phenomena, some of which are outlined in Figure 1.2.

For the sake of smplicity, assume that the receptor-ligand pair(s) mediating a
cdlular-endothelid interaction is known. Having fixed the receptor-ligand chemigry, a
amplified approach to dudying biophyscd atributes and ther effect on adhesve
mechanics would be to dter the system parameters (that are receptive to externa control)
outlined in Figure 1.2 and then study the measurable adhesion response. Inherent to this
identified receptor-ligand par ae certan biophysical parameters including receptor-
ligand kinetics, bond strength and response of the bonds to stress that are not susceptible
to ateration. One could, however, dter system parameters that are prone to modulation

such as ligand and receptor densties, radius of the particle, subdrate type, degree of
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disuptive force on the system and, materid propeties of the paticle. Vaying these
parameters and Sudying their effect on rates of attachment, strength of adheson and
rolling veodties provide vitd ingghts into the adhesve dynamics undelying the

receptor-ligand mediated adhesion event.

A primary focus of this doctord study is to investigete the role of one such system
parameter, namely paticle sze, in receptor-ligand mediated adheson. The moativation to
undertake such a study (described in Chapter 2) on the role of paticle diameter in
adheson gems from the following: (1) the rdevant Sze range of cdls which may adhere
to the endothdium in the vasculaure is quite broad (Figure 1.1), ranging from 2 mm
(platelets) to 20 um in dianeter (the dze of some metastasizing cancer cdls), with
leukocytes (7 - 20 um) fdling within this range. There is a didinct posshility thet the
gze of these different cells affects ther adheson in the vasculaiure and consequently,
their functiondity. (b) Various theoreticd modds of adheson have dso predicted a
relaionship between particle sze and adheson (19, 20). In spite of these two compelling
observetions, there have been few expeimentd dudies amed a invedigating the
relationship between cdl diameter and adheson. Of mogt relevance is an initid study
demondrating that the adheson of 5mm diameter ligand coated microspheres is different
from 10 nm diameter microspheres under flow (21). In this dissertation, we sought to
generdize this specific result by sudying a range of particle szes that span the spectrum

of cdl diameters that could be present in the vasculature. The results of this more
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comprehensve sudy provide experimenta proof for theoreticd modes that indicate a

role for particle Sze in cdl adhesion under flow.

Equdly important to the dudy of cdl adheson is the identification of the
repertoire of receptor-ligand pars involved in mediaing different adheson processes
discussed in the fird few paragraphs of this chapter. This dissertation seeks to examine
the roles played by two of these receptor-ligand pars in mediding one specific well-
characterized adheson phenomena the adheson of leukocytes to the endothelium in the
fluid dynamic environment of the circulatory system (22-25). During the past 15 years, it
has been revedled that leukocyte adhesion to the endothelium occurs through a cascade of
adhesve events (23, 25-29). A wadl-dudied specific example is polymorphonucliear
leukocyte (neutrophil) adheson to the endotheium in the pogt-capillary venules during
emigration. (Figure 1.3) Initidly, neutrophils circulating in the blood atach to the
endothelium from the free stream and begin to trandate with a low velocity (roll) on the
aoica surface of the endothdium. Subsequent to attachment and ralling, the neutrophil
may detach and release back into the bloodstream or the neutrophil may stop trandating
(arrest), spread and migrate between adjacent endothdiad cels to reach the extravascular

Space (extravasate).

This entire process is orchestrated by a series of molecular interactions between
the neutrophil and the endothelium. Taking cues from fundamentd chemidtry, researchers

have modeed molecular interactions between receptors (R) on the endothdium and
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ligands (L) on the neutrophil as reversble interactions of the type L + R« C, where C is
the receptor-ligand complex representing a non-covalent bond (30). Ganing an indght
into the molecular aitributes underlying neutrophil recruitment to the endothdium would
not only require identification of the receptors (R) and ligands (L) involved, but aso
require estimating whether the bond formed between these molecular species has
aufficient biophysical properties to mediate and sudain the adheson under physologicd

flow.

Consequently, identification of the key (molecular) players in the neutrophil
recruitment process (Figure 1.3) and their roles has been the mgor focus of a number of
dudies in the last two decades (23, 25-29). It is now wel understood that the selectin
famly of odl adheson molecules namdy E-sHecting P-sdectin (expressed  on
endothelial cdlls) and L-sdlectin (expressed on leukocytes), are found to play a mgor role
in mediating initid events in the neutrophil adheson cascade, namey, neutrophil
attachment and rolling. Subsequent to this, the neutrophil undergoes activation by sensing
chemokines on the endothdium that causes upregulation and activation of an entirdy
separate family of adheson molecules known as integrins on the neutrophil. The
integrins, presented to endothdia counter-receptors in a functiondly active ‘able to bind’
conformation (31), have been implicated in the latter steps of the neutrophil recruitment
process, namely firm arest, spreading and eventud extravasation. As sated previoudy,

this dissrtation seeks to highlight the role played by a member of the integrin family,
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Mac-1 (CD11b/CD18; anmb2) in mediaing various aspects of the neutrophil adheson

cascade.

Usng leukocyte-szed microspheres coated with the leukocyte bo-integrin Mac-1,
our laboratory has previoudy shown that the Mac-1-E-sdectin bond has sufficient
biophysicd properties to mediate attachment of Mac-1 coated microspheres to Esdectin
expressng cdlular monolayers. Consigtent with previous reports in the literature (32-35),
subsequent studies in our laboratory suggested the presence of an additional mechanism
via which Mac-1 mediates firm adhesion of these microspheres to activated endothelium.
We therefore hypothesized that leukocyte-sized microspheres coated with Mac-1 could
adhere to activaied endothdid cdls via two didinct mechanisms one mediging
atachment and ralling, and the other firm adheson. We probed this hypothess
(described in Chapter 3) by sudying the adhesion of Mac-1 coated microspheres to
activatled human umbilicd ven endothdid cdls in a physologicdly rdevant fluid

dynamic environment.

In addition to mediaing initid <eps in neutrophil recruitment to dtes of
inflammation, sdectins are dso involved in  the homing of hematopoietic progenitor cdls
(HPC) to bone marow via interactions with corresponding ligands. Although, P-sdectin
olycoprotein ligand-1 (PSGL-1) is wdl edablished as a physologicd ligand for P-
selectin, its ability to serve & a corresponding ligand for Esdectin is gill open to debate.

There have been a number of studies, motivated by a desire to further our understanding
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of HPC entry into bone marrow and leukocyte recruitment to a Ste of tissue injury that
have focused on identifying counter-receptors for E-sdectin on a specific HPC cdl ling,
namey HLGE0 cels. This body of work has resulted in data both supporting and refuting
the hypothesis that PSGL-1 is involved in HL60 cdl adheson to endothdid expressed E
sdectin under flow (36-40). In Chapter 4, we probe the role of Rsdectin-glycoprotein
ligond-1 (PSGL-1) on HL60 cdls in saving as a physologicd ligand for E-sdectin

expressed on activated endothelium.
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CHAPTER 2

PARTICLE DIAMETER INFLUENCES ADHESION UNDER FLOW*

I ntroduction

Cdlular adheson to the vascular endothdium in the fluid dynamic environment
of blood circulation is an important aspect of many physologicd and pathologica
processes. Examples include platelet adheson during the later stages of atherosclerosis
(1), leukocyte adhesion during recruitment to a Ste of tissue injury (2), and cancer cell
adheson during metagtasis (3). The diameters of these various adhering cdls span an
order of magnitude from 2 um (the approximate sze of a platdet) to 20 um (the size of
ome metadaszing cdls) with leukocytes (7 - 10 pm) fdling within this range It is
important to recognize that the adheson exhibited by a cdl may be a function of the
diameter of the cdl. Examples of where a clear understanding of the role of cdl diameter
in adheson is necessary include (8) comparing plaielet adhesion (4) to leukocyte
adhesion (5), (b) experimentd adhesion assays with ligand transfectants (e.g. usng a ~10
pm diameter mammdian cdl line trandected with a plade ligand (6)) and (¢
eucidating the reative importance of mechanicd trgpping verses specific adheson in

cancer cell arrest in a secondary organ (7-11).

! Previously published as: Particle Diameter Influences Adhesion Under Flow. Shinde Patil V.R.,
Campbell C.J, YunY.H., Slack SM., and Goetz D.J. Biophys. J. 80: 1733-1743. (2001)
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In conddering the role of cdl diameter in adhesion it is hepful to redize tha
adheson under flow is a rather broad term, encompassng severa adhesve dates (10,
12). The initid attachment of the cel from the free sream to the endothdium is often
referred to as attachment (10), capture (13), or initid tethering (14). Subsegquent to
atachment, the cdl may remain daionay on the endothdium (exhibit firm adheson),
may reease back into the free stream (detachment) or may continue to move in the
direction of flow a a low vedocity (roll). Thus, cdl adheson can be caegorized into

severd types of adhesve behavior including attachment, rolling, and firm adhesion.

Mathematicd modds of firm adheson drongly suggest that the diameter of an
adhering cdl will dgnificantly influence the adheson of the cdl to the endothdium. In
the ided case of a non-deformable sphericad cel firmly adherent to an adhesive subgrae
under Couette flow, the force and torque exerted on the cdl by the flow of the fluid will
be proportiona to the square and the cube of the cell diameter respectively (15). For the
cdl to reman firmly adherent, this disruptive force and torque must be baanced by an
adhesve force mediated by receptor-ligand bonds occurring in the area of contact
between the adherent cell and the adhesve subsirate. It is reasonable to argue that the
adhesive force will be a function of the sze of the contact arear Since the Size of the
contact area is a function of the diameter of the cdl (16), it appears that both the
disuptive and adhesve forces acting on the adherent cdl will be a function of the

diameter of the cdll.
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Usng these ideas and the modd by Hamme and Lauffenburger (17), Cozens-
Roberts et a. (16) derived an expresson for the shear stress required to remove an
adherent paticle from an adhesve subdtrate. They termed this parameter the criticd
shear stress, Sc, and deduced that Sc can be estimated by the relationship K (sn Q)3.
Here, K accounts for the thermodynamic properties of the receptor-ligand pair, the
temperature and the surface dengties of the receptor and ligand. Q is the angle of the
contact area over which a receptor-ligand bond can form. Since Q is a function of the
diameter of the paticle (16), the andyss of Cozens-Roberts et a. (16) suggedts that Sc

will be afunction of the diameter of the cdll.

Clearly then, it is reasonable to suspect that cdl diameter affects firm adheson. A
review of mathematicd modds of cdl atachment and rolling dso suggedts that cdl
diameter will affect atachment and rolling (12, 17, 18). In addition to the direct effect
cdl diameter may have on adhesion (i.e. the direct effect on the adhesve mechanics just
described), cdl diameter will dso affect the trangport of the cdl by influencing the
diffuson of the odl (19) and the hydrodynamic effect of the vessd wal on the cl

velodity (15).

Although theory dearly predicts that cel diameter will affect adheson and the
gze range of cdls which may bind to the endothdium is quite broad, there have been few
experimental sudies amed a investigating the reaionship between cdl diamgter and

adheson. Wattenbarger et a. (20), studied the adheson of glycophorin liposomes to
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lectin-coated surfaces in shear flow. Although this study was not intended to be a
thorough invedtigation into the rdaionship between cdl dianeter and adheson, the
results did suggest that particle diameter affects adhesion. In particular, Wattenbarger et
d. found tha the larger diameter glycophorin liposomes had a greater propendty to
detach from the lectin-coated substrate compared to the smdler diameter glycophorin
liposomes. It should be noted that they did not know if the surface density of
glycophorin on the liposomes was smilar for esch diameter liposome and they did not

probe dl adhesive states (e.g. attachment and rolling).

In summary, it is reasonable to postulate, and indeed mathematicd modes
predict, that the observed adheson between a cdl and an adhesive substrate will be a
function of the diameter of the cdl. The experimenta data invedigating this issue is
limited. Thus in this sudy we used in vitro flow assays to probe the role of cell diameter
in adhesion.  Since cels have dtributes, in addition to diameter, which vary from one
cel type to another and may sgnificantly affect the adhesion of the cell, we investigated
the role of cdl diameter usng ligand-coated microspheres. We have previoudy employed
this approach (21) to invedtigate the role of particle diameter in the adheson of two
different szed microgpheres. Expanding on bat prior study, we generated 5, 10, 15 and
20 pum diameter microspheres (22) coated with equivaent surface dendgties of a
recombinant P-sdectin glycoprotein ligand-1 (PSGL-1) construct termed 19.ek.Fc. We
then compared the adheson of the different sized 19.ek.Fc microspheres to P-sdectin

under in vitro flow conditions which mimic, in part, flow conditions present in vivo.
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Materials and Methods

Materials and preparation of 19.ek.Fc microspheres. Hanks badanced sdt solution
(HBSS) with Ca2t and M2t (HBSS+), was from BioWhittaker (Walkersville, MD).
Human 1gG; and bovine serum dbumin (BSA) were from Sigma (. Louis, MO).
Protein A was from Zymed (San Francisco, CA). Leukocyte function blocking murine
anti-P-sdectin mAb, HPDG2/3 (1gG;) (23), non-blocking murine anti-P-sdectin mADb,
HPDG2/1 (1gG1) (23), murine blocking anti-PSGL-1 (Pharmigen, San Diego, CA) were
used as purified 19gG,. Recombinant P-sdectin consisting of the full extracelular region
of P-sdectin has been previoudy described (23, 24). The PSGL-1 molecule used in this
dudy is a chimera conssting of a truncated extracdlular region of mature PSGL-1 (the
firg 19 amino acids of mature PSGL-1) linked to an enterokinase cleavage Ste which in
turn is linked to the heavy chain CH2-CH3 (Fc) region of human IgG,. This congdruct is
referred to as 19.ek.Fc and has been previousy described (22, 24). The gpproximate
molecular weight of 19.ek.Fc is 72 kDa (24). The 19.ek.Fc construct was coupled to 5,
10, 15 and 20 pum diameter polystyrene microspheres (Bangs Laboratories Inc.; Fishers,
IN) via protein A as previoudy described (22). Briefly, the microspheres were incubated
overnight a room temperature (RT) in protein A. Following one wash, they were held in
19 ek.Fc for 1 hour a RT. The 19 ek.Fc coated microspheres were then washed and
resuspended to 1x10 ® microspheresml until use in the adheson assays. The coding
concentration of the 19.ek.Fc solution was 20 ng/ml. Note that when coupling the

19.ek.Fc to the microspheres, the amount of 19.ek.Fc added per protein A microsphere
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surface area was the same for each szed microsphere. Thus, per 5 m of the 19.ek.Fc
coating solution, 410° 5 mm microspheres were coated, 1x10° 10 mm microspheres were
coated, 4.44x10° 15 nm microspheres were coated and 2.5x10° 20 nm microspheres were
coated. Coating in this manner resulted in microspheres that had smilar surface dendties
of 19.ek.Fc, as corroborated experimentdly (21). BSA coated microspheres were
prepared by incubating the microspheres in HBSS+, 1% BSA a least 1 hr. prior to use in
an adheson assay. Note that, standard deviations in the diameters of the 5mm, 10mm,
15mm and 20mm microspheres were 0.07um, 0.1um, 0.42um and 0.33um respectively.
The mAbs to P-sdectin, 19.ek.Fc construct and soluble P-sdectin were a generous gift

from Dr. Raymond T. Camphausen (Genetics Ingtitute; Cambridge, MA).

Parallel plate flow chamber: The padld plae flow chamber (Glycotech; Rockville,
MD) is dmilar to that used by Mclntire, Smith and colleagues (25) and consists of a
plexiglass flow deck that fits ingde a 35 mm tissue culture dish. Our paticular flow set-
up described previoudy (26), conddts of a flow fidd defined by a gasket which dts
between the flow deck and the 35 mm dish (Appendix A-2). The shear dress a the
bottom surface of the flow chamber is given by t = 3Qmi2wh2 where Q is the volumetric
flow rate, mis the viscosty, h is haf the heght (0.1 mm) of the flow fidd, and w is the
width (05 cm) of the flow fidd. The volumetric flow rate was adjusted to obtain the
desred shear dress.  After assembly, the flow chamber was placed on an inverted

microscope connected to a CCD videocamera, VCR and monitor. The 35 mm dish was
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rinsed with buffer and the flow of the microspheres (1x10° / ml in HBSS+, 0.5% BSA)

initiated. Experiments were carried out at room temperature (24 °C).

Preparation of P-selectin substrates for use in the adhesion assay: A slicon ring
(Unisyn Technologies, Hopkinton, MA) with an inner diameter of 6 mm was placed on
35 mm tissue culture dishes (Corning, Corning, NY). The inner region of the ring was
outlined on the reverse sde of the tissue culture dishes. 35 pl of soluble P-sdectin
(diluted to 20 pg/ml in HBSS) or HBSS aone (negative control) was placed insde the
rings. The dishes were incubated a 4 °C overnight (in a humidified chamber to avoid
buffer evaporation), washed and the entire dish flooded with HBSS+, 1% BSA. The
dishes were incubated in HBSS+, 1% BSA a least 30 minutes prior to the adheson
assay. BSA coated dishes (negative controls) were prepared by adding 1 ml of HBSS+,
1% BSA to the bottom surface of 35 mm tissue culture dishes a least 30 minutes prior to

the adhesion assay.

mAb blocking: In certain experiments, the P-sdectin coated surface was treated with
mAbs to P-sdectin (10 pg/ml) 15 minutes prior to the adheson assays. For these
experiments, the 19.ek.Fc microgpheres were incubated in 200 pg/ml human 1gG; prior to
use in the adheson assay. This prevents microsphere bound protein A from binding to
the Fc region of the mADb bound to P sdectin on the subgirate. In certain experiments, the
19.ek.Fc microspheres were pretreated with mAb KPL1 (anti-PSGL-1) 15 minutes prior

to the adheson assay. In al cases, the number of microspheres present after 2 minutes of
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flow was determined in eght different fidds of view. These vaues were averaged and

divided by the area of the fidd of view to give the number of microspheres present/ mm2.
This represented an n = 1.  The entire experiment was done a least 3 times and the results

averaged to give the presented data.

Measuring microsphere attachment: After assembling the flow chamber, the microscope
objective was pogtioned a the firg fiedd of view (the one closest to the inlet) coated with
P-sdectin.  After a short rinse, the flow of 19.ek.Fc microspheres was initiated. The
number of 19.ek.Fc microspheres adherent to the surface in the fidd of view was
determined as a function of time. Pots of the number of 19.ek.Fc microspheres bound
per unit surface area versus time resulted in curves which were initidly linear. As the
experiment progressed, the rate of increase in the number of adherent 19.ek.Fc
microspheres decreased, apparently due to the surface becoming saturated with
microgpheres. The initid portion of this curve (i.e. where the rate of atachment appeared
to be independent of bound microspheres) was used adong with linear regresson to
determine the effective rate of attachment, ke, The effective rate of dtachment is the rate
a which microspheres attach to the P-sdectin surface, i.e go from the free sream
velocity to being in an adhesve date (ather rolling or firmly adherent) on the P-sdectin
surface. To correct ke for the effect of microgphere diameter on ddivery to the bottom
surface of the flow chamber, the number of microgpheres which passed through the field
of view "near" the bottom surface of the flow chamber (as indicated by their lower

velocity) was determined. For the 75 s? data, this number was used dong with ke to



39

caculate a percent adhesion. Since the microspheres were moving too fast a 400s* and
600s* to dlow an accurate determination of the number of microspheres near the surface,
the attachment data could not be corrected for transport a these higher shear rates. Thus,

ke values were used rather than percent adhesion at these shear rates.

Determination of percent firmly adherent: Suspensons containing  19.ek.Fc

microspheres were perfused over the P-sdectin surfaces a 0.5 dyn&/cmz. After 10

minutes of flow, the shear dtress was increased in Seps. Each level of shear dtress was
maintained for 1 minute for shear stresses O 10 dynes / cm2 and for thirty seconds for

shear stresses > 10 dynes / cm?. 19.ek.Fc microspheres which did not exhibit any motion
in the direction of flow within a 5 second time period sdected in the middle of the each
shear dress interva, were scored as firmly adherent.  In certain control experiments, the
detachment of 19.ek.Fc microspheres from BSA coated pladtic or the detachment of BSA
microgpheres from P-sdectin coated surfaces was measured. In this case, the
microspheres were drawn into the flow chamber and the flow stopped. Following a 10
minute incubation, the flow was dowly and smoothly reinitisted. Prior to renitiaion of
the flow, the number of microgpheres present on the surface was determined.
Immediatdy after renitiation of the flow, the number of microspheres firmly adherent

was determined.

Determination of the rolling velocity: Recorded data at each shear stress was anayzed

for 5 seconds.  19.ek.Fc microgpheres which exhibited a motion in the direction of flow
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within this time intervd were scored as rolling.  To evduae the rolling veocity, the
disance traversed by a rolling 19.ek.Fc microsphere in the 5 second intervad was
determined. This was divided by 5 seconds to yidd the microsphere rolling velocity.

This procedure was extended to al the 19.ek.Fc microgphereswithin afield of view.

Satisticss:  When comparing two means, datigtica anayses were done by unpaired
Student’s ttest of the means. In cases of multiple groups, we performed a single factor
ANOVA and, if appropriate, subsequently a Dunnett's test for multiple comparisons
agand a sngle control. To check for factor interactions (i.e. shear and microsphere
diameter) we used a two-factor randomized block desgn ANOVA. Error bars indicate

sandard deviations unless otherwise noted.
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Results

Microspheres coated with a recombinant PSGL-1 construct, 19.ek.Fc, attach, roll and

firmly adhere to P-selectin adsorbed to tissue culture plastic

The leukocyte adheson molecule P-sdectin glycoprotein ligand - 1 (PSGL-1) has
been shown to mediate granulocyte atachment and rolling on P-sdectin (22, 27).
Previoudy we demondrated that 10 pm diameter microspheres coated with the
recombinant PSGL-1 congruct, 19.ek.Fc, atach and roll on cdl lines expressing P-
sectin (22). The 19.ek.Fc condruct conssts of the firs 19 amino acids of mature
PSGL-1, induding the binding dte for P-sdectin, linked to an enterokinase cleavage sSte
which in turn is linked to the Fc region of human 1gG; (24). We coupled the 19.ek.Fc
congruct to polystyrene microspheres via protein A as previoudy described (22).
Coupling via protein A dlows for the correct orientation of the 19.ek.Fc congtruct on the
microspheres, i.e., the Fc portion bound to the protein A and the PSGL-1 portion of the

congtruct oriented away from the microsphere and available for binding to P-sdlectin.

In priminary sudies we found that 19.ek.Fc microspheres attach to soluble
purified P-sdectin adsorbed to tissue culture plastic and subsequent to attachment, the
19.ek.Fc microgpheres ether rolled or firmly adhered depending on the concentration of
19.ek.Fc on the microspheres and the shear dtress (data not shown). Thus, we chose to

use the 19.ek.Fc microspheres to investigate the role of particle diameter in adheson
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sgnce this sygem (a) exhibits a range of adhesve dates, (incduding atachment, rolling
and firm adheson) a physologicdly rdevant shear dresses, (b) involves a
physologicaly reevant ligand -receptor par, () contans a minimd levd of extraneous
factors which could affect adheson (eg. cdlular surface topology (28), cdlular
deformation (29)) and (d) contains a minima number of variables which could vary from

experiment to experiment.

As shown in Figure 2.1A, the adhesion of the 19.ek.Fc microspheres to P sdectin
adsorbed to tissue culture plagtic appears to be specific as (@) 19.ek.Fc microspheres
attached to adsorbed P-sdectin, but not to adsorbed BSA (negative control), (b) the
attachment to Rsdectin was ablated by a function blocking mAb to Rsdectin but not by
a non-function blocking mAb to P-sdectin, (c) the attachment to P-sdectin was ablated
by a function blocking mAb to PSGL-1 and (d) human 1gG; coated microspheres did not
attach to adsorbed P-sdectin. In addition, we found that 19.ek.Fc microspheres which
were dlowed to settle onto BSA coated plastic under datic conditions and BSA
microspheres which were dlowed to settle onto P-sdlectin coated plagtic under datic
conditions were immediately removed from the subgrate with the onset of flow (Figure
21B and 21C). Although this experiment was performed initidly for two different Szed
particles (21), it was subsequently repeated with dl four different szed microsgpheres as

part of this study.
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Microsphere diameter affects the rate of attachment under flow

We would ultimately like to understand the role of particle diameter in adheson
in vivo. However, the in vivo flow environment is raher complex (19). These
complexities include the facts that (@) blood is not a dilute suspenson and the transport of
a paticular cdl is influenced by the presence of other cdls in the suspenson (eg.
leukocyte and platdet trangport to the vessel wal is influenced by the presence of red
blood cdls (19, 30, 31)); and (b) the blood vessds are of finite size and the ratio of vessd
diameter to particle diameter can affect the drag force on a particle near the wal (32-34).
As a firs step towards understanding the role of particle size in adhesion, we sought to
investigate the role of paticle diameter in adheson under well-defined and controlled in
vitro fluid flow conditions. To do this we sudied the adheson of the 19.ek.Fc
microspheres using a dilute suspenson of microspheres in an in vitro pardld plae flow
chamber. While such an in vitro mode does have its limitations (i.e. it clearly does not
recreate al of the complexities of the in vivo environment discussed above), it is
routinedy used to gain indght into adheson events, which occur in vivo (5, 26, 27, 35,
36). In addition, our group (22, 26) and Hammer's group (37-39) have shown that key
features of cdlular adheson can be recreated using ligand coated microspheres in a two-

dimengond Poisauille flow adhesion assay.

The initid step of particle adheson to a substrate under flow is the attachment of

the paticle to the subgrate from the fluid Sream. To investigate attachment, 5, 10, 15
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and 20 pum 19.ek.Fc microspheres were perfused over P-sdectin subdrates at three
different shear rates. At 75 s!, the percentage of 5, 10, 15 and 20 mm dianeter
microspheres which attached to the P-sdectin surface were smilar (Figure 2.2A). In
contrast, at higher shear rates there was a distinct dependence of the rate of attachment on
the microsphere diameter. At the highest shear investigated, 600 s* (Figure 2.2C), only
the 5mm diameter microspheres congstently  exhibited  gppreciable  attachment.
Occasiondly a 10mm microsphere would attach to the Rselectin surface at this shear rate.
We never observed a 15nm or 20 nm microsphere attach a this shear rate. ANOVA
indicated that the rate of attachment was a function of the diameter of the microsphere a
this shear rate. We next tested an intermediate shear rate. At 400 s' (Figure 2.2B), we
did observe atachment of the 10 mm and 15 mm microspheres as wel as the 5mm
microspheres. The 20 mm microspheres, however, did not attach a this shear rate.
ANOVA indicated that the rate of attachment appeared to be a function of microsphere
diameter at this shear rate (p = 0.07). Note that the microspheres were moving too fast a
400s* and 600s™ to alow an accurate determination of the number of microspheres near
the surface. Thus, we did not correct for the rate of ddivery of the microspheres to the P
sdectin subsirate at these shear rates.  Since the Stoke€s sdtling velocity for a
microsphere is proportiond to the square of the diameter of the microsphere (40), it is
reasonable to assume that the rate of deivery of the 19.ek.Fc microspheres to the P-
sdectin subgtrate increases with increesing microsphere diameter (e.g. the rate of ddivery
of the 20 mm microspheres is greater than the 5 mm microgpheres). This condderation

suggests that the trends observed at 400 and 600 s (Figures 2.2B and 2.2C) would be
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more pronounced if the rate of ddivery were taken into account. Combined, the data in
Figure 2.2 clearly indicate that the microsphere diameter can affect the rate of attachment

and that this effect gppearsto be coupled to the levd of fluid shear.

The shear stress required to set in motion a firmly adherent 19.ek.Fc microsphere

decreases with increasing microsphere diameter

At the high concentrations of 19.ek.Fc and P-sdectin used in this study, the
magority of the 19.ek.Fc microspheres were firmly adherent a the lowest shear Stress
tested. As the shear siress was increased, a portion of the 19.ek.Fc microspheres would
begin to roll (i.e they would move in the direction of flow while remaining in contact
with the subgtrate). To assess the role of particle diameter in firm adhesion, we alowed
the 19.ek.Fc microspheres to attach to the P-sdlectin coated surface a 0.5 dynes/cm?.
Subsequently, the shear stress was increased in a stepwise fashion and the percentage of
microspheres which continued to remain firmly adherent determined. In generd, the
gmdler microgpheres were more likey to be firmly adherent compared to the larger
microspheres (Figure 2.3). For example a 2 dynes/cn?, 100% of the 5 nm microspheres,
~49% of the 10 nm microspheres, ~29% of the 15 mm microspheres and only ~5% of the
20 mm microspheres were firmly adherent. Multiple factor ANOVA indicated that the
percent firmly adherent was a function of microsphere diameter and this effect was
coupled to the level of fluid shear. Cozens-Roberts et al. (16) defined the criticd shear

dress, Sc, as the shear dress required to remove 50% of a population of adherent
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paticles. From the data presented in Figure 2.3, we estimate Sc for the 20 mm
microspheres to be ~0.9 dynes'cn?, for the 15 mm microspheres to be ~1.2 dynes/cn for
the 10 nm microspheres to be ~2 dynesicn? and for the 5 mm microspheres to be ~5

dynes/cn?.  These Sc vaues are plotted as a function of microsphere diameter in Figure

2.4. Please refer to the discussion for an explanation of these vaues.

Therolling velocity increases with increasing microsphere diameter

We determined the rolling velocity of the 19.ek.Fc microspheres at various shear
dresses (Figure 25). In generd, the larger microspheres rolled faster than the smdler
microspheres.  Note for example a 3 dynes/cn?, the rolling velocity of the 20 mm
microspheres was ~8.8 mm/sec, the rolling velocity of the 15 mm microsgpheres was
~3.6 mm/sec, the ralling velocity of the 10 nm microspheres was ~1.7 nm/sec, and the
rolling velocity of the 5 mm microspheres was ~0 mm/sec. Multiple factor ANOVA
indicated that the ralling velocity was a function of microsphere diameter and this effect
was coupled to the levd of fluid shear. We dso found that the rolling velocity for dl of
the 19.ek.Fc microspheres increased with increasing shear stress and that the increase was
dependent on the microsphere diameter. To illudrate this, for each sat of 19.ek.Fc
microspheres we performed linear regresson on the data presented in Figure 25. The
dope of the regresson lines is the change of the rolling velocity with the shear dtress.
We then plotted these dopes as a function of microsphere diameter (Figure 2.6). Linear

regresson of the data in Figure 2.6 indicated that the dope was 0.21 and sgnificantly
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different from zero. Thus, it appears tha the rolling veocity increases with microsphere
diameter, this effect is coupled to the level of fluid shear and the change in the rolling

veocity with shear sressis adso afunction of microsphere diameter.
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Discussion

Although theoreticd aguments cdealy sugget a role for cdl diameer in
adheson, there have been very few experimenta dudies exploring this issue.  In this
study we probed the role of cdl diameter in adhesion by comparing the adhesion of 5, 10,
15 and 20 mm diameter 19.ek.Fc microspheres to P-sdectin under in vitro flow
conditions. We found that for al adhesve dates investigated (attachment, rolling and

firm adhesion) the adhesion was afunction of the microsphere diameter.

We found that the attachment of 19.ek.Fc microspheres to P-sdectin was a
function of microsphere diameter and this effect was coupled to the fluid shear (Figure
2.2). At high shear (600 s?), only the 5 mm diameter 19.ek.Fc microspheres consistently
exhibited gppreciable levels of attachment (Figure 2.2C). At the lowest shear tested,
there was little difference in the attachment (Figure 2.2A) and a an intermediate shear
the rate of attachment appeared to decrease with increasing microsphere diameter (Figure

2.2B).

This trend could be explaned by a variety of arguments including the idea tha
there are two different adhesion regimes operative over the range of shear rates tested
(18, 41). At high shear, the adheson may take place in a reactioncontrolled regime and
a low shear the adheson may be influenced by both trangport and kinetics A key

parameter in this andyds is the dip vdocity of the microspheres which has been
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edimated as ~0.47 U (18) where U is the trandationd veocity of the microgphere
corrected for the wall effect (15). Note that U is proportiona to the particle diameter and
thus the dip velocity increases with increesng paticle diameter (15). In the high shear,

reactionlimited regime, alower dip velocity favors adhesion (18, 41).

Another important parameter may be the contact area which, from the anadyss of
Cozens-Roberts et a. (16), increases with increesng particle diameter.  Although what
occurs in the transport-limited regime may be rather complex due to the fact that severd
factors, in addition to contact area, may have an influence (eg. particle and receptor
diffuson (18, 19)) it could be argued that larger microsphere diameter favors adhesion
snce the larger microsphere will sample a larger area of the P-sdectin substrate for the

same length of substrate sampled.

Thus, a plaushle explanation for the trend observed in Figure 2.2 is that a high
shear the adhesion tekes place in a reaction-controlled regime. In this regime, smaler
microgphere diameter is favorable for attachment since the smaler microgpheres have a
lower dip velocity compared to the larger microspheres. As the shear rate is decreased,
reection issues become less dominant and the transport begins to influence the
attachment. As the attachment moves towards the trangport-limited regime the
probability of a larger microsphere ataching becomes smilar to the probability of
smaler microsphere ataching snce, from a trangport standpoint, the larger contact area

of the larger microgpheres relative to the smaller microspheres favors attachmen.
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In discussing the results of the firm adhesion data (Figures 2.3 and 24), it is
indghtful to consder the andyss of Cozens-Raoberts et a. (16) with respect to the role of
paticle dianeter in adheson. As discussed in the introduction, increasing the paticle
diameter increases the disruptive force and torque exerted on an adherent particle by the
flud flow (15) as wdl as the contact area between the particle and the substrate (16).
The later effect should be pro-adhesve while the former is detrimentd to adhesion.
Cozens-Roberts et a. (16) defined the criticd shear stress, Sc, as the shear stress required
to remove 50% of a population of adherent particles and developed a model to predict Sc

as a function of a variety of factors incuding the paticle diameter. Thear andyss
indicates that Sc is given by K (sin Q)3 where Q is given by cos?® [1-(H-h)/r g], h isthe
separation distance between the 19.ek.Fc microsphere and the Rsdectin surface, r g isthe
radius of the microsphere and H is the maximum separation distance for 19.ek.Fc — P-
sdectin binding. For a fixed hy and H, Q decreases, Sn Q decreases and consequently Sc
decreases with increasing microsphere diameter. Thus, the net effect of an increase in
microsphere diameter is a decrease in the level of shear dress needed to remove an
adherent microsphere. Please refer to the agppendix (Section A-1) for a detaled

cdculation of theoretica critica shear stress vaues.

As would be predicted from this model (16), we observed that the shear stress
required to st in motion a firmly adherent microsphere decreased with increasing
microsphere diameter (Figures 2.3 and 24). Usng the andyss of Cozens—Roberts et al.

(16), it is possble to predict the change in Sc with particle diameter. We edimated K
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from the 5 mm microsphere data usng i = 10 nm and H = 40 nm. We then plotted Sc vs.

microsphere diameter using this vaue of K and the equation Sc = K (sn Q)3. The
resulting curve is given in Fgure 24 and is shown to closdy track the experimentd data
The rolling velocity data aso indicated that pod-attachment adhesion decreased with
increesng microgphere diameter (Figure 25). In addition, the sendtivity of the ralling
velocity to changes in fluid shear increased with increasing microsphere diameter (Figure

2.6).

In summary, we have probed the role of particle diameter in receptor-ligand
medisted adheson under fluid flow and found that for dl adhesve dSates tested,
microsphere diameter affected the adhesion and the effect of diameter was coupled b the
level of fluid shear. At rdativey high shear, smdler microsphere diameter was favorable
for attachment. At the lowest shear rate tested, however, there was little difference in the
attachment between the different sized microspheres. The effect of an increase in the
microsphere diameter on post-attachment adhesion was a decrease in the adheson as
indicated by a decrease in shear dtress required to set in motion an adherent microsphere

and an incresse in the ralling velocity of microspheres which were not firmly adherent.
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Figures

Figure 2.1. 19.ek.Fc microspheres exhibit specific adhesion to P-selectin. (A) 10 um
19.ek.Fc or human IgG; microspheres were perfused over 35 mm dishes coated with R
sectin or BSA (negative control). In certain cases the substrate or the microspheres
were pretreated with mAbs. Legend: Ligand indicates which molecule was on the
microgphere; subdtrate indicates coating the 35 mm dishes with P-sdectin (P) or BSA
(B); mADb indicates pretreatment of the microsphere (KPL-1) or substrate (2/3 and 2/1)
with the indicated mAb (2/3 = HPDG2/3, 2/1 = HPDG2/1); n = 3; * p < 0.01 compared to
left most bar. (B) 19.ek.Fc microspheres were alowed to settle onto BSA coated 35 mm
dishes under no flow conditions for 10 minutes. Following the incubation, the flow was
dowly and smoothly renitisted. Immediately dfter renitistion of flow, the number of
19.ek.Fc  microsgpheres remaining bound to the surface was determined. (C) BSA
microspheres were dlowed to settle onto P-sdectin under no flow conditions for 10
minutes.  Following the incubation, the flow was dowly and smoothly renitiated.
Immediately after reinitiation of flow, the number of BSA microspheres remaining bound
to the surface was determined. Legend for (B) and (C): BF = before flow; AF = after
flow. n=3; * indicates p < 0.01. All results shown are for 10 um microspheres. Similar

results were obtained with 5, 15 and 20 pm microspheres.
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Figure 2.2. Comparison of the rates of attachment of 5, 10, 15 and 20 mm 19.ek.Fc
microspheres to P-selectin.  (A) The effective rate of attachment of the 19.ek.Fc
microspheres to the P-selectin substrate at 75 §' was determined.  This vaue adong with
an edimate of the number of 19.ek.Fc microspheres which passed through the fied of
view near the Rsdlectin coated surface was used to determine the percentage of 19.ek.Fc
microspheres that attached to the P-sdectin substrate. At this shear rate, the %
attachment did not appear to be a function of the microgphere diameter (p > 0.1, n 3 4).
(B) The effective rate of atachment of the 19.ek.Fc microspheres to the P-sdectin
substrate at a shear rate of 400 $' was determined. At this shear, the rate of attachment
gppeared to be a function of the diameter of the 19.ek.Fc microspheres (p = 0.07; n 3 2).
(C) The effective rate of atachment of the 19.ek.Fc microspheres to the P-sdectin
subgtrate at a shear rate of 600 $* was determined. At this shear, the rate of attachment
was a function of the diameter of the 19.ek.Fc microspheres. (p < 0.05; n 3 3). Note that
in B and C the data were not corrected for the fact that the ddivery of the 19.ek.Fc
microspheres to the P-sdectin surface is a function of the diameter of the microspheres.

Since the Stoke's setling velocity is proportional to the square of the microsphere
diameter, it is reasonable to assume that if the delivery were taken into account the trends

observed in B and C would be more pronounced.
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Figure 2.3. The shear stress required to set in motion a firmly adherent 19.ek.Fc
microsphere decreases with increasing microsphere diameter. 5, 10, 15 and 20 pum
19.ek.Fc microspheres were alowed to attach to the P sdectin substrate for 10 minutes at
05 dynes'cm?.  Subsequently, the shear stress was increased in a stepwise fashion.
19.ek.Fc microspheres which did not exhibit motion in the direction of flow were scored
as firmly adherent. The percentage of firmly adherent 19.ek.Fc microspheres was plotted
as a function of the shear dress Multiple factor ANOVA indicated that % firmly
adherent was a function of microsphere diameter (p < 0.01) and this effect was coupled to

the leved of fluid shear (p < 0.01). (Legend: circles represent 5 nm microspheres, boxes
represent 10 mm microsgpheres, triangles represent 15 mm microspheres and  crosses

represent 20 mm microspheres. n 3 5 replicates shown; Error bars represent SEM).
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Figure 24. A comparison of experimental and critical shear stress Sc values. The
critica shear, Sc, was edtimated from the data shown in Figure 2.3. These vaues were
than plotted (the black squares) as a function of microsphere diameter. The line depicts a

theoretical curve developed as described in the discusson section usng the reationship

of Cozens-Roberts et a. (17), Sc = K (sn Q)3. Note that the experimenta data closely
follows the theoreticdl curve. Please refer to the Appendix section A-1 for more detalls

on the caculaion.
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Figure 25. The rolling velocity of the 19.ek.Fc microspheres increases with
increasing microsphere diameter. The rolling veocity of the 19.ek.Fc  microspheres
which were not firmly adherent to the P-sdectin substrate was determined.  In generd,
the ralling veocity appears to increase with microsphere diameter. Multiple factor
ANOVA indicated thet the rolling velocity was a function of microsphere diameter (p <
0.01) and this effect was coupled to the level of fluid shear (p < 0.01). (Legend: circles
represent 5 mm microspheres, boxes represent 10 mm microspheres, triangles represent 15
mm microspheres and crosses represent 20 mm microspheres. n 3 5 separate experiments
with 3 6 microspheres andlyzed at each shear dress in a given experiment; Error bars

represent SEM).
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Figure 2.6. The change in the ralling velocity with fluid shear increases with
microsphere diameter. Linear regresson was performed on the data presented in Figure
25. The dopes of these regresson lines were plotted as a function of the microsphere
diameter. Linear regresson was performed on this data. The dope was found to be 0.21
+/-0.15 (dope +/- 95% confidence intervad) indicating that the change in the rolling
veocty with fluid shear ggnificantly increases with increesng microsphere diameter.
(Error bars indicate 95% confidence interval on dopes determined using regresson on

the datain Figure 2.5.)
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CHAPTER 3

MICROSPHERES COATED WITH MAC-1PURIFIED FROM LEUKOCYTE
LYSATESADHERE TO 4HR. IL-1 ACTIVATED HUVEC VIA TWO DISTINCT
MECHANISM S

I ntroduction

Broad context: A criticd component of many physiologica and pathologica processes is
the adheson of leukocytes to the endothdium in the fluid dynamic environment of the
circulaiory sysem (1-4). During the past 15 years, it has been revealed that leukocyte
adheson to the endothelium occurs through a cascade of adhesve events (2, 4-8)
orchestrated by receptor-ligand interactions that cause initid attachment of these cdls to
the endothdid lining (dso known as initid tethering), rolling dong the endothdid
aurface, subsequent firm adheson or aret and ultimady, migration of these cdls
through endothdia spaces into the extravascular space (extravasation or transendothelia

migretion) (5).

Inducible endothelial cell adhesion molecules are involved in neutrophil recruitment:
Centrd to this adhesion cascade is the concept of endotheia cdl activation and inducible
endothdid cdl adheson molecules. Using an in vitro modd of endothelid cdls, namdy
endotheid cdls isolaed from human umbilicd veins (HUVEC), Bevilacqua e 4.
demongrated that exposure of HUVEC to inflammatory mediators such as IL-1, TNF-

a or certain gram-negative endotoxins results in the surface expresson of an endothelid
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cdl adheson molecule now termed E-sdectin (CD62E) (9, 10). E-sdectin expresson
requires de novo protein synthess and occurs after approximately 2 hours of treatment
with activating inflanmatory mediators (10). E-sdectin expresson pesks between 3-5
hours dfter initid activaion and ultimady diminishes to dose to the basd (no
expresson) leve by 24 hours after initid activation (10). Other endothelid cell adheson
molecules can dso be upregulated by inflammatory mediators.  In paticular, the
expresson of intercdlular adheson molecule-1 (ICAM-1, CD54), which is expressed at a
low level on unactivated HUVEC, is upregulated in response to inflanmatory mediators
(4, 11). Smilar to Esdectin expression, increased ICAM-1 expression requires de novo
protein synthess and occurs after severd hours of trestment with activating cytokines
(11). In contrast to E-sdlectin, however, ICAM-1 expresson occurs more dowly and
remans a close to pesk levels 24 hours dfter initid activation (11). Other endothdid
cdl adheson molecules are dso involved in leukocyte adheson to the endothdium and
indude P-sdectin (CD62P) (12), vascular endothelid cedl adheson molecule - 1

(VCAM-1) (3, 11), and ICAM-2 (3, 11).

Adhesion molecules involved in neutrophil attachment and rolling on the endothelium:
Both in vivo and in vitro dudies drongly suggest that P-sdectin and E-sdectin are
involved in neutrophil initid attachment and rolling on activated vascular endothdium (5,
13-18). P and Esdectin are two members of the sdectin family of adheson molecules,

the third known member being L-sdectin (CD62L). A notable feature of the sdectins is

ther N-temind, lectin-like domain which binds carbohydrate moigties in a Ca2*
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dependent manner (11). Thus, severd carbohydrate ligands for P- and E-sdectin have

been proposed including the sayl Lewis x (SLeX) tetrasaccharide and related glycans

(19-21).

Recent dudies have focused on identifying the underlying proteins that present
carbohydrate ligands for binding to E- and P-sdectin.  P-sdectin glycoprotein ligand-1
(PSGL-1) is present on a variety of leukocyte sub-types, carries SLeX and appears to be
the primary leukocyte ligand for P-sdectin (13, 15, 22-27). Although severd ligands for
E-sdectin have been proposed, including PSGL-1 (13, 28), L-sdectin (CD62L) (13, 29,
30), E-dHectin ligand - 1 (ESL-1) (31, 32), CD66 nonspecific cross-reacting antigens
(33), CD43 (34), and CD44 (35) to date, no single leukocyte adhesion molecule has been

demondtrated to be the primary ligand for E-sdectin.

The above liged proposed ligands for E-sdectin ae smilar in that they Al
express daylated fucosylated glycans (SLeX-type glycans). Severd lines of evidence
suggest that SLe* done may be sufficient to mediate adhesion to E-sdectin.  Indeed,
microspheres coated with SLe* atach and roll on E-sdectin (36, 37); transfection of
humen cdl lines with ad(1,3) fucosyltrandferase (e.g. FucT-VII) confers the ability to
recognize and attach to E-sdectin under flow (38-40); and cell lines expressng Esdectin

atach and roll on planar surfaces coated with glycolipids presenting SLeX-type glycans

(41). Combined, these studies drongly suggest that SLeX-type glycans done ae

aufficient to mediate attachment and rolling on E-sdectin.
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The integrins ae a famly of noncovdently associated heterodimeric
glycoproteins congging of an a and a b chan (4, 42). The by integrins are unified in
their common b chain, CD18, and have digtinct a chans. The leukocyte by integrins
indude LFA-1 (CD11a/CD18), Mac-1 (CD11b/CD18), p150,95 (CD11¢/CD18) (4) and

ad/CD18 (CD11d/CD18) (43). Based on the observations described in the above

paragraph and the fact that the leukocyte by integrins carry SLeX (44), it is reasonable to
suspect that by integrin - E-sdectin molecuar interactions are involved in leukocyte
adheson to the endothdium. As argued previoudy by Crutchfidd et d. (45), there are

data both refuting and supporting this conjecture.

Data refuting this notion include the observetions that neutrophils trested with
mADbs to CD18 do not exhibit a reduction in accumulation over IL-1 activated HUVEC
(7) or purified E-sdectin (46), and neutrophils isolated from patients deficient in by
integrins retain the ability to attach to IL-1 activated HUVEC (7) . These findings seem
to discount the role of by integrins in mediading adheson to E-sdectin.  However, there
are several cavedts to drawing this concluson, including the following. Firs, the lack of
inhibition by these mAbs may be due to the mAbs recognizing peptides while the
adhesion occurs through a carbohydrate.  Second, a variety of neutrophil glycoproteins
may in fact bear glycans, that may be able to mediate adhesion to Esdectin. Thus, the
number of E-sdectin counter-receptors present on the neutrophil may be in sgnificant
excess of that which is actudly needed to mediate adhesion to Esdectin. In this event,

one might anticipate that dimination of any one of these adhesve mechanisms may have
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little effect on adheson. Indeed, as suggested or reveded by a number of biochemicd
assays, a vaiety of leukocyte glycoproteins recognize E-sdectin. Thus, the dimination
assays ae somewhat ambiguous and do not rule out the possbility of the involvement of

bo integrinsin adhesion to E-selectin.

Data supporting a role for by integrin - E-sdectin molecular interactions include
the observations that microspheres coated with Mac-1 attach to Esdectin under in vitro
flow conditions (45), both Mac-1 and LFA-1 recognize E-sdectin in biochemica
recognition assays (47), CD18-deficent neutrophils demondrae devated ralling
velocities over IL-1-dimulated endothdium (49), and leukocytes roll with increased
velocities in TNF-a treated CD18 deficient mice (48). While these latter two
observations could be dtributed to interactions of by integrins with endothdid cdl
adheson molecule diginct from E-sdectin, these observetions are dso congstent with
the hypothesis tha the interactions of by integrins with E-sdectin lead to a reduction in

rolling velocities of leukocytes on cytokine activated endothelium.

Thus, there are data both refuting and supporting a role for by integrin — E-sdlectin
molecular interactions in leukocyte adheson to the endothelium. The hypothess that we
have previoudy invedigated is that by integrin — E-sdectin molecular interactions do play
a role in leukocyte adheson to the endothdium (45). We probed this hypothesis by
coding leukocyte-szed polystyrene microgpheres with Mac-1 purified from human

leukocytes and <udied the adhesion of the resulting Mac-1 microgpheres to cdlular
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subgtrates under in vitro flow conditions. A full discusson of the motivation for usng
the Mac-1 microspheres to probe this hypothess has been described in our previous
sudy. Inthat study (45), we found that Mac-1 microspheres do indeed attach, i.e. bind
from the free stream, to cellular expressed Esdectin under physiologicdly redevant shear

dress conditions; thus bolstering the above hypothesis.

Molecular mechanisms involved in neutrophil firm arrest on the endothelium:
Subsequent to attachment and rolling, the neutrophil may arest and spread on the
endothdium. These deps ae mediated in pat by integrins on the surface of the
neutrophil (5, 6, 50). The trangtion from rolling to firm adheson requires neutrophil
activation and involves a family of chemotactic cytokines termed demokines (4, 5, 8, 51,
52). A current working hypothess is that as the neutrophil rolls aong the endothdium it
is exposed to chemokines bound to the endothdium (4). Exposure to the chemokines
activates the neutrophil that leeds to a variety of changes incuding an increased
adhesiveness of the neutrophil for the endotheium. This increased adhesiveness appears
to be due, in pat, to an up-regulation of LFA-1 and Mac-1 adhesion mechaniams (4, 53).
Neutrophil integrin LFA-1 has previoudy been implicated in neutrophil firm adheson to
the endothdium (54-56) via its interactions with endothelid-expressed ligands ICAM-1,
ICAM-2 and ICAM-3 (57), while integrin Mac-1 mediates neutrophil adheson through
interactions with ICAM-1, ICAM-2 and other undefined endothdid ligand(s) (56-59). It
has been shown that LFA-1 expresson on resting neutrophils, which is high compared to

the level of expresson of Mac-1, does not change upon neutrophil activation (53). Thus,
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the increase in the LFA-1 adhesion mechanism appears to be due to a quditative change
in the adhesiveness of LFA-1 for ICAM-1 rather than a quantitative change in the amount
of LFA-1 expressed on the surface of the neutrophil (60, 61). In contrast, Mac-1 exhibits
a greater than tenfold quantitative incresse of expresson on the cdl surface after
dimulaion (53). This up-regulation occurs through trandocation of Mac-1 containing
secretory granules to the cdl surface (53). However, this change in leve of expresson of
Mac-1 does not appear to coincide with increased adheson via Mac-1 (53). Thus, it has
been hypotheszed that Mac-1, smilar to LFA-1, can exig in an active (able to bind
ligand) and an inactive (not able to bind ligand) conformation (62). Indeed, mADb,
CBRM1/5 that recognizes an activation-specific neo-epitope on Mac-1 has been
described (53, 62). This mAb recognizes Mac-1 on activated neutrophils but does not

recognize Mac-1 on resting myeloid cdls (53, 62).

We previoudy demondrated that native Mac-1 coated microspheres attach to 4 hr
IL-1 activated human umbilicd vein endothdid cdls (HUVEC) via E-sdectin under
flow (45). Previous dudies have highlighted the role of Mac-1 in mediating neutrophil
firm adheson thorough interactions with ICAM-1, ICAM-2 and other undefined
endothdid ligands (56-59). Prdiminary dudies with Mac-1 in our laboratory not only
corroborated this latter observation but when coupled with results of our previous study
(45), led us to pose the following hypothesis: leukocyte szed particles coated with native
Mac-1 purified from leukocytes adhere to 4 hr. IL-1b activated HUVEC via a multi-step

process involving at least two mechanisms with distinct gpparent kinetics. We probed this



76

hypothesis by generating leukocyte szed (10mm) microspheres coated with native Mac-1
(in a functiondly active conformation) and recombinant Mac-1, and examining their
adheson to un-activated and 4 hr IL-1 activated HUVEC under two different shear

stresses.
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Materials and Methods

Materials: Medium199, fetd bovine serum (FBS), L-glutamine, trypsn-versene and
penicillin - dreptomycin - were  obtained from BioWhittaker  (Wakersville, MD).
Endothelid mitogen was obtaned from Biomedicad Technologies Inc. (Stoughton,
MA). Gdatin was from Difco Labs (Deroit, MI). Hepain, dimethyl sulfoxide
(DMS0O), sodium bicarbonate, O-phenylenediamne (OPD) and human 1gG; were
from Sgma Chemicd Co. (S. Louis, MO). Interleukin-1b (IL -1b) was from
Cabiochem (La Jolla, CA). HBSS (Hanks Balanced Sdt Solution) with Ca™ and Mg"
(HBSS") or without (HBSS) were dso from BioWhittaker (Wakersville, MD).
Bovine Serum Albumin, BSA (Sigma, S. Louiss MO) was added to HBSS' to
generate HBSS+, 1%BSA blocking buffer that was heated-treated in a water bath at
60°C for 25 minutes. A Tris buffer, pH 7.3, containing 150 mM NaCl, 2mM MgCh
and 25 mM Trizma base (Sgma, . Louis, MO) was used to dilute native and
recombinant Mac-1 (CD11b/CD18), and LFA-1 (CD11a/CD18). Native Mac-1
purified from leukocyte lysates (56) was generoudy provided by Dr. Charles A.
Parkos (Emory University, Atlanta, GA). Recombinant Mac-1 and LFA-1 were
obtained from Genentech Inc. (San Francisco, CA). 10mm polystyrene microspheres
[P (§2%DVB)] with a standard deviation of 0.10mm were purchased from Bangs

Laboratories Inc. (Fishers, IN).
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Antibodies: The following purified murine monoclonad antibodies (mAbs) were
employed againgt Mac-1 (CD11b/CD18) and LFA-1 (CD11a/CD18): TS1/18 (anti-CD18,
IgG1; Endogen, Woburn MA), 44 (anti - CD11b; 1gGy; R & D Systems, Minnegpalis,
MN), LM2/1 (anti - CD11b (63); 1gG1), CBRM1/5 (anti-activation specific neoepitope of
CD11b/CD18 (63); 1gG1), CBRML/29 (anti - CD11lb (63); 1gG1) and TSV22 (anti-
CD1la; 1gGq; Endogen). The following purified murine monocdlond antibodies were
employed on HUVEC: HEL32 (anti-E-sdectin; 1gG;: Dr. Raymond Camphausen,
Genetics Inditute, Cambridge MA), R6.5 (anti-ICAM-1; 1gGya: Boehringer Ingeheim
Corp., Ridgefidd CT), and B-T1 (anti-ICAM-2; IgG: Serotec, Raleigh NC). Unlabeled
goat 1gG K@), employed to block nonspecific binding of labeled secondary to
microspheres employed in flow cytometric andyss and fluorescein  isothiocynate
(FITC)-labeled goat F(ab'), anti-mouse 1gG Fc-specific polyclonad antibody to detect
primay mAbs in the flow cytometric andyss, were both obtaned from Jackson
Immunoresearch Labs (Westgrove, PA). Peroxidase-conjugated goat anti-mouse (heavy
and light chan gpecific) F@o'), polycdond antibody employed in  enzyme-linked

immunosorbent assays (ELISA) was from Cabiochem (La Jolla, CA).

Cell culture and substrate preparation for flow assays. Humen Umbilicd Ven
Endotheliad Cdls (HUVEC) were purchased from Clonetics (San Diego, CA) and
cultured as described (45). Cdl culture media for culturing HUVEC was prepared by
adding heparin (0.05g) and endothelid mitogen (0.025g) to 500 ml Medium 199

containing 10% FBS, 1% L-glutamine and 04% penicillin sreptomycin. Cryo-preserved
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HUVEC were thawed, washed in cdl culture media and transferred to gdatin coated-
75mm? tissue culture flasks (T-flasks). Upon resching confluence, cells were harvested
from confluent T-flasks by washing twice in HBSS and tregting them with trypsn-
varsene that fadlitates their cleavage from T-flasks. The cedls were diluted to a desred
concentration in HUVEC culture media and transferred to new gelatin coated Fflasks to
maintain passage, or to gdatin coated- 35 mm culture dishes to be employed in adhesion
dudies. In some instances, HUVEC were dso trandferred to gelatin coated-96-well plates
for enzyme-linked immunosorbent assays (ELISA). E-sdectin and ICAM-1 expresson

on HUVEC monolayers was induced by pre-treating HUVEC with 50 U/mL of IL-1b for

four hours prior to being employed in the adhesion studies.

Preparation of native and recombinant Mac-1, and LFA-1 microspheres. The technique
for generdting ligand (native Mac-1, recombinant Mac-1 or recombinant LFA-1) -coated
microgpheres was dmilar to that described previoudy (45). Briefly, 10 mm microspheres
were washed twice in Tris buffer (150 mM NaCl, 2mM MgCh, and 25 mM Trizma base,
pH 7.3) and incubated ether in native Mac-1 (diluted 1:10 in Tris buffer), recombinant
Mac-1 (50ng/mL in Tris buffer) or recombinant LFA-1 (50ng/mL in Tris buffer),
overnight a 4°C. The addition volume of native Mac-1 to 10nm microspheres was 1mL
per 10" microspheres, while recombinant Mac-1 and LFA-1 were added at 5ri per 10°
microgpheres. These addition volumes and reagent dilutions were optimized through
titration and flow cytometric andyss to yidd ggnificant and equivaent ligand dendties

of recombinant and native molecules on the ligand-coated microspheres.  Following an
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overnight incubation a 4°C, the microspheres were washed and resuspended to 1x10%
microspheresmL in heat-treated HBSS, + 1% BSA (blocking buffer) the next day. Prior
to perfuson through the padle plate flow chamber, ligand-coated microspheres were

diluted to 5x10°/mL in assay buffer (heat-treated HBSS, + 0.5%BSA).

Monoclonal antibody (mAb) blocking on Mac-1 and LFA-1 coated microspheres and
HUVEC monolayers. The specificity of adhesive interactions between native Mac-1,
recombinant Mac-1 or recombinant LFA-1 microspheres and HUVEC was determined
through a series of monoclond antibody (MAb) blocking experiments. Native and
recombinant Mac-1 coated microspheres were pre-trested, a room temperature, with
anti-Mac-1 mAbs, CBRM1/29, TSI/18 and LM21 (diluted to 10ngml in blocking
buffer) while LFA-1 microspheres were pre-treated with an anti-LFA-1 mAb, TS1/22
employed a the same concentration. HUVEC monolayers were separately subjected to
mAb blocking treatments and incubated at 37°C, in anti-E-sdectin mAb (HEL3/2), anti-
ICAM-1 mAb (R6.5), or anti-ICAM-2 mAb (B-T1) diluted to 20nymL in HUVEC
culture media mAbs were ather used individudly or in conjunction with esch other.
Note that in every ingance, ligand-coated microspheres or HUVEC were incubated in

these mAbsfor at least 15 minutes prior to employing them in adhesion assays.

Flow cytometric analysis; Aliquots of ~ 2x10° native Mac-1, recombinant Mac-1 or
recombinant LFA-1 coated microspheres were washed twice in hesat-trested HBSS +, 1%

BSA blocking buffer and incubated in 40ni primary antibodies (mAbs 44, CBRM1/5,
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TSL/18, TS1/22 and LM2/1) diluted to 20mg/mL in blocking buffer for 20 minutes a
room temperature. After one wash, the microspheres were blocked for 10 minutes with
unlabeled goat F(@&b'), fragment (1:100), followed by a 20 minute incubation a room
temperature with an FITC-labded polyclond antibody (1:25) which facilitates detection
of bound primary mAbs during flow cytometric andyss. Following this twenty-minute
incubation, the microspheres were washed thrice in blocking buffer, and fixed in 1%
formadehyde until further use.  FHuorescence levels on these ligand-coated microspheres
were quantified via flow cytometry by plotting fluorescence hisograms on a four-decade

scale.

Enzyme linked immunosorbent assays (ELISA): HUVEC coated on 96 well plates were
activated separately for 4 hrs and 24 hrs with 50 U/mL IL-1, which induces expresson of
a vaiety of endothdiad cdl adheson molecules. Following activation, the cdls were
washed with HBSS" and held in HUVEC culture media a 4°C for a least 30 minutes,
The culture media was withdrawn and 40nL primary mAbs (R6.5, TS1/22 and HEL 3/2),
diluted to 20 nymL in culture media were added to HUVEC for 20 minutes a 4°C.
Resdud unbound primary mAbs were removed through subsequent HUVEC washes in
cdl culture media The cdls were then hed in 40nL peroxidase-conjugated secondary
antibody for 20 minutes a 4°C. Following a series of washes to remove unbound
secondary antibody, HUVEC were incubated in o-phenylenediamine (OPD) that enables
detection of surface proteins through quantification of absorbance levels a 450nm on a

plate reader.
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Description of the flow assembly and analysis of adhesion data: The pardld plate flow
chamber (Glycotech; Rockville, MD) employed in this sudy is smilar to that used by
Mclntire, Smith and colleagues (64) and consds of a plexiglass flow deck that fits ingde
a 35 mm tissue culture dish (Appendix A-2). Our paticular flow set-up has been
described previoudy (65). In brief, the flow fidd is defined by a gasket which sts

between the flow deck and the 35 mm dish. The shear stress at the bottom surface of the

flow chamber is given by t = 3Qm2wh2 where Q is the volumetric flow rate, mis the
viscogty, 2 h is the height (0.2 mm) of the flow fidd, and w is the width (0.5 cm) of the
flow fidd. The volumetric flow rate was therefore adjusted to obtain the desred shear
dress. Experiments were performed either a room temperature (24°C) or a 37 °C
(maintained by a heating plate). After assembly, the flow chamber was placed on an
inverted microscope connected to a CCD videocamera, VCR and monitor that enable

data acquisition for subsequent andlysis.

After ringng the 35 mm culture dish with heat-treated assay buffer (HBSS, + 0.5
% BSA) and dlowing the substrate to equilibrate under flow, ligand-coated microspheres
(5x10° /mL) were perfused separately over HUVEC coated culture dishes at requisite
shear dresses for 2.5 minutes. Microgphere accumulation over eight fidds of view was
recorded at the end of the perfuson interva to yidd totad firmly adherent microspheres.
In some instances, microspheres that attached from the free stream to HUVEC during the
2.5-minute perfuson intervad were quantified and only adheson events in the visble

fidd of view were congdered. This endled an examinaion of Mac-1 microspheres



83

undergoing primary atachments over the entire duration of flow. Microspheres that did
not display any motion during the entire duration of the flow period were desgnaied as
firmly adherent while those that traversed in the direction of flow were marked as rolling.

The experiments were repested at least three times.

Statistics:  Statidtical differences between experimentd data were evauated usng ether
the one-taled Student's T-test or anayss of variance (ANOVA) for multiple data sets.
ANOVA was usad in conjunction with Bonferroni’s test to identify differences in the
means of multiple data sas. In dl ingances, comparisons with p vaues £0.05 were

consdered Satigticaly sgnificant. All error bars represent SEM unless otherwise noted.



Results

Characterization of native Mac-1, recombinant Mac-1 and recombinant LFA-1 coated

10nm microspheres

Prior to adheson dudies, we peformed flow cytometry on the ligand-coated
microspheres.  In a previous study reported by our laboratory (45), naive Mac-1
microspheres generated usng techniques Smilar to this study, were shown to express
surface dendties of accessble extracdlular Mac-1 smilar to tha present on neutrophils.
In the present study (Figure 3.1), levels of Mac-1 expresson on 10nm microspheres
coated with native Mac-1 (purified from leukocyte lysates) (panel @ were Smilar to those
observed on native Mac-1 microspheres generaed under Smilar conditions in our
previous sudy. The present study aso employed 10mm microspheres coated with
recombinant Mac-1 (pand ¢) and recombinant LFA-1 (panel €). As seen in Figure 3.1,
surface dengty of recombinant Mac-1 on the microspheres (panel ¢) was found to be
gmilar to that of naive Mac-1 (pand @), while surface dendty of recombinant LFA-1
was dightly higher then that of native and recombinant Mac-1 (panel €). Furthermore,
employing a monoclonad antibody to the activation specific neoepitope of CD11b/CD18
(63) showed that the entire surface expressed native Mac-1 (panel b) and recombinant
Mac-1  (pand d) on these microspheres, was present in a functiondly ective

conformation.
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Characterization of HUVEC

We ds peaformed an enzyme linked immuno-sorbent assay (ELISA) on un-
activated, 4 hr. and 24 hr. IL-1 activated HUVEC to characterize expresson of
endothdid expressed adheson molecules E-sdectin and ICAM-1 on our stock of un-
activated and IL-1 activated HUVEC. Severd laboratories (66) have previoudy reported
that (8) un-activated HUVEC express a basd leve of ICAM-1 but no Esdectin (b) 4 hr
treatment of HUVEC with IL-1b dicits the expresson of Esdectin and greetly increases
the expresson of ICAM-1 and (c) the expression of Esdectin pesks around 4 hrs post-
activation and returns to near basdine levels 24 hrs pogt-activatiion while the expresson
of ICAM-1 remains devated 24 hrs post-activation. Figure 3.2 shows tha the HUVEC
used in the present studies behave in a manner smilar to that reported in literature. A
low but detectable levd of ICAM-1 is present on un-activated HUVEC and the
expresson of ICAM-1 is increased a 4 and 24 hrs podt-trestment with IL-1b. E-sdectin
was not detected on un-activated HUVEC, detected on 4 hr activated HUVEC and
detected on 24 hr. HUVEC, dthough a a much lower leve than that detected on 4 hr

activated HUVEC.
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10nm microspheres coated with Mac-1 purified from leukocyte lysates (native Mac-1)
undergo firm adhesion to 4 hr. IL-1 activated HUVEC, almost entirely via E-selectin and

an epitope on Mac-1 mapped by mAb CBRM1/29

Native Mac-1 coated microspheres were perfused over un-activated and 4 hr IL-1
activated HUVEC monolayers at 1.8 dynes/cn? and demonstrated significant adhesion to
HUVEC monolayers under flow. Their adheson to HUVEC was characterized by two
diginct adhesve events (1) initid attachment and rolling and (2) firm adheson. The
former microsphere interactions involving microspheres ataching from the free sream to
HUVEC monolayers (initid attachment) and trandating aong the monolayers with low
velocities (rolling) were desgnated as primary attachments Microspheres undergoing
both adhesve events, namey atachment/rolling and subsequent firm adheson, were
designated as firmly adherent. As shown in Figure 3.3, a subsantid number of firmly
adherent native Mac-1 microspheres were observed over 4 hr IL-1 activated HUVEC.
When perfused over un-activated HUVEC and 4 hr IL-1 activated HUVEC pre-treated
with a functiond blocking monoclond antibody (mAb) to E-sdectin, HEL3/2, the
numbers of firmly adherent microspheres were ~70% and ~65% lower than those
observed over un-trested 4 hr IL-1 activsted HUVEC. Pre-treatment of Mac-1
microspheres with an ant-Mac-1 mAb, CBRM1/29 aso caused a mgor reduction
(~85%) in the number of firmly adherent Mac-1 microspheres compared to un-treated
Mac-1 microspheres, while pre-treatment with a control anti-Mac-1 mAb, LM2/1 showed

no gatigticaly significant effect on the adhesion.
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Previous reports have indicated that endothelid adhesion molecules ICAM-1 and
ICAM-2 might serve as endotheia counter-receptors for Mac-1 in mediaing leukocyte
adheson to the endothdium (56-59). To identify the role of endotheid cdl adheson
molecule ICAM-1 in mediaing Mac-1 microsphere adhesion to 4 hr. IL-1 activated
HUVEC, HUVEC monolayers were pretrested with an anti-lICAM-1 mAb R6.5 (56),
which did not gppear to have any effect on the adhesion of Mac-1 coated microspheres.
Furthermore, 4 hr. I1L-1 activated HUVEC pre-treated with both mAbs HEL3/2 and R6.5
disolayed firmly adherent native Mac-1 microspheres & adheson levels smilar to those
on 4 hr. IL-1 activated HUVEC blocked by mAb HEL3/2 done. Pre-treatment of Mac-1
microspheres with mAb CBRMY/29, together with the pre-trestment of 4 hr. IL-1
activated HUVEC with anti-E-sdectin mAb HEL3/2, abolished nearly al firmly adherent
events, implicating both endothdia expressed E-sdectin and an epitope on Mac-1
mapped by mAb CBRM1/29 in mediating native Mac-1 microsphere adhesion to 4 hr.

IL-1 activated HUVEC.

Pre-treatment of 4 hr. IL-1 activated HUVEC with an anti-E-selectin mAb HEL3/2
sgnificantly inhibited the primary attachment and firm adhesion of native Mac-1
microspheres, while pre-treatment with an anti-Mac-1 mAb CBRM1/29 only affected

their firm adhesion

It is dearly evident from Figure 3.3 that 10mm microspheres coated with native

Mac-1 become firmly adherent to 4 hr. IL-1 activated HUVEC through both E-sdectin
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and an epitope on Mac-1 recognized by the mAb CBRM1/29. To further ddineate the
roles played by dther of these two molecular mechanisms, we reandyzed 4l
experimenta data with 4 hr. IL-1 activated HUVEC pre-trested with an anti-E-sdectin
mAb HEL3/2 and native Mac-1 coated microspheres pre-treated with an anti-Mac-1 mADb
CBRM1/29 a 1.8 dynescn?. Native Mac-1 microspheres that atached from the free
gsream to 4 hr. IL-1 activated HUVEC during the 2.5-minute pefuson intervad, were
quantified in the vidble fidd of observaion to yidd overdl primary atachments (black
bars). The fraction of these attaching microspheres that underwent subsequent firm
adheson were edimated by quantifying the population of firmly adherent microspheres
that accumulated over eight fidds of view a the end of the perfuson interva (white
bars). As shown in Figure 3.4, over 80% of al native Mac-1 microgpheres undergoing
primary attachments to 4 hr. IL-1 activated HUVEC (i.e. attaching to the subgrate from
the free stream and rolling) subsequently underwent firm adhesion. Pre-tregting 4 hr. 1L-1
activatled HUVEC with an anti-E-sdectin mAb HEL3/2 reaulted in a subgantia
reduction (~70 %) of naive Mac-1 primary attachments to HUVEC monolayers. Note
however, that 100% of dl native Mac-1 microspheres attaching and rolling on 4 hr. IL-1
activated HUVEC pre-trested with mAb HEL3/2, were converted to firmly adherent
microspheres. Importartly, while pre-treetment of native Mac-1 microgpheres with the
anti- Mac-1 mAb CBRM1/29 had no effect on the primary attachment of these
microspheres to 4 hr. IL-1 activated HUVEC, blocking with mAb CBRM1/29 severdly
inhibited, by about 85%, the ability of the ataching and rolling Mac-1 microspheres to

convert to firmly adherent microspheres.
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10nm microspheres coated with native Mac-1 adhere to un-activated HUVEC at 1.0

dynes/cm?

To gan further indght into the role of the CBRML1/29 epitope of Mac-1 in
mediaing Mac-1 adhesion to HUVEC independent of E-sdectin, we perfused 10mm
microspheres coated with native Mac-1 over un-activated HUVEC a 1.0 dynescnt.
This experimentad sysem was idedly suited to explore this mechanism snce no E-
sdlectin expresson was detected on un-activated HUVEC (Figure 3.2). The judtification
for usng a lower shear stress (1.0 dyne/cnt) versus the one employed in studies over 4

hr. IL-1 activated HUVEC is mentioned in the discusson.

As shown in Figure 3.5, native Mac-1 aated microspheres displayed quantifiable
levels of atachment, rolling and firm adherence on un-activated HUVEC a 1.0
dynelc?. Pre-trestment of native Mac-1 microspheres with function blocking mAbs to
Mac-1, mAbs CBRM1/29 and TSU/18, diminaed nearly al firmly adherent Mac-1
microspheres on un-activeted HUVEC while a non-function blocking anti-Mac-1 mAD,
LM2/1 had no effect on their adheson. To determine whether the adheson of native
Mac-1 microspheres to un-activated HUVEC in our system was, in fact, occurring
through either ICAM-1 or ICAM-2, we pre-trested un-activated HUVEC with mAbs to
ICAM-1 (R6.5) and ICAM-2 (B-T1) and examined their ability to support native Mac-1
microsphere adheson under flow. As shown in Figure 3.5, pre-trestment of un-activated

HUVEC with anti-ICAM-2 mAb B-T1 and anti-ICAM-1 mAb R6.5, employed
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individudly or together, did not inhibit Mac-1 coated microsphere adheson to un-

activated HUVEC at 1.0 dyne/cn.

10nm microspheres coated with recombinant Mac-1 adhere to 4 hr. IL-1 activated

HUVEC at 1.8 dynes/cm? almost entirely through the epitope on Mac-1 mapped by mAb

CBRM1/29

Recombinant Mac-1 microspheres were generated at surface dendties smilar to
those coated with native Mac-1 and then perfused over 4 hr. IL-1 activated HUVEC in a
padld plate flow chamber a 1.8 dyneslcn?. As shown in Figure 3.6, recombinant Mac-
1 microspheres adhere to 4 hr. IL-1 activated HUVEC under flow, adbet at adherence
levels lower than those observed with the native Mac-1 molecule. A mgority, if not dl,
of recombinant Mac-1 adhesion to 4 hr. IL-1 activated HUVEC was abolished upon pre-
treatment of these microgpheres with the anti-Mac-1 mAb CBRM1/29. Furthermore, pre-
treetment of 4 hr. IL-1 activated HUVEC with a functiond blocking mAb to E-sdectin,
mAb HEL3/2, had no effect on the adheson of recombinant Mac-1 microspheres,
implying that adheson of recombinant Mac-1 seemed to occur independently of E-
sectin and dmost entirdy, through an epitope on recombinant Mac-1 mapped by the

mAb CBRM 1/29 (CBRM 1/29 enitope).
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10nm microspheres coated with recombinant Mac-1 adhere to un-activated HUVEC at
0.6 dynes’cm? through the interactions of the CBRM1/29 epitope with a possibly

unidentified endothelial counter-receptor

To further examine the adheson of recombinant Mac-1 coated microspheres to
HUVEC via the E-sdectin independent mechanism, we perfused them over un-activated
HUVEC a 0.6 dynes/cn? (Figure 3.7). Microsphere adhesion was studied at this lower
shear dress gnce inggnificant amounts of adherence events were observed at 1.8 (~ 23
adherence events per field of view) or even a 1.0 dynelcn? (6-7 adherence events per
fiedd of view). As mentioned in the discusson, insufficient levels of interaction hardly
judify undertaking a series of mAb blocking experiments to convincingly prove the
contribution of the CBRM1/29 epitope in mediating adheson. We therefore performed
our studies a 0.6 dynesien? and found that a this shear stress, recombinant Mac-1
microgpheres show a dgnificat leve of firm adheson to un-activated HUVEC (devoid
of E-sdectin) and a mgority, if not dl, of the firmly adherent microspheres were ablated
by function blocking mAbs to Mac-1, CBRM1/29 and TSL/18 (Figure 3.7). Employing a
non-function blocking ati-Mac-1 mAb LM2/1 aso seemed to reduce the adherence
events on un-activated HUVEC. To examine whether this adheson occurred through
endothdlid expressed ICAM-1, we pre-treeted HUVEC monolayers with mAb R6.5,
known to inhibit Mac-1 interactions with ICAM-1 (56). Pre-treetment with this mAb
however, had no effect on the adheson of recombinant Mac-1 microspheres to un-

activated HUVEC. Microspheres coated with recombinant LFA-1 employed as a control,
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digilayed ggnificat firm adheson to un-activated HUVEC and nearly dl this firm
adhesion was blocked upon pre-trestment of recombinant LFA-1 microspheres with an
anti-LFA-1 mAb TSL/22 or pre-treetiment of un-activated HUVEC with anti-ICAM-1

mAD, R6.5.
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Discussion

As agued by Crutchfidd et d. (45), usng leukocytes to ducidate a detaled
understanding of Mac-1 mediated adheson to E-sdectin expressng HUVEC is
cumbersome due to the fact that severd leukocyte ligands may interact with E-sdectin
(eg. PSGL-1 (13, 28), ESL-1 (31, 32, 67), L-sdectin (13, 29, 30) and CD44 (35)), and
Mac-1 may bind to severd endothdia cedl adheson molecules (potentidly ICAM-1, and
other undefined ligands (56)). There is dso a tempora overlgp of these molecular
interactions in that many of these interactions may occur Smultaneoudy. In addition to
these molecular complexities, as the leukocyte is adhering to the endotheium, it may
become activated which dters the shgpe of the leukocyte as wel as the qudity and
quantity of leukocyte ligands present on the surface. These issues lead to difficulties in
characterizing the Mac-1 - endothdid cdl ligand(s) interactions and in identifying
endothelial expressed Mac-1 ligands. A trandfection gpproach is complicated by the fact
that co-trandfection of the cDNA for Mac-1 dong with a fucosyltransferase would most

likely be necessary to generate Mac-1 which is Smilar to native Mac-1, i.e. which contain

S eX type glycans. This leads to the caveat of potentid dteraion of other cdl surface

molecules, via the fucosyltrandferase, to the extent that they may be able to interact with

E-sdlectin (38-40, 68).

These consderations have led us to probe Mac-1 interactions with E-sdlectin

expressng HUVEC usng Mac-1 coated microspheres as described in a previous study
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(45). Note that, full-length integrins immobilized on solid supports have been used
extendvely to generaie indghtful data (56, 62, 69). In addition, the ligand coated
microsphere gpproach is becoming a farly common technique for probing leukocyte
adhesion to the endothdium (28, 36, 37, 45, 65, 70-73). Not only does this technique
circumvent the above listed issues, but using this gpproach dlows tight control over the
conditions under which Mac-1 is brought into contact with the endothdium and the
forces exerted on the Mac-1 - endothelid cell bonds subsequent to adhesion. Such
control is not only convenient but most likdy necessay to ducidate a detaled

understanding of Mac-1 mediated adhesion to the endothelium.

In this study, we therefore generated 10nm microspheres coated with native Mac-
1 and recombinant Mac-1, and dudied their adheson to HUVEC in an in vitro
physiologicdly reevant fluid dynamic environment. We categorized the observed Mac-1
microsphere adheson to HUVEC into two separate adhesve events events where
microspheres attached to subdrates from the free stream (attached) and rolled on
substrates were characterized as primary atachments whereas, microspheres that
attached, rolled and subsequently firmly adhered to these subdtrates were designated as
firmly adherent. This disinction was crucid to our understanding of the two mechanisms
by which leukocyte-szed microspheres coated with Mac-1 (native and recombinant)

interact with 4 hr. IL-1 activated HUVEC.
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Our data in Figure 3.3 showed a near two-thirds reduction in firmly adhering
native Mac-1 microspheres over un-activated HUVEC and 4 hr. IL-1 activated HUVEC
monolayers pre-treated with a monoclond antibody (mAb) to the lectin doman of E-
sdectin (HEL3/2), compared to un-treated 4 hr. IL-1 activated HUVEC monolayers. The
absence of E-sdectin expresson on un-activated HUVEC seen with ELISA (Figure 3.2),
coupled with the known anti-E-sdectin function blocking eactivity of mAb HEL3/2,
dlowed us to sufficiently conclude that the firmly adherent native Mac-1 microspheres
over un-activated HUVEC and HEL3/2-treated 4 hr. IL-1 activated HUVEC were in fact
mediated by interactions ‘independent of E-sdectin’. Note that dl native Mac-1
microgpheres undergoing primary attachments over 4 hr. IL-1 activated HUVEC pre-
treated with HEL3/2, or in other words, via the E-sdectin independent mechaniam,
become firmly adherent (Figure 3.4). Taken together, these data strongly indicate that
Mac-1 microspheres interact with 4 hr. IL-1 activated HUVEC via an E-sdectin

independent mechanism that is characterized by firmly adherent microspheres.

In addition to the E-sdectin independent mechanism, there is adso evidence
(Figure 33) for an additiond mechanism through which ndive Mac-1 coated
microspheres might undergo adhesion to 4 hr. IL-1 activated HUVEC. Pre-trestment of
native Mac-1 microspheres with a mAb to the I-doman of Mac-1 (CBRM1/29)
goecificdly diminated a mgority of the firmly adherent microspheres over 4 hr. IL-1
activated HUVEC, implying a role for the epitope mapped by CBRM1/29 (henceforth

desgnated as the CBRM1/29 epitope) in mediating Mac-1 adhesion to activated
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endothdium (Figure 3.3). Interestingly, pre-treetment of native Mac-1 microspheres with
mAb CBRML1/29 had no effect on their primary atachment to 4 hr. IL-1 activated
HUVEC but indeed, ggnificantly dtered ther adility to convert to firmly adherent
microspheres (Figure 34). This explans the observed overdl reduction in firmly
adherent microspheres over 4 hr. IL-1 activated HUVEC following Mac-1 microsphere
treatment with mAb CBRM1/29, seen in Figure 3.3. These data therefore clearly indicate
that Mac-1 micropheres undergo ggnificant primary  atachment, but minor  firm
adherence, to 4 hr. IL-1 activated HUVEC via a mechanism mediated ‘independently of

the CBRM 1/29 epitope’.

Furthermore, a near complete remova of adl Mac-1 primary atachment and firm
adherence to 4 hr. IL-1 activated HUVEC upon Mac-1 microsphere pre-trestment with
CBRM1/29 together with 4 hr. IL-1 activated HUVEC pre-trestment with anti-E-sdlectin
mAb HEL3/2 not only indicates that these two mechanisms mediate a mgority, if not al,
of the Mac-1 adheson, but that these two mechanisms might in fact be mutualy
exclusve. In other words, one mechanism is E-sdectin independent but CBRM1/29
epitope dependent and characterized by firmly adherent microgpheres and the second is
CBRM1/29 epitope independent and E-sdectin dependent and characterized by attaching

and rolling microspheres that do not undergo firm adherence.

This latter mechanism has been previoudy explored in a study (45) demongrating

that the Mac-1-E-sdectin bond has sufficient biophysica properties to mediate adhesion
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of leukocyte-sized microspheres to 4 hr. IL-1 activated HUVEC under flow. A common
feature of previoudy proposed ligands for E-sdectin is the expresson of gaylaed
fucosylated glycans (SLe* —type glycans) that agppear to be involved in E-sdectin
recognition (25, 30-35). The fact that b, integrins carry SLe* makes it quite likey that E
sdectin recognition by native Mac-1 coated microspheres occurs via SLe* —type glycans
on the molecule. To provide further evidence for the role of these saylaed fucosylated
dructures in mediaing adheson to E-sdectin, we employed recombinant Mac-1
generated without a (1,3) fucosyltransferase (e.g. FucT-VII). This enzyme plays a key
regulatory step in ligand biosynthess (74) and is crucid for the conferrd of E-sdectin
binding activity on potentid E-sdectin ligands (38-40, 68, 74). Absence of this enzyme
and lack of relevant pos-trandationa modifications thereof, would, in theory, render
recombinant Mac-1 ineffective in E-sdectin recognition. As expected, a mgority, if not
al, recombinant Mac-1 coated microspheres adhere to 4 hr. I1L-1 activated HUVEC at 1.8
dynesen? only through the CBRM1/29 epitope, with no contribution of E-selectin
(Figure 3.6). Not only does this support the requirement of SLe* structures in Esdectin
recognition, but provides indirect proof for the role of these structures in mediating the E
sdectin dependent mechanism observed with native Mac-1 coated microspheres under
gmilar assaying conditions. Additiond evidence for the role of these dructures in E-
selectin recognition was provided separately by Crutchfidd et d. (45). In ther study, pre-
treetment of native Mac-1 coated microgpheres with neuraminidase, which is known to

remove surface gadyldion, dgnificantly inhibited ther adheson to E-sdectin expressng
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cdlular monolayers, thus indicating that sidylaied glycans on Mac-1, a least in part, play

arolein BE-sdectin mediated adhesion.

Although an in-depth study on the E-sdectin dependent mechanism (45) has
previoudy been undertaken, not much is known about the CBRM1/29 epitope mediated
(E-sdectin  independent) mechanism, except that it occurs through a Mac-1 epitope
recognized by the mAb CBRM1/29, which mgps to the I-doman of Mac-1 (63).
Consequently, further studies on the E-sdectin independent mechanism were undertaken
on un-activated HUVEC devoid of E-sdectin, but expressng basd levels of ICAM-1 at
1.0 dyneslc?.  Note that, our studies over un-activated HUVEC were performed at a
lower shear dress versus that employed over 4 hr. IL-1 activated HUVEC (1.8
dynesicn?) since at that higher shear stress, we only recorded ~7-8 adherence events per
fidd of observation over un-activated HUVEC, which do not redly conditute adhesion
leves dgnificant enough to quantify the effect of mAb blocking to further probe this E-
sdectin independent mechanism.  Further evidence for the occurrence of this mechanism
was provided with a near complete abrogation of Mac-1 adhesion to un-activated
HUVEC (devoid of Esdectin) a 1.0 dynelcn? (Figure 3.5), with mAbs that map to the |-
doman on Mac-1 (CBRML29 and TS1/18). Smilar results were observed with
recombinant Mac-1 coated microspheres over un-activated HUVEC (Figure 3.7). The
latter study was performed a an even lower shear stress (0.6 dynes/cn?) in order to

achieve quantifiable levels of adhesion viathe CBRM1/29 epitope on Mac-1.
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Endothdlid cel adheson molecules ICAM-1 and ICAM-2 have previoudy been
touted as possble endothdia counter-receptors for Mac-1 on neutrophils (56-59). We
therefore explored the role of these molecules in mediating Mac-1 adhesion to 4 hr. IL-1
activated HUVEC via the E-sdectin independent mechanism. Pre-treetment of 4 hr. IL-1
activated HUVEC with an anti-ICAM-1 mAb R6.5 had no effect on Mac-1 microsphere
adheson while pre-treetment with mAbs to both E-sdectin and ICAM-1 (HEL3/2 and
R6.5 regpectively) supported adhesion of Mac-1 microspheres a levels smilar to those
with HUVEC monolayers blocked by HEL3/2 done, suggesting that these interactions
are not affected by mAb R6.5, and therefore not mediated by ICAM-1 on activated
HUVEC (Figure 3.3). Our observations with native and recombinant Mac-1
microgpheres over un-activated HUVEC at lower shear stresses (Figures 3.5 and 3.7)
drongly suggest tha the E-sdectin independent mechanism did not occur via either
ICAM-1 or ICAM-2, radng the posshility that this mechanism was mediaed by the
CBRML1/29 epitope interacting with a previoudy un-identified endothdid Mac-1
counter-receptor(s). Indeed, Springer et ad. (56) have previoudy discussed the possihility
of additionad counter-receptor(s) for Mac-1, diginct from ICAM-1, on the surface of un-
activated and activated endothelid cells. Probing this hypothess however, was beyond

the scope of this study.

As mentioned earlier, the adheson of native Mac-1 coated microspheres to 4 hr.
IL-1 activated HUVEC under flow occurs via a least two mechanisms, each mediating

diginct adhesve dates, viz. 1. atachment and rolling (primary atachments) via the E-
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sdectin mechanism and 2. firm adhesion via the CBRM1/29 epitope. The fact that the
primary atachments mediated via E-sdectin are far more transent than firmly adherent
events via the CBRML1/29 epitope, led us to hypothesze that the two mechanisms have

different kinetic and/or tengile properties.

In discussng the biophysicad dtributes of these mechaniams, it is indghtful to
consder that an adherent microsphere under equilibrium at the subdtrate is subjected to
an intricate baance of forces a disruptive force and torque exerted by the fluid that is
counter-adhesive and an adhesive force mediated by receptor-ligand bonds that is pro-
adhesive. In the event that the disruptive force and torque are more dominant compared
to the pro-adhesive bond forces, the particle has a tendency to ether roll dong the
subgrate or then detach into the free stream. On the other hand, a dominant pro-adhesive

force facilitates firmer adhesion of the particle to the subgtrate.

The disuptive force and torque acting on the particle on account of the fluid
dynamic environment are a function of the particle diameter, sher dress and wal
correction factors for a sphericd particle trandaing near a plane (65, 75). These
correction factors in turn, are a function of the separation distance of the particle from
substrate and the particle diameter. Our dudies with the two separate mechanisms
mantan the same paticle diameter (10mm) and are peformed under smilar shear
stresses.  Assuming that the bond separation distances for both mechanisms are a smilar

order of magnitude, we can approximate the wall correction factors as being nearly the
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same. Based on this analyss, we could sufficiently conclude for a given shear dress, that
microgpheres undergoing adhesion to the subdrate via ether mechanism, are probably
subjected to similar magnitudes of force and torque over the range of shear stresses tested

under flow.

The fact that for a given shear dress, the force and the torque acting on the
paticle during either mechanism is of a smilar order of magnitude and that the Esdectin
mechanism is characterized by transent rolling and detaching microspheres compared to
the robust adheson occurring through CBRM1/29 dependent mechanism, seems to
suggest that the microgpheres interacting through the latter mechanism are far more likely
to withstand the disruptive counter-adhesive forces compared to the former. In other
words, microspheres undergoing adheson via the E-sdectin mechanism perhgps have
higher apparent kinetic rates of dissociation compared to those firmly adhering via the
CBRM1/29 epitope.  Quantifying the intrinsic kinetic rates of dissociation (k o ) for the
Mac-1-E-sdectin bond (E-sdlectin dependent mechanism) and the bond between the
CBRM1/29 epitope and the as yet unidentified endothelid ligand (CBRM1/29 epitope
mechanism)would however, require knowledge of the surface ligand dendties and the
receptor number (76). While an edimation of surface ligand dendties (expresson leves
of domans on Mac-1 that mediate the E-sdectin mechanism and the CBRM1/29
mechanism) seems rather Sraightforward, an edtimation of the receptor number seems
impossble a this point dnce the endothdid receptor that mediates the CBRM1/29

epitope mechanism is, as yet, undefined in our Sudies.  One way to circumvent this issue
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would be to use an dternate technique proposed by Alon et d. (77) for the estimation of
intringc kinetic rates of dissociaion. This technique offers a didinct advantage, in that it
takes into congderation the contribution of these disruptive and pro-adhesive forces.

This however, conditutesin itsdf, awhole separate study.

In concluson, our sudies found that native Mac-1 coated microspheres adhere to
4 hr. IL-1 activsled HUVEC via two diginct molecular mechanisms an E-sdectin
dependent mechanism that mediates atachment and rolling (primary atachment) and a
mechanism dependent on the CBRM1/29 epitope tha mediates, predominantly, firm
adheson. Since the characterigtics of the adhesve states mediated by the two molecular
mechaniams differ, we might speculate that the two molecular mechanisms have different
kinetic and/or tendle properties (Figure 3.8). Quanttification of these biophysca
atributes remains a future am of this dudy. This daa provides evidence for the
hypothesis that as leukocytes adhere to the endothelium, leukocyte expressed Mac-1 is
interacting with the endothdium via two diginct molecular mechanisms one interaction
occurring during leukocyte tethering and rolling and another interaction occurring during

firm adhesion.
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Figures

Figure 3.1. Characterization of ligand coated microspheres. How cytometric andysis
was peformed on 10mm microspheres incubated in native Mac-1, recombinant Mac-1
and recombinant LFA-1 to test levels of ligand expresson on each of the respective
microgphere types. Levels of extracdlular surface Mac-1 expresson on native Mac-1
coated microspheres (pand @ and recombinant Mac-1 coated microspheres (panel c)
were detected usng aiti-Mac-1 mAb 44, (shaded histograms) and found to be smilar;
Functional conformation of native Mac-1 (pand b) and recombinant Mac-1 (panel d)
were detected usng an mAb to the activation specific neo-epitope of Mac-1, mAb
CBRM1/5 (shaded histograms); anti- LFA-1 mAb TSL/22 served as a negative control in
dl four ingdances (open histograms). The levd of recombinant LFA-1 expresson on
recombinant LFA-1 coated microspheres (panel €) was detected usng anti- LFA-1 mAb
TS1/22 (shaded histogram) while anti-Mac-1 mAb 44 served as a negative control (open
histogram). Primary mAbs indicated above were detected via FITC labeled secondary
antibody through flow cytometry. Rdative number vs. mean channd fluorescence

(MCF) are plotted on afour-decade scae. Resultstypica of 2 separate experiments.
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Figure 3.2. Characterization of HUVEC. Enzyme linked immunosorbent assay
(EL1SA) was performed on un-activated (open bars), 4 hr. IL-1 activated (black bars) and
24 hr IL-1 activated HUVEC (gray bars) coated on 96 wel plates. Expresson of
endothdiad cdl adheson molecules ICAM-1 and E-sdectin was detected using primary
mAbs to ICAM-1 (R6.5) and Esdectin (7A9) while anti-LFA-1 mAb (TSL/22) served as
a negative control. Reldive expresson levels of adheson molecules were detected via
HRP conjugated 2° Abs through ELISA, by plotting their absorbance a 450 nm.
(Legend: 1° mAb indicates pre-trestment of HUVEC with anti-LFA-1 mAb TS1/22, anti-
ICAM-1 mAb R6.5 and anti-E-sdectin mAb 7A9, or no pre-treatment (). 2° Ab indicates
the HUVEC treatment with HRP-conjugated secondary antibodies (+) or no trestment(-)).
Observations are representative of three treatment wels (n=3). Error bars indicate

standard deviation. Experiments were performed on at least two separate occasions.
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Figure 3.3. Native Mac-1 coated 10mm microspheres adhereto 4 hr. IL-1 activated
HUVEC at 1.8 dynescm’ via at least two distinct mechanisms. Firm adherence
(attachment, rolling and firm adheson) of 10mm microspheres coated with Mac-1
purified from leukocyte lysaes (native Mac-1) to 4 hr. IL-1 activated and un-activated
HUVEC was studied a 1.8 dynescn?. In certan instances, native Mac-1 coated
microspheres and/or HUVEC were pretreated with mAbs prior to use in adhesion assays.
(Legend: Activation indicates pretreatment (+) or no pretreatment ¢) of HUVEC with IL-
1b for 4 hours prior to the assay; ngphere mAb indicates pre-treatment of naive Mac-1
microgpheres with anti-Mac-1 mAbs (CBRM1/29 and LM2/1) or no pre-treetment (-).
HUVEC mAb indicates pre-trestment of HUVEC with mAbs to endothelial expressed E
slectin (HEL3/2), ICAM-1 (R6.5), both E-sdlectin and ICAM-1 (HEL3/2&R6.5) or no

pre-trestment (-). * indicates p < 0.05 compared to second (un-treated) bar from left .

Error barsindicate SEM. Shear stress= 1.8 dynes/cmz; n s 3).
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Figure 3.4. Effect of anti-Mac-1 and anti-E-sdectin mAbs on primary attachment
and subsequent firm adhesion of native Mac-1 coated microspheres to 4 hr. I1L-1
activated HUVEC at 1.8 dynescm?. Native microspheres ataching and rolling
(primary atachments) from the free stream to 4 hr. IL-1 activated HUVEC (black bars)
and those adhering firmly, subsequent to primary attachment (open bars) were estimated
a 1.8 dynes/cn?. In certain instances, native Mac-1 coated microspheres and/or HUVEC
were pretrested with mAbs prior to use in adheson assays. (Legend: ngphere mAb
indicates pre-treetment of native Mac-1 microgpheres with anti-Mac-1 mAb (CBRM1/29)
or no pre-treetment (-). HUVEC mAb indicates pre-treetment of HUVEC with an mAb

to endothdid expressed E-sdectin (HEL3/2) or no pre-treatment ¢). Error bars indicate

SEM. Shear stress = 1.8 dynes/cn¥; n 3 3).
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Figure 3.5. Native Mac-1 coated 10mm microspheres adhere to un-activated HUVEC
at 1.0 dynelcm® via an epitope on Mac-1 recognized by mAbs CBRM1/29 and
TS1/18. Firm adherence (attachment, rolling and firm adheson) of 10mm microspheres
coated with Mac-1 purified from leukocyte lysates (native Mac-1) to un-activated
HUVEC was studied a 1.0 dynelenf?. In certain instances, native Mac-1 coated
microspheres and/or HUVEC were pretreated with mAbs prior to use in adhesion assays.
(Legend: nsphere mADb indicates pre-treatment of native Mac-1 microspheres with anti-
Mac-1 mAbs (CBRM1/29, TSL1/18 and LM2/1) or no pre-treatment ¢). HUVEC mAb
indicates pre-treetment of HUVEC with mAbs to endothelid expressed ICAM-1 (R6.5),
ICAM-2 (B-T1), both ICAM-1 and ICAM-2 (R6.5&B-T1) or no pre-treatment ¢). *

indicates p < 0.05 compared to left most (un-treated) bar. Error bars indicate SEM. Shear

stress = 1.0 dyne/cm?; n 3 3).
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Figure 3.6. A maority, if not all, recombinant Mac-1 coated 10mm microspheres
adhere to 4 hr. IL-1 activated HUVEC via the CBRM 1/29 epitope at 1.8 dynes/cm?.
Frm adherence (attachment, rolling and firm adheson) of 10mm microspheres coated
with recombinant Mac-1 to 4 hr. IL-1 activated was studied a 1.8 dynes/cn?. In certain
ingtances, recombinant Mac-1 coated microspheres and/or HUVEC were pretreated with
mAbs prior to use in adheson assays. (Legend: nsphere mAb indicates pre-treatment of
recombinant Mac-1 microspheres with an anti-Mac-1 mAb (CBRM1/29) or no pre-
treetment (). HUVEC mAb indicates pre-treetment of HUVEC with mAbs to
endothelia expressed E-sdectin (HEL3/2) or no pre-treatment (-). * indicates p < 0.05

compared to left most (un-treated) bar . Error bars indicate SEM. Shear stress = 1.8

dynesicm?; n 3 3).
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Figure 3.7. Recombinant Mac-1 coated 10mm microspheres adhere to un-activated
HUVEC at 0.6 dynescm®. Firm adherence (attachment, rolling and firm adhesion) of
10mm microspheres coated with recombinant Mac-1 to un-activated HUVEC was studied
a 0.6 dynes/on?, with recombinant LFA-1 coated microspheres serving as a negative
control. In certain instances, recombinant Mac-1 and LFA-1 coated microspheres and/or
HUVEC were pretreated with mAbs prior to use in adheson assays. (Legend: Ligand
indicates coating 10mm microspheres  with recombinant Mac-1 (R-Mac-1) and
recombinant LFA-1 (R-LFA-1). ngphere mAb indicates pre-treetment of recombinant
Mac-1 and LFA-1 microspheres with anti-Mac-1 mAbs (CBRM1/29, TS1/18 and
LM2/1), anti-LFA-1 mAb (TSL1/22) or no pre-treatment (). HUVEC mAb indicates pre-
treetment of HUVEC with mAbs to endothelid expressed ICAM-1 (R6.5) or no pre-
treatment €). * indicates p < 0.05 compared to left most (un-treated RMac-1) bar. **

indicates p < 0.05 compared to third bar from the right (un-treated RLFA-1) bar. Error

bars indicate SEM. Shear stress = 0.6 dynes/cm?; n 3 3).
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Figure 3. 8 Native Mac-1 coated microspheresadhereto 4 hr. IL-1 activated HUVEC via two distinct mechanisms
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CHAPTER 4
PSGL-1 CAN SUPPORT HL60 CELL ATTACHMENT TO ENDOTHELIAL

CELL EXPRESSED E-SELECTIN

I ntroduction

A criticad dep in a vaiety of physologicd and pathologicd processes (eg.
leukocyte recruitment to a Ste of tissue injury, T-cdl homing to skin, and hematopoietic
progenitor cel (HPC) into bone marow) is the adheson of leukocytes to the
endothdium. This adheson process involves a cascade of events including initid
atachment of the leukocyte to the endothdium (initid tethering), rolling, spreading, and
firm adheson (1-7). In vivo and in vitro dudies have shown that the inducible
endothelid cdl adheson molecule E-sdectin (CD62E) is involved in leukocyte initid
atachment and rolling on the endothdium (8-10). E-sdectin is one of three known
sectins, the others being P-selectin (CD62P) and L-sdectin (CD62L). A notable feature
of the sdectins is their NHp-termind, lectin-like domain that binds carbohydrate moieties
in a Caf"-dependent manner (11, 12). Thus, severa carbohydrate ligands for the sdlectins
have been proposed including the sdyl Lewis x (S.€°) tetrasaccharide (13, 14) and
related glycans such as the cutaneous lymphocyte associated antigen (CLA), first defined

by its reactivity with the mAb HECA-452 (15-19).
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Although many leukocyte glycoproteins are decorated with SLe*-type glycans, it
appears that P-sdectin glycoprotein ligand —1 (PSGL-1) is the mgor counter-receptor for
P-sdectin (14, 20-22). PSGL-1 was firg isolated from HL60 cdls (21) and subsequently
cloned from an HLE0 cdl cDNA library (20). PSGL-1, a homodimer of disulfide-linked
subunits with an gpparent molecular mass of 120 kD each (21), is present on a variety of
leukocytes including neutrophils, monocytes, eosinophils and lymphocytes (22, 23).
PSGL-1 is extensvey glycosylated with N-linked glycans and cosdy spaced O-linked
glycans, a portion of which are modified by SLe* (24-26). Recent studies have shown
that a variety of leukocytes (i.e. memory T-cdls, monocytes, and neutrophils) express

PSGL -1 that carriesthe SLe” related glycan CLA (27).

While the mgor counter-receptor for P-selectin appears to be PSGL-1, the issue
of what is the mgor counter-receptor for Esdectin is sill subject to debate.  There have
been a number of dudies, motivated by a desre to further the undersanding of HPC
entry into bone marrow and leukocyte recruitment to a Ste of tissue injury, focused on
identifying the HL60 counter-receptors for E-sdectin.  This body of work has resulted in
data both supporting and refuting the hypothesis that PSGL-1 is involved in HL60 cell
adheson to endothdid expressed E-sdectin under flow. Sackstein's group (19) found
that Chinese hamster ovary cdls gably expressng E-sdectin (CHO-E) roll on a broad
140 kDa glycoprotein band (presumably monomeric PSGL-1) isolated from HL-60 cells
in a blot rolling assay, suggedting that PSGL-1 is the mgor E-sdectin ligand on HL-60

cdls. This study aso reported that PSGL-1 is the only HECA-452 reactive epitope
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(CLA) on HL60 cells. Pate et a. (28) reported that HL-60 cell adhesion to CHO-E was
diminished by ~50% upon pre-treetment of the HL-60 cells with OSGE, a protesse that
cleaves PSGL-1, and diminished by ~80% upon pretreatment of HL-60 cdls with a mAb
to PSGL-1, mAb PL-1. Microspheres coated with recombinant PSGL-1 (made in the
presence of a fucosyltransferase) attach and roll on E-sdectin expressng endothdium in
vitro and in vivo, suggesting that any cell that expresses PSGL-1 and a fucosyltransferase

can use PSGL-1 to attach and roll on E-sdlectin (14, 29).

On the other hand, there are other studies that suggest that PSGL-1 is not involved
in HLB0 cedl adhesion to Esdectin. In particular, Snapp et d. (30), reported that HL-60
cdl adheson to CHO-E under flow is not diminished by pre-tresetment of the HL-60 cells
with a mAb to PSGL-1, mAb KPL-1. In addition, pre-treetment of HL-60 cdls with a
variety of proteases has been shown to not diminish HL-60 cdll adheson to CHO-E cdls
under datic conditions. This latter effect may suggest that glycolipids play a role in
adheson to E-sdectin, a concept bolstered by a recent study demondtrating that CHO-E

cellsbind to SLe* bearing glycosphingolipids under fluid flow (31).

Thus, there is data both supporting and refuting the notion that PSGL-1 plays a
role in HL-60 cell adheson to endothdlium via E-sdectin. In the present study we have
probed the hypothesis that PSGL-1 mediates initid atachment of HLG0 cdls to
endothelia expressed E-sdectin. Such a focused hypothesis (i.e. limiting the hypothesis

to HL60 cdls) is judified by the following: (1) as noted above, HL60 cdls have been
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used to gain indght into important physiologica processes (eg. HPC entry into bone
marrow and leukocyte recruitment to a dte of injury); (2) the role of PSGL-1 in HL60
cdl adheson to E-sdectin expressng endothelium remans unresolved;, and (3) HL60
cels do not express L-sdectin, thus making it easer to study PSGL-1 mediated primary
attachment (cell attachment from the free dream) to the endothelium in the absence of
confounding secondary atachment (cdl to cdl followed by cdl to endothdium

attachment) that has been shown to involve L-selectin and PSGL- 1.
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Materials and Methods

Materials:. Medium199, RPMI 1640, Alpha-MEM, FBS, didyzed FBS, L-glutamine
trypsin-versene, penicillin/streptomycin, HBSS (Hanks Balanced Sdt Solution) with Ca’
and Mg" (HBSS+) or without (HBSS-), and HEPES, were obtained from BioWhittaker
(Wakersville, MD). Endothdid mitogen was from Biomedicd Technologies Inc.
(Stoughton, MA). Gedatin was purchased from Difco Labs (Detroit, MI). Heparin,
glycophorin, asdoglycophorin, sodium bicarbonate, and human 1gG; were obtained from
Sigma Chemicd Co. (S. Louis, MO). Bovine serum adbumin, BSA (Sigma) was added to
HBSS+ to generate HBSS+, 1%BSA and HBSS+, 0.5% BSA buffers hat were hested-
trested (60°C for 25 minutes). These are refared to as blocking and assay buffers
repectively. A Tris buffer, pH 7.3, containing 150 mM NaCl, 2mM MgCh, and 25 mM
Trizma base (Sgma) was used to dilute purified PSGL-1. PSGL-1 isolated from HL60
cdls was generoudy provided by Dr. Michad B. Lawrence of the Universty of Virginia
PSGL-1 was purified from HLG0 lysates via immunoprecipitetion with anti-PSGL-1 mADb
KPL-1. 10mm polystyrene microspheres (P (S2%0DVB)) with a standard deviation of
0.10mm were purchased from Bangs Laboratories Inc. (Fishers, IN). Neuraminidase
(Boehringer Mannheim Corp., Indiangpolis, IN) was from Vibrio cholerag; O-
saoglycoprotein endopeptidase (OSGE) was from Cedarlane Laboratories (Hornby,

ON). Interleukin-1b (IL -1b) was from Cdbiochem (La Jolla, CA).
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Antibodies. Function blocking murine mAb to human E-sdectin, 7A9 (lectin domain;
1gG;) and non-function blocking mAb to human E-sdectin, H4/18 (CR domain; 19G1)
were generoudy provided by Dr. William Luscinskas (Brigham and Women's Hospitd,
Bogon, MA). Function blocking murine mAb to humanP-sdectin, HDG2/3 was a
generous gift from Dr. Raymond T. Camphausen (Genetics Inditute; Cambridge, MA).
Murine mAbs to human PSGL-1 were: KPL-1 (IgGy; BD Pharmingen, San Diego, CA),
PL-1 (IgG;; Cabiochem), PL2 (1gG1; Accurate Chemicd and Scientific, Westbury, NY)
and PSL-275 (IgG;; Genetics Inditute). Murine mAb to dayl-Le* (SLe*), CSLEX
(IgM), ra mAb to cutaneous lymphocyte associated antigen (CLA), mAb HECA 452
(IgM) and murine mAb to human MHC Class-| antigens, G46-2.6 (1gGs), were dl from
BD Pharmingen. Unlabdled goat 1gG Hab'),, fluorescein isothiocynate (FITC)-labeed
goat F(ab'), anti-mouse 1gG Fc-specific and anti-mouse IgM, and FITC-labded goat
F(&b'), anti-rat IgM, polyclond antibodies were from Jackson Immunoresearch Labs

(Westgrove, PA).

Cdl culture:  Human umbilicd vein endothdid cdls (HUVEC) were purchased from
Clonetics (San Diego, CA) and cultured as described in Chapter 3 (32). To induce E
sdectin expresson, HUVEC monolayers were pre-treated with 50 U/ml of IL-1b for 4
hours prior to use in the adheson sudies. Chinese hamster ovary cdls stably expressng
P-sdectin (CHO-P) and untransfected (CHO) cels were provided by Dr. Raymond
Camphausen  (Genetics  Indiitute). Their generation and characterization has been

described previoudy (32). HL-60 cells were cultured as described previoudy (33).
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Preparation, flow cytometric analysis, and enzymatic treatment of HL60 cells and PSGL-
1 microspheres: HL60 cdls were withdrawn from culture, washed and resuspended to
1x10°® celgml in RPMI 1640 and held & 4 °C until used in an assay. The HL60 cdls
were typicadly used within 4 hrs of harves. The technique for generating PSGL-1
microgpheres was smilar to that described previoudy (32). Briefly, 10 nm microspheres
were washed in Tris buffer and incubated (1x10” microspheres / ml) in PSGL-1 (diluted
1:30 in Tris buffer) overnight a& 4 °C. The next day the microspheres were washed in
blocking buffer and resuspended to 1x10° microspheresml in blocking buffer. A similar
procedure was used to generate the glycophorin and asadoglycophorin 10mm
microgpheres.  Prior to pefuson through the parale plate flow chamber, HL60 cells and

microspheres were diluted to 5x10° / ml in assay buffer.

Flow cytometric analysis. Aliquots of ~ 2x10° microspheres or HL60 cells were washed
with blocking buffer and incubated in 40 ml primay mAbs diluted to 20ng/ml.
Subsequently, the microspheres or HL60 cels were washed and incubated with FITC-
labdled polyclond antibodies (1:50). Following this incubation, the microspheres or
HL60 cels were washed and fixed in 1% formadehyde. FITC fluorescence of 10,000
microspheres or HL60 cells was determined using a FACSort™™ flow cytometer (Beckon
Dickinson Immunocytometry Sys, Mountain View, CA) and plotted on a four-decade
scade.  All mAbs were diluted in blocking buffer. Incubations were performed a 4#C for

20 minutes.



137

OSGE and sialidase treatment of HL60 cells and PSGL-1 microspheres. PSGL-1
microspheres and HL60 cells were washed and incubated (30 minutes at 37 °C) in OSGE
(160 nyyml) or neuraminidase (0.1 U /ml) diluted in blocking buffer supplemented with
25mM HEPES. Control PSGL-1 microspheres or HLGO cdls were incubated in a smilar
manner in HEPES supplemented blocking buffer containing no enzymes.  Following
treatment, the PSGL-1 microspheres or HLG0 cells were washed in cold blocking buffer
and resuspended to 1x108 /ml. For flow cytometric anaysis, the HL60 cdls and PSGL-1
microspheres were used immediately. PSGL-1 microspheres and HLG0 cells were held

for up to 2 hours and 1 hour, respectively, prior to use in adhesion assays.

Adhesion Assay: The pardld plae flow chamber (Glycotech; Rockville, MD) employed
in this sudy is amilar to that used by Mclntire, Smith and colleagues (34) and conssts of
a plexiglass flow deck thet fits ingde a 35 mm tissue culture dish (Appendix A-2). Our
paticular flow set-up has been described previoudy (Chapters 2 and  3)(35).
Temperature was maintained a 37 °C with a heding plae HL60 cdls or PSGL-1
microspheres (5x10° /ml) were perfused separately over HUVEC, CHO-P or CHO cell
monolayers a 1.8 dynesen? for 25 minutes. For experiments involving CHO-P and
CHO, adheson was quantified by determining the number of HL60 cels or PSGL-1
microspheres adherent to the cdlular monolayers in 8 different fidds of view after 25
minutes of flow. These numbers were averaged to yied one ‘n’ vaue. For experiments
involving HUVEC, adheson was quantified by determining the number of HL60 cells or

PSGL-1 microspheres that attached from the free stream to the HUVEC monolayers
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(primary attachment events) during the 25 minutes of flow. Note that secondary
attachments and HL60 cells or PSGL-1 microspheres that rolled into the fidd of
obsarvation from an upstream fidd of view were not counted. This number represented
one ‘n" vaue In cetan experiments the HL60 cdls, PSGL-1 microspheres, HUVEC or
CHO-P were pretreated with mAbs (20 — 40 ng/ml) 15 minutes prior to use in the

adhesion assay.

Satistics: Satidicd differences between two means were estimated usng unpared
Student’s T-tests. In case of multiple comparisons againgt a single control, we performed
a sngle-factor ANOVA coupled with Bonferroni’s test. p vaues £0.05 were considered

datigicdly sgnificant.
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Results

MADbs to PSGL-1 diminish HL60 cell adhesionto 4 hr. IL-1 activated HUVEC

To invedtigate the role of PSGL-1 in mediating HL60 cdl adheson to 4 hr. IL-1
activated HUVEC, we studied the adhesion of HL60 cdlls to 4 hr. IL-1 activated HUVEC
in a pardlel plate flow chamber a 1.8 dyneslen?. As shown in Figure 4.1, HL60 cdls
showed ggnificant atachment to 4 hr. IL-1 activated HUVEC but not to unactivated
HUVEC. The mgority, if not dl, of the adheson was diminated upon pre-trestment of
the 4 hr. IL-1 HUVEC with a mAb that recognizes the lectin domain of Esdectin, mAb
7A9 (Figure 4.1). In contrast, a mAb that recognizes the CR domain of Esdectin, mAb,
H4/18 did not sgnificantly affect the adhesion (Figure 4.1). Combined, this data indicate
that the mgority, if not al, of the attachment of HLE0 cdls to 4 hr. IL-1 activated

HUVEC occurs viathe lectin domain of HUVEC expressed E-sdectin.

To probe whether the attachment is mediated by PSGL-1 expressed on the HL60
cdls, we pre-tregted the HLG0 cdls with mAbs to PSGL-1 prior to use in the adheson
assay. Pretreatment of HLE0 cdls with mAbs to PSGL-1 ggnificantly reduced HL60 cell
attachment © 4 hr. IL-1 activated HUVEC (Figure 4.1). Specificaly, mAbs KPL-1, PL-1
and PSL-275 reduced the adhesion by ~64%, ~54% and ~53% respectively. Pretreatment
of HL60 cdls with al three mAbs to PSGL-1 reduced adhesion by ~76%. In contrast to

the results with the PSGL-1 mAbs, pretreetment of HL60 cdls with anti-MHC Class |
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mAb G46-2.6 did not have a sgnificant effect on the adhesion. Taken together, the data
in Figure 4.1 suggest a role for PSGL-1 in HL60 cel atachment to 4 hr. IL-1 activated

HUVEC via BE-sdectin under flow.

Pretreatment of HL60 cells with OSGE does not diminish HL60 cell adhesionto 4 hr. IL-

activated HUVEC

Previous dudies have shown that the metdloprotease OSGE cleaves mucin like
proteins including PSGL-1. Thus, to further probe the potentid role of PSGL-1 in HL60
cel adhesion to 4 hr. IL-1 activated HUVEC, we pretreated the HLE0 cdlls with OSGE
prior to use in the adheson assay. In conjunction with the adhesion <udies, we
performed flow cytometric andysis to characterize PSGL-1, SLe* and CLA (HECA-452
reactive epitopes) expresson on OSGE treated HL60 cdlls (Figure 4.2). Pre-trestment of
HL60 cels with OSGE removed PSGL-1 (Figure 4.2 pand a vs. pand d), had little effect

on SLe* (pand b vs. pand €) and appeared to increase HECA-452 reactivity (pand ¢ vs.

f).

The fact tha OSGE removed a dgnificant amount, if not dl, of the PSGL-1 from
the HL60 cdls combined with the data presented in Figure 4.1, led us to expect a
ggnificant reduction in adheson of OSGE trested HL60 cels to 4 hr. IL-1 activated
HUVEC. Surprisngly, we found that pre-trestment of HLE0 cells with OSGE had no

ggnificant effect on HLE0 cdl attachment to 4 hr. IL-1 activated HUVEC (Figure 4.3A).
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It has been shown that PSGL-1 is the primary ligand for Rsdectin. Thus, as a postive
control for the OSGE, we pretreated the HL60 cedls with OSGE and sudied their
adheson to Chinese hamgter ovary cells transfected with Rsdectin (CHO-P). As shown
in Figure 4.3B, a dgnificant number of HL60 cells adhere to CHO-P. Pretreatment of the
CHO-P with a function blocking mAb to P-sdectin (mAb HPDG2/3) or the HL60 cdlls
with anti-PSGL-1 mAb KPL-1 diminated the mgority, if not dl, of the HL60 cdl
adheson to CHO-P drongly suggesting that the adhesion occurs via PSGL-1 and P-
sectin.  In agreement with previous sudies, pretreatment of the HLE0 cdls with OSGE
eiminaed nearly dl of the HL60 cdl adheson to CHO-P drongly suggeding that
trestment of HL60 cells with OSGE does in fact cleave, a minimum, the N-termina R
sdectin binding ste on PSGL-1 from HL60 cdls. Thus, while pretrestment of HL60
cdls with OSGE removes PSGL-1 to the extent that adheson to CHO-P is gredly
diminished, there is no dgnificant effect on HLG0 cdl atachment to 4 hr. IL-1 activated

HUVEC.

10nm diameter microspheres coated with PSGL-1 purified from HL60 cells attach to 4

hr. IL-1 activated HUVEC via E-selectin under flow

The reaults with the mAbs (Figure 4.1) suggest that HLE0 cdll attachment to 4 hr.
IL-1 activated HUVEC is mediated, a least in part, by one or more distinct Stes on
PSGL-1. Our data in Figure 4.3, however, reveds that in spite of remova of PSGL-1 by

OSGE, HL60 cdls exhibit no dgnificant change in their ability to attach to 4 hr. IL-1
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activated HUVEC. To probe these apparently contradictory results, we sought to
determine if PSGL-1, by itsdf, could mediate sgnificant attachment of leukocyte szed
paticles to 4 hr. IL-1 HUVEC via E-sdectin under physologicd fluid shear conditions.
To do this we coated 10 nmm diameter polystyrene with PSGL-1 purified from HLG0 cells.
Note the judtification for using the microsphere approach to study adhesion to Esdectin,

as opposed to a transfection approach, has been given in the previous study (Chapter 3).

Prior to the adhesion assays, we used flow cytometric andyss to compare the
PSGL-1 microspheres to the HLE0 cdlls.  As shown in Figures 4.4a, 4.4c, 4.4e, treating
the PSGL-1 microspheres with mAbs to PSGL-1 (KPL-1), SLex (CSLEX) and CLA
(HECA 452) resulted in an increase in the fluorescence of the microspheres rdative to
treatment with isotype-matched control antibodies, demondrating that PSGL-1, SLe* and
HECA 452 reactive epitopes are present on the PSGL-1 microspheres. In pardld, we
trested HL60 cdls with the same set of antibodies. Flow cytometric andysis of the
HL60 cdls (Figures 4.4b, d, f) reveded that the level of PSGL-1 present on the HL60
cells appeared to be about twice that present on the PSGL-1 microspheres and that the
level of SLe* and CLA present on the HL60 cells was significantly greater, ~100 fold and
50-fold respectively, than that present on the PSGL-1 microspheres. These later
obsarvations are congruous with results from McEver's lab showing that SLe* on PSGL-
1 is only a smdl component of the totd amount of SLe* on HL60 cdls (26). Although

the level of PSGL-1 on the microspheres appeared to be only haf that present on HL60
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cels, we chose to prepare PSGL-1 microgpheres in this fashion for use in the adhesion

assays due to materid limitations of purified PSGL-1.

We perfused the PSGL-1 microspheres over 4 hr. IL-1 activated HUVEC
monolayers a 1.8 dynesen?. As shown in Figure 45, the PSGL-1 microspheres
exhibited dgnificant attachment to 4 hr. IL-1 activated HUVEC but not to unactivated
HUVEC. The mgority, if not dl, of the attachment was diminated upon pre-trestment
of the 4 hr. IL-1 HUVEC with a mAb that recognizes the lectin domain of E-sdectin,
mAb 7A9 (Figure 4.5). In contrast, pretreatment of the 4 hr. IL-1 HUVEC with a
function blocking mAb to P-sdectinn mAb HPDG2/3, did not sgnificantly affect the
adhesion. The result with mAb HPDG2/3 is consgtent with the fact that we have been
unable to detect P-sdectin on the 4 hr. IL-1 activated HUVEC we used for this study
(n=3 assayed via ELISA; data not shown). Microspheres not coated with PSGL-1, coated
with trans-membrane proteins glycophorin or asiodoglycophorin purified from red blood
cells did not attach to 4 hr. IL-1 activated HUVEC. Pre-treatment of the PSGL-1
microspheres with a mAb to PSGL-1, mAb KPL-1, sgnificantly reduced the attachment
to 4 hr. IL-1 activated HUVEC, but clearly not dl of it. In summary, the data presented
in Fgure 45 srongly suggest that PSGL-1  microspheres attach to 4 hr. IL-1 activated
HUVEC under physologicdly relevant flow conditions via interactions between E-
sdectin and one or more binding Stes on PSGL-1, including the epitope mapped by the

anti-PSGL-1 mAb, KPL-1.
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Pre-treatment of PSGL-1 microspheres with OSGE or neuraminidase significantly

reduces attachment to 4 hr. IL-1 activated HUVEC

PSGL-1 appears to have more than one binding ste for Esdectin. Thus we used
an enzymatic approach, as opposed to mAbs, to further probe the specificity of PSGL-1
microsphere adhesion to 4 hr. IL-1 activated HUVEC. As dtated above, previous studies
have shown that the metaloprotease OSGE cleaves mucin like proteins including PSGL-
1. Additiondly, it has been shown that SLe*-mediated adhesion to E-sdectin can be
diminished by pretreetment with neuraminidese. Thus, if PSGL-1 microsphere
atachment to 4 hr. IL-1 activated HUVEC is occurring via SLe* glycans on PSGL-1,
pretreatment of the PSGL-1 microspheres with OSGE or neuraminidase should diminish

the attachment.

We firg characterized the effect of neuraminidase and OSGE trestment of the
PSGL-1 microspheres via flow cytometric anadyss (Figure 4.6). As shown, trestment of
PSGL-1 microgpheres with OSGE removed the mgority, if not al, of the mAb KPL-1
(anti-PSGL-1) binding stes on the PSGL-1 microspheres, suggesting that the mgority, if
not dl, of the PSGL-1 was removed from the PSGL-1 microspheres by OSGE treatment.
Trestment with OSGE dso removed the mgority, if not dl, of the HECA 452 reactive
epitopes and SLe* on the PSGL-1 microspheres. Treatment of the PSGL-1 microspheres
with neuraminidase removed the mgority, if not dl, of the HECA 452 reactive epitopes

and SLe® on the PSGL-1 microspheres.  Interegtingly, treatment of the PSGL-1
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microspheres with neuraminidase appeared to increase the binding of mAb KPL-1 to the

PSGL-1 microspheres.

With these findings, we next tested the adheson of OSGE and neuraminidase
pretreated PSGL-1 microspheres to 4 hr. IL-1 activated HUVEC. As shown in Figure
4.7, pretreatment of the PSGL-1 microspheres with OSGE or neuraminidase sgnificantly
diminished (~86% and ~93% repectively) the attachment of the PSGL-1 microspheres to
4 hr. IL-1 activated HUVEC. Thus, combined, the data presented in Figures 4.5, 4.6 and
4.7 drongly suggest that microspheres coated with PSGL-1 purified from HL60 cdls
atach to 4 hr. IL-1 activated HUVEC under physologicdly relevant fluid shear

conditions via E-sdlectin on the HUVEC and PSGL-1 on the microspheres.
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Discussion

Previous dudies have both supported and refuted a role for P-sdectin
glycoprotein-1 (PSGL-1) expressed on HL60 cels to support adhesve interactions with
E-sdectin (14,19,28 29-31). In the present study, we probed the hypothesis that PSGL-1
mediates initid attachment of the hematopoietic progenitor cdl (HPC) line HL60 to
endothelia expressed E-sdectin. Such a focused hypothess (i.e. limiting the hypothesis
to HL60 cdl9) is judified by the following: (1) HL60 cdls have been widdy used to
gan ingght into important physiologica processes (eg. HPC entry into bone marrow and
leukocyte recruitment to a gte of injury); (2) the role of PSGL-1 in HL60 cell adhesion to
E-sdectin expressng endothdium remains unresolved; and (3) HL60 cells do not express
L-sdectin, thus making it easer to study PSGL-1 mediated primary attachment (cell
atachment from the free dream) to the endothdium in the absence of confounding
secondary attachment (cell to cdl followed by cel to endothdium attachment) that has

been shown to involve L-saectin and PSGL-1.

As seen in Fgure 4.1, primary attachments of HL60 cdls to 4 hr. IL-1 activated
HUVEC a 1.8 dynescn? were dmost completely abolished with a functiona blocking
mAb to E-sdectin (7A9), clearly implying a role for E-sdectin in mediating these
adhesive interactions. Previous reports have indicated that HPCs roll on bone marrow
endothdlium through adhesive interactions between VLA-4 on the HPCs and VCAM-1

on the endothdium (36-38). Despite high levels of VLA-4 expresson on HL60 cdls
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(39), the adhesion of these cdls to HUVEC in our studies were mediated primarily
through E-sdectin since the anti-E-sdectin mAb 7A9 abrogated nearly dl of the adhesive
interactions. The residud level of adheson following treatment with mAb 7A9 could be
attributed to the VLA-4/VCAM-1 pathway since 4 hr. IL-1 activated HUVEC employed

in our sudies, were found to display basd expresson levels of VCAM-1(42).

Anti-PSGL-1 mAbs PL-1, KPL-1 and PSL-275 when employed separately,
caused a partia reduction in HL60 cell adheson to Esdectin. Employing al three mAbs
smultaneoudy, caused an overdl 80% reduction in the adheson of HL60 cdls to
activated HUVEC under flow. These data seem to suggest that HLG0 cdl primary
attachments to E-sdectin occur predominantly through PSGL-1, via sSites recognized by
mAbs PL-1, KPL-1 and PSL-275 in addition to other potentid binding Stes on the
molecule. Note that, mAbs PL-1 and KPL-1 map to amino acids 5-11 and 13-17 on
PSGL-1 respectivdy, while PSL275 binds to a later region on the molecule. This
interpretation seems consgent with a previous study using recombinant PSGL-1 that
suggests the presence of one E-sdectin binding gte in firs 19 amino acids and one or

more additional E-sdectin binding Stesin later amino acids 19-148 (14).

It is important to recognize however, tha the observed inhibition of HL60 cdll
adhesion to IL-1 activated HUVEC by anti-PSGL-1 mAbs could be due to one or more
reasons. Firdly, this inhibition in HLE0 cdl adhesion could be atributed to the mapping

of these anti-PSGL-1 mAbs to their specific recognition Stes or neighboring regions,
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consequently  blocking the ability of their specific Stes to bind to E-sdectin. This seems
to be the case in our gudies, since the inhibitory effects of the set of mAbs employed to
the N-termind region of PSGL-1 (mAbs KPL-1 and PL-1) and the mAb to a later region
of the molecule (PSL275) seem to be additive, suggesting specific recognition of their
respective stes.  Secondly, these anti-PSGL-1 mAbs could, in theory, Serically recognize
molecule(s) diginct from PSGL-1, thus blocking its interactions with E-sdectin and
resulting in a reduction of the overal level of HLG0 adheson. Our adheson sudies with
native PSGL-1 coated microspheres however, discount this possbility since the anti-
PSGL-1 mAb KPL-1 specificdly recognizes the P-sdectin binding ste on PSGL-1 as
expected and blocks adhesion of these microspheres to E-sdectin (Figure 4.5) and P-
sdectin (data not shown) under flow. Thirdly, this inhibition could attributed to the
ability of just about any mAb to nonspecificdly inhibit PSGL-1 binding to HL60 cell
adheson. This does not seem to be the case in our studies, since the use of an anti-MHC

Class| mAb had no effect on the adhesion of these HL60 cdlsto E-sdectin.

A mgor presence of clustered O-glycans on the PSGL-1 molecule renders it
susceptible to cleavage by the metdloprotease O-saoglycoprotein  endopeptidase
(OSGE). Consequently, treatment of HL60 cdls with OSGE was found to completdy
remove regions of surface PSGL-1 recognized by the anti-PSGL-1 mAb KPL-1 (Figure
4.2) as detected by flow cytometry. If PSGL-1 was indeed a predominant ligand for E
sdectin on HLE0 cdls, removd of al surface PSGL-1 would therefore be expected to

cause a ggnificant reduction in adheson of HLE0 cells to Esdectin expressing HUVEC.
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On the contrary, our data shows that pre-trestment of HLE0 cdls with OSGE had no
quaitative or quantitative effect on the overal adheson of these cells to HUVEC (Figure
4.3A). This observation contradicts a previous study showing a near 50% reduction in
adheson of HLE0 cels to CHO-E upon pretreetment with OSGE under smilar
conditions (28), and could be due to the use of different substrates in these studies (CHO-

E in that sudy versusHUVEC in ours).

On the other hand, our experimental observations are in complete agreement with
previous observations showing no difference in HL60 cell adheson to E-sdectin in pite
of pre-tretments with O-sadoglycoprotease or OSGE (19, 40). We speculate that the
unchanged levels of HL60 cdl adheson following OSGE treatment, might be attributed
to E-sdectin interactions independent of PSGL-1 or for that matter, any other salomucin
on these cdls. How cytometry data on HL60 cdls clearly shows dgnificant levels of
S e and HECA-452 reactive epitopes on these @ls, which remain unchanged in spite of
OSGE pre-treatment. While SLe* type glycans have been found to be sufficient to
mediate atachment and rolling on E-sdectin (13, 14), presence of HECA-452 reactive
epitopes/CLA has previoudy been corrdated with E-sdectin binding activity (41). It is
therefore quite likely that the adheson of OSGE treated cells might be occurring in a
PSGL-1/ddomucin independent manner, and mediated by SLe* glycans and HECA-452

reactive epitopes on these cdlls.
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Combined with our initid observations in Figure 4.1, these data suggest that
HL60 cdl adheson to E-sdectin occurs predominantly via PSGL-1 with secondary
contributions from other possble E-sdectin ligand(s).  Furthermore, pre-trestment of
these cdls with OSGE might not only result in complete remova of PSGL-1 but aso, a
probable unmasking of these less dominant dructures or other potentid E-sdectin
binding dtes that upon becoming more accessble to E-sdectin, makes them more pre-
dominant E-sdlectin counter-receptors in the absence of PSGL-1. Identification of these

dternate physiologica E-selectin ligands was beyond the scope of this study.

To invedigate the E-sdectin binding activity of HL60 cdl PSGL-1, independent
of these other possible Esdectin counter-receptors on HL60 cells, we decided to employ
a cdl-free exparimentd sysem consging uniquey of PSGL-1, and devoid of any other
possbhle E-sdectin ligands. In other words, we generated leukocyte Szed polystyrene
microgpheres coated with purified HL60 cell-derived PSGL-1 a dte dendties dightly
lower than those expressed on HL6E0 cdls (Figure 4.4). Although, this technique was
previoudy employed to study the adheson of recombinant PSGL-1 coated microspheres
to E- and P-sdectin under flow (14), tha study differs from ours in three respects.
Firgly, our sudy employs microspheres coated with native PSGL-1 (purified from HLG0
cdls) rather than a recombinant molecule. Secondly, unlike the previous study, levels of
native PSGL-1 on our microspheres were known and correlated with those expressed on

HLG60 cdls.
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As shown in Figure 4.4, expresson of SLe* and HECA-452 reactive epitopes
correlated well with PSGL-1 expression levels on PSGL-1-coated microspheres. SLe*
and CLA expresson on HLE0 cdls however, was far greater than levels of PSGL-1 on
these cdls, suggesting that a dgnificant percentage of these two dtructures were not
associated with PSGL-1.  Interegtingly, in a previous study (19), investigators found thet
dl of the HECA-452 reactivity on HL60 cells was associated with a 140 kD monomeric
form of PSGL-1/CLA. Our data however seems to indicate otherwise, reinforcing our
hypothesis that these structures might in fact play a dominant role in Esdectin binding in

the absence of PSGL-1 and/or a secondary role in its presence.

As shown in Figure 4.5, atachment of PSGL-1 coated microspheres was lower
than that observed with HL60 cells, and might be due to lower lvels of PSGL-1 on these
microgpheres. The atachment and rolling of PSGL-1 microspheres to 4 hr. IL-1 activated
HUVEC occurred entirdy through E-sdectin expressed on  activated HUVEC
monolayers. A mgority of this adhesion seems to be mediated via stes on PSGL-1 that
are independent from that mapped by KPL-1 snce mAb blocking using this anti-PSGL-1
mAb reduced only 40% of the microsphere adhesion. To further probe the structures on
PSGL-1 that might be involved in binding to Eselectin, we subjected these microspheres
to sdidase and protease treatments. As shown in Figure 4.6 and 4.7, OSGE treatment of
PSGL-1 coated microgpheres completey cleaves, & minimum, regions of PSGL-1
bearing the KPL-1 recognition dSte, and results in a mgor reduction of microsphere

adheson to E-sdectin under flow, as expected. In spite of unchanged levels of PSGL-1



152

expresson on the microspheres following sdidase trestment, a complete remova of dl
S e and HECA-452 immuno-reactivity from these microspheres is observed. Sdidase
treatment of PSGL-1 microspheres dso completely inhibits their atachment and rolling
to E-sdectin, cearly identifying a role for these dructures in mediating PSGL-1 binding
to E-sdectin.  This is conggent with our hypothess that E-sdlectin binding occurs
through one or more diginct Stes on the molecule. It is therefore quite likdy that the

additiona binding sites might be associated with these Structures,

In summary, our sudies provide evidence for the role of PSGL-1 as a pre-
dominant ligand for E-sdectin on HLE0 cells. Our experimental data also suggests that
PSGL-1 hinds to E-sdectin through more than one Ste on the molecule, consstent with
previous reports. These dudies adso demondrate a role for other possble E-sdectin
counter-receptor(s) on HL60 cdls that, in the absence of PSGL-1, assume a more

predominant role in mediating adhesion to E-sdlectin.
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Figures

Figure 4.1. Pretreatment of HL60 cells with mAbs to PSGL -1 diminishes HL60 cell
attachment to 4 hr. IL-1 activated HUVEC. HL60 cdl atachment from the free
dream (primary attachment) to 4 hr. IL-1 activated and unactivated HUVEC was
determined. In certain instances, HL60 cells or HUVEC were pretreated with mAbs prior
to ue in adheson assays. (Legend: Activation indicates pretrestment (+) or no
pretreatment (-) of HUVEC with IL-1b 4 hr. prior to the assay; HL60 mAb indicates pre-
treatment of HLE0 cdls with anti-PSGL-1 mAbs, KPL-1, PL-1, PSL275, All (Al three
mAbs KPL-1, PL-1 and PSL-275), with anti-MHC Class | (mAb G46-2.6), or no pre-
treatment ¢). HUVEC mAb indicates pre-treatment of HUVEC with mAbs to Esdectin,
(7A9 and H4/18) or no pre-trestment (). * indicates p < 0.05 compared to left most bar.
Shear stress = 1.8 dynes/cn?.
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Figure 4.2. OSGE removes the majority, if not all, of the PSGL-1 from HLG60 cdlls
but has little effect on SLe* and CLA. Levels of PSGL-1, SLe® and HECA-452
reactive epitopes (CLA) on untreated (top row) and OSGE treated HL60 cells (bottom
row) were determined by flow cytometric analyss. Pands a and d: PSGL-1 on untreated
(Pand @ and OSGE treated (Panel d) HL6E0 cells were detected using anti-PSGL-1 mADb
KPL-1 (shaded histograms); mAb HPDG2/3 sarved as a negative control (open
hisograms). Pands b and e SL.€* on untreated (Panel b) and OSGE trested (Panel €)
HL60 cdls were detected using anti-SLe® mAb, CSLEX (shaded histograms); mouse IgM
served as a negative control (open histograms). Pands ¢ and f: CLA leves on untreated
(Pand ¢) and OSGE treated (Pand f) HL60 cells were detected usng mAb HECA-452
(shaded histograms); rat IgM served as a negative control (open hisograms). Primary
mAbs indicated above were detected via a FITC labded secondary antibody and flow
cytometry. Cdl number vs. mean channd fluorescence (MCF) plotted on a four decade
scae. Reaultstypical of 3 separate experiments.
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Figure 4.3. Pretreatment of HL 60 cells with OSGE has no significant effect on HL 60
cel attachment to 4 hr. IL-1 activated HUVEC. (a) HL60 cells were pretreated with
OSGE (+OSGE) or buffer only (-OSGE) and subsequently perfused over 4 hr. IL-1
activated HUVEC. Pretreatiment of HL60 cdls with OSGE had no effect on ther
atachment to 4 hr. IL-1 activated HUVEC. (n = 7; shear stress = 1.8 dynes/cnt). (B)
HL60 cells were perfused over CHO-P and the number of adherent HL60 cells at the end
of 25 minutes of flow was determined. HL60 mADb indicates pre-trestment of HL60 cells
with anti-PSGL-1 mAb (KPL-1) or no pretreetment (-). CHO-P mAb indicates
treatment of CHO-P subdtrates with anti-P-selectin mAb, HPDG2/3 (2/3) or no treatment
(-). Treatment indicates HLE0 cdls incubated in OSGE (+OSGE), in control buffer only
(-OSGE) or no treatment (). (n =2-3; * p < 0.05 compared the left most bar). Error bars

indicate sandard deviation.
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Figure 4.4. Comparison of PSGL-1, SLe* and CLA on PSGL-1 microspheres and
HL60 cells. Levels of PSGL-1, SLe* and HECA-452 reactive epitopes (CLA) on PSGL-
1 microspheres (top row) and HL60 cels (bottom row) were determined by flow
cytometric andyss. Pands a and b: PSGL-1 on PSGL-1 microspheres (Panel @ and
HL60 cedls (Pand b) was detected usng mAb KPL-1 (shaded histograms); anti-MHC
Class| mAb G46-2.6 and anti-P-sdectin mAb HPDG2/3 served as negative controls
(open histograms) on the PSGL-1 microspheres and HL60 cels respectively. Pands ¢
and d SLe* on PSGL-1 microspheres (Pand ¢) and HL60 cells (Panel d) were detected
usng an ati-SLe* mAb CSLEX (shaded histograms); mouse IgM served as a negative
control (open higograms). Panes e and f: CLA levels on PSGL-1 microspheres (Pand
€) and HL6E0 cdls (Pand f) were detected usng an mAb HECA-452 (shaded histograms);
rat IgM served as a negative control (open histograms). Primary mAbs indicated above
were detected via a FITC labeled secondary antibody and flow cytometry. Cel number
vs. mean channel fluorescence (MCF) plotted on a four decade scale.  Results shown are

typica of 3 separate experiments.
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Figure 45. Microspheres coated with PSGL-1 purified from HL60 cells attach to 4
hr. IL-1 activated HUVEC under flow. PSGL-1 microgphere atachment from the free
dream (primary attachment) to 4 hr. IL-1 activated and unactivated HUVEC was
determined. In certain ingtances, HL60 cdls or HUVEC were pretreated with mAbs prior
to use in adheson assays. (Legend: Ligand indicates microspheres coated with PSGL-1
purified from HL6E0 cdls (PSGL-1), Glycophorin (Glycop) or Asadoglycophorin
(AsaoG) purified from red blood cels, or not coated with a ligand (-); nsphere mAb
indicates pretrestment of PSGL-1 microsgpheres with anti-PSGL-1 mAb KPL-1 or no
pretreatment (-); HUVEC mAb indicates pretrestment of HUVEC with a mAb to E-
sdectin, (MAb 7A9) or P-sdectin (mAb HPDG2/3) or no pretreatment (-). Activation
indicates pretreatment (+) or no pretreatment ¢) of HUVEC with IL-1b 4 hr. prior to the
assay; * indicates p < 0.05 compared to left most bar. Shear stress = 1.8 dynes/cim?.
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Figure 46. Pre-treatment of PSGL-1 microspheres with OSGE or neuraminidase
sgnificantly diminishes PSGL-1 microsphere adhesion to 4 hr. IL-1 activated
HUVEC. Leves of PSGL-1, SLe* and HECA-452 reactive epitopes (CLA) on untreated
(top row) OSGE treated (middle row) or neuraminidase trested PSGL-1 microspheres
(bottom row) were determined by flow cytometric andyss. Pands a, b, ¢. PSGL-1 on
untreated (Pane @ OSGE trested (Pand b) and neuraminidase treated PSGL-1
microspheres was detected using anti-PSGL-1 mAb KPL-1 (shaded histograms); mAb
HPDG2/3 sarved as a negaive control (open histograms). Pands d, e f: SLe® on
untrested (Pand d) OSGE treated (Pand €) and neuraminidase treasted (Pand f) PSGL-1
microspheres was detected using anti-SLe® mAb, CSLEX (shaded histograms); mouse
IgM served as a negative control (open histograms). Panels g, h, i CLA leves on
untreated (Pand g) OSGE treated (Panel h) and neuraminidase treasted (Panel 1) PSGL-1
microspheres was detected using mAb HECA-452 (shaded histograms); rat IgM served
as a negative control (open histograms). Primary mAbs indicated above were detected via
a FITC labded secondary antibody and flow cytometry. Cel number vs. mean channd
fluorescence (MCF) plotted on a four decade scde. Results typicd of 3 separate

experiments.
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Figure 4.7. Pretreatment of PSGL-1 microspheres with OSGE or neuraminidase
significantly diminishes PSGL-1 microsphere attachment to 4 hr. IL-1 activated
HUVEC. PSGL-1 microspheres were incubated in buffer done (-), OSGE (OSGE) or
neuraminidase (N) and subsequently perfused over 4 hr. IL-1 activated HUVEC. PSGL-
1 microsgphere atachment to 4 hr. IL-1 activated HUVEC was determined for each

condition. (n= 23; * indicates p < 0.05 compared to left most bar. Shear stress = 1.8
dynes/cnt’.)
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CHAPTER 5

CONCLUSIONSAND RECOMMENDATIONS FOR FUTURE STUDIES

This doctoral study had two specific ams (1). To explore the role of one
biophyscal parameter, namely particle sze, on receptor-ligand mediated adheson under
flow, and (2). To gan indght into the roles played by two key molecules in the
recruitment of neurophils and homing of hematopoietic progenitor cdls under
physologica flow. These two issues were investigated in great detail in sudies outlined

in Chapters 2, 3 and 4.

The firgt study described in Chapter 2, explored the dependence of receptor-ligand
mediated adheson on paticle diameter. An in vitro sudy on the adheson of 5mm,
10mm, 15mm and 20mm diameter 19.ek.Fc (PSGL-1) coated microspheres to P-sdectin
substrates under flow reveded that: (a) a reatively high shear, the atachment rate of
19.ek.Fc coated microgpheres decreased with increasing microsphere diameter while the
rate of attachment remained unaffected by the microsphere diameter a a lower shear, (b)
the shear dress required to set in motion a firmly adherent 19.ek.Fc microsphere
decreased with incressng microsphere diameter and (c) the rolling velocity of the
19.ek.Fc microspheres was directly proportional to microsphere diameter for the entire
range of shear stresses tested. These results strongly indicate a functiona dependence for
attachment, rolling and firm adheson on paticle diameter and provide experimenta

proof for theoretical modesthat indicate arole for cdl diameter in adhesion.
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Through this sudy, we have made a fird step towards ducidating the role of
paticle sze in adheson under flow. As noted previoudy (1), severd future
investigetions are quite evident from this study. Firdt, as we noted in the results section,
the in vitro modd we usad in this sudy does not capture dl of the complexities of the in
vivo environment. In vivo, adheson occurs in a tube of finite Sze and the ratio of the
tube diameter to the particle diameter can influence the drag force on a particle near the
tube wdl (2-4). It might be possble to invedtigate this issue with the in vitro mode
decribed here. For example, one could systemdicdly dter the height of the flow
chamber and the microsphere diameter to determine if the ratio of the gap Sze to particle
diameter affects the resuting adheson. A second study of interest would be to apply
pause time andyss (5, 6) to the system described in the present study. Our data suggests
that the kinetic rate of dissociation increases with increesng particle diameter (Figures
2.3, 24 and 2.5). One could test this hypothess usng pause time analyss. In addition,
by vaying the paticde Sze in pause time experiments, one could gain indght into the
tendle propertties of ligand — receptor bonds. Such sudies would be an excdlent
complement to exising data that has probed the tendle properties of ligand — receptor
bonds by varying the shear dress. Findly, while we have given a plausble explanation
of the atachment data (Figure 2.2), other explanations could dso be put forward.
Notably, the scenario we outlined in the first part of the discusson, did not directly
address the issue of bond strength. The interplay between bond strength, atachment and

patice dsze is likdy quite complex given the fact that Evan's group (7, 8) has
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demongrated that increasing the rate of loading of a receptor-ligand bond may increase
the drength of the bond. Obtaining a complete understanding of the role of particle sze

in attachment will clearly require severa additiona studies.

The second study described in Chapter 3, explored the adhesion of leukocyte-
szed microspheres coated with the b, integrin Mac-1 (purified from leukocyte lysates) to
4 hr. IL-1 activated human umbilicd ven endothdid cdls (HUVEC) in vitro fluid
dynamic environment. Our dudies reveded that native Mac-1 coated microgpheres
adhere to 4 hr. IL-1 activated HUVEC via two disinct molecular mechanisms an E-
sectin - dependent  mechanism  that mediates atachment and rolling of Mac-1
microgpheres (primary atachment) and a mechanisn dependent on the CBRM1/29
epitope that mediates, predominantly, firm adheson. The results of our study provide
ingghts into the physologicd role of Mac-1 in mediating leukocyte adheson to the
endothdium under flow. There is a didinct posshility that Mac-1 on these cdls interacts
with the endothdium via two didinct mechanisms one interaction occurring during
leukocyte tethering and rolling and the other occurring during their firm adheson to the

endothdium.

Although we have clearly demondrated the presence of two distinct mechanisms
via which Mac-1 adheres to HUVEC, our interpretation of these observations are clearly
goeculative. This warants future sudies to account for differences in the two

mechanisms. Indeed, we believe that the differences in the adhesve dtates mediated by
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ether mechanian can perhaps be atributed to digtinct differences in the kinetic and
tensle properties of the bonds mediating these mechaniams. One way to resolve this
issue, would be to employ a modified verson of a technique described by Alon et d. (5)
to edimate kinetic rates of dissociation for either mechanism and the effect of the fluid
disruptive force and torque on these kinetic rates. This technique has previoudy been

employed to estimate kinetic rates of dissociation and bond responses to fluid shear.

Our dudies have dso indicated a role for a previoudy undefined endothelid
ligand in mediaing firm adheson of Mac-1 coated microspheres via interactions with the
CBRM1/29 epitope. Identification of this ligand would, in itsdf, conditute a whole
separate sudy involving techniques in engineering, biochemistry and molecular biology.
If and when this ligand is identified, it would be indghtful to determine its redive
abundance on HUVEC in comparison to levels of E-sdectin expresson. This answer,
coupled with results of the kinetic studies would hdp account for the difference in
properties of E-sdectin and nonE-sdectin® mediated adheson of the Mac-1

microspheres.

The third study described in Chepter 4, focused on highlighting a role for HL60
cdl P-sdectin glycoprotein ligand-1 (PSGL-1) to serve as a physologicd ligand for E-
selectin. We undertook n vitro flud dynamic assays to specificaly probe the adhesion
of a HPC cdl line (HLE0) to E-sdectin expressng HUVEC under physiologicd shear

conditions. Our obsarvations with HL60 cells, coupled with our observations with
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leukocyte-szed microspheres coated with purified native PSGL-1 isolated from these
cdls, provide evidence for the role of PSGL-1 in sarving as a pre-dominant ligand for E
sdlectin on HL6E0 cdls. Our data dso suggest that the adheson of HL60 cdls and PSGL-
1 microgppheres seems to occur through multiple stes on PSGL-1, condgent with
previous reports (9, 10). In addition, these studies highlight a role for other possble E-
sdlectin counter-receptor(s) on HL60 cells that, in the absence of PSGL-1, assume a more
predominant role in mediating adheson to E-sdectin. Based on these observations, an
interesting future sudy would be the identification of these additiona E-sdlectin counter-
receptor(s) and ther role(s) in mediating HL60 cdl adheson to the endothelium. A good
place to stat would be to highlight the contributions of HL60 cell expressed SLe* and

HECA-452 reactive structures in mediating adhesion of these cdllsto HUVEC.

An interesing pardld among the studies undertaken in this dissertation is the
ability of both PSGL-1 and the integrin CD18 (Mac-1) to mediate attachment and rolling
of ligand coated microgpheres through interactions with sdectins (E- and P-sdectin)
under flow. Our reaults lay the foundation for a future study exploring the biophysica
properties of the Mac-1-E-sdlectin, PSGL-1- E-sdectin and/or PSGL-1-P-sdlectin bonds
in mediding atachment and rolling of leukocyte-szed microgpheres under flow.
Leukocyte-sized microspheres expressng equa surface densties of PSGL-1 and Mac-1
could then be employed in pause time anadyss dudies over E-sdectin to quantify the
kinetic and tendle attributes of these respective bonds. These future dudies, in ther

entirety, would address what ae aguably, the two most important issues in
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underganding cdl adheson under flow: 1. Identifying key molecular players involved in
various physologicadl and pathologicd phenomena and, 2. Highlighting the biochemica
and biophyscd properties underlying the adhesve interactions mediated by these

molecules.
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A-1 Estimation of critical shear stressvaluesfor microsphereswith different

diameters based on a modd by Cozens-Robertset al. (1)

In discussing results of the firm adhesion data described in Chapter 2 (Figures 2.3
and 24), it is indghtful to condder the andyss of Cozens-Roberts et a. (1) with respect
to the role of paticle diameter in adheson. While experimentd criticd shear dress
vaues (black squares) in Figure 24 were cdculaed by estimating the shear dress
required to detach 50% of a population of adherent 5mm, 10nm, 15nm and 20mm
diameter microspheres, the theoreticd curve of critical shear dress vaues was caculated
based on a mode proposed by Cozens-Roberts et d. (1). Caculation of theoretical S

vauesis outlined bdow.

Figure A-1.1 Schematic of a solid spherein contact with the surface

The above schematic (not drawn to scale) represents a solid sphere in contact with

a substrate. rg and a are the radii of the microsphere and the contact area respectively.
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H represents the maximum separation distance for receptor-ligand binding, gpproximated
from the reative dimendgons of each molecule forming the bond. hs represents the
minmum separation distance between the microsphere and the surface. Cozens-Roberts

et d. define the rdationship between h', H and a asfollows

F ol = e, (Eq. A-2)

From smple geometry, Q turns out to be,

Q=C0SM T B) e, (Eg. A-3)

and the radius of the contact area:

ATTrBSNQ (Eq. A-4)

Based on their edimatess H and hy were assgned vaues of 40 nm and 10 nm

repectively. Thisdlows cdculation of dl parameters listed above.



Particle diameter (mm) | h (nm) | re(m) | r (m) Q a(nm)
5 30 2500 | 2470 | 0.155 |2087.31
10 30 5000 | 4970 | 0.109 |4191.07
15 30 7500 | 7470 | 0.0894 | 6294.77
20 30 10000 | 9970 | 0.0774 | 8398.46

Table A.1-1. Estimation of critical model parameters

Expression for the critical shear stress S; defined by Cozens-Robertset d. (1) is

So = (K 338) (ko T/Q)(Nr NL) (@ B)°

where,

K° is the receptor-ligand affinity constant (cnf)

Kp, is the Boltzman congtant ( Ymolecule-°K)

T isthe temperature (°K)

gisthe range of bond interaction (~5x10 ~8 cm for an antigen-antibody bond)

183

Ng and N_ represent the receptor (P-sdectin) and ligand (19.ek.Fc) densities (cm)

respectively.

Since these lagt Sx parameters are congant for al four different szed particles, we treat

them as an overd| congant K

K = (K° 33¢)(kp T/g)(Ng N)
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Equation A-5 may then be rewritten as,

ST KA B) (Eq. A-7)
or
S = KSNQ® (Eq. A-8)

The egtimation of parameter K is complicated by the fact that the receptor density (Ng) in
our sysem is unknown. We therefore indirectly agpproximated this vadue of Kby
equating the theoreticd and experimenta critical shear dress values for the 5 mm
diameter particle. Note that, this smplification represents an atempt to circumvent the
complexities associated with Ngr and N estimation. It adso dlows us to gpproximate the
paameter K, which can then be employed in future caculaions of theoreticd criticd

shear dtress vaues for other microgphere diameters.

In other words, assuming

S (theoretical) = St (experimental) = 9 dyneslcmz

Subdtituting vaues for a and r g in equation A-7, yieds K=1356.9

Thisvaue of K when employed with other microsphere diametersin equation A-7 yieds

theoreticd S; vauesfor awide range of particle diameters and generates the curve shown

in Figure 2.4. The numerica vaues on the next page are tabulated for reference.
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Table A-1.2: Tabulation of theoretical and experimental critical shear stress values
(St (experimental) AN S (theoretical)) - S (experimental) Were estimated from adhesion studies with
5Smm, 10mm, 15mm and 20mm diameter ligand coated microspheres, while Sc (theoretical)

were calculated from the modd described in the preceding pages
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Particle diameter (mm) I's (m) S (experimenta) (dynes/ cnt) S (theoretica) (dynes/ cnr)
5.00 250 5.00 5.00
550 2.75 4,34
6.00 3.00 381
6.50 3.25 3.38
7.00 3.50 3.03
7.50 3.75 273
8.00 4,00 2.48
8.50 4,25 2.26
9.00 450 2.08
9.50 475 1.92
10.00 5.00 2.00 1.78
10.50 525 1.65
11.00 5.50 154
11.50 575 144
12.00 6.00 135
12.50 6.25 1.27
13.00 6.50 1.20
13.50 6.75 1.13
14.00 7.00 1.07
14.50 7.25 1.02
15.00 750 1.20 0.97
15.50 7.75 0.92
16.00 8.00 0.88
16.50 8.25 0.84
17.00 8.50 0.80
17.50 8.75 0.77
18.00 9.00 0.74
18.50 9.25 0.71
19.00 9.50 0.68
19.50 9.75 0.65
20.00 10.00 0.90 0.63
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A-2. Flow Setup
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Figure A-2.1 Schematic of a paralld plate flow chamber and flow setup



