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Abstract

Polymorphonuclear leukocytes (PMN) express a receptor of the integrin
family termed complement receptor type 3 (CR3, also known as oy,f3,, Mac-1,
Mol or CD11b/CD18) that functions in several cell-cell and cell-substratum
adhesion events. The capacity of CR3 to mediate adhesion may be rapidly and
reversibly enhanced without changes in the number of receptors expressed on
the cell surface. This thesis describes an acidic, amphiphilic lipid, termed
integrin modulating factor (IMF-1), that may serve to control CR3 avidity.
Addition of IMF-1 to cells or to purified CR3 causes enhanced binding of
ligand. IMF-1 cannot be extracted from resting PMN but can be extracted
from cells within one minute of stimulation with a variety of agonists (PMA,
TNF, formylated peptides, platelet activating factor). The amount of IMF-1
extracted declines to low levels within an hour of continued stimulation. The
time course of IMF-1 extraction corresponds precisely with the transient
increase in the adhesive activity of CR3 observed in PMN stimulated with
these agonists. IMF-1 can also increase the binding activity of another
leukocyte integrin, LFA-1 (o 8,, CD11a/CD18). However, IMF-1 does not
affect the function of representative B; and B3 integrins. IMEF-1 has a
molecular Weight of 340 + 16 daltons by size exclusion chromatography and
appears to be distinct from the known lipid products of PMN. The data
suggest that PMN control their adhesivity through a novel lipid that may act

as an allosteric activator of leukocyte integrins.



Chapter 1 - Introduction

Inflammation

Inflammation occurs in tissues in response to infection or chemical or
physical trauma. Massive influx of inflammatory cells, including the
polymorphonuclear leukocyte (PMN) is a hallmark of the inflammatory
response. In the 1st century, A.D., Cornelius Celsus noted the four cardinal
signs of inflammation that result from this leukocytic infiltration as well as
changes in vascular flow and permeability: rubor (redness), tumor (edema),
calor (heat) and dolor (pain). A fifth clinical sign, function laeso (loss of
function) was later added by Virchow (Cotran et al. 1989). The cells of the
inflammatory response clear infectious agents or other foreign substances,
eliminate or repair dead or damaged tissues and, due to their potent
destructive ability, may sometimes damage nearbyrnormal tissues, resulting
in disease.
The role of the neutrophil in inflammation

PMN play a central role in the inflammatory response (figure 1) (Malech
and Gallin, 1987). At the inflammatory site, PMN release products of the
oxidative burst such as hydrogen peroxide and free radicals, which attack and
digest the triggering agent. PMN also release lytic and bactericidal enzymes
from intracellular granules as well as mediators that recruit more PMN to the
site as well as other inflammatory cells involved in later phases of the

response. Finally, PMN can phagocytose bacteria and cells, killing them by
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release of intracellular mediators into the phagosome. All of these vital
functions of PMN require the cell to leave the vasculature to reach the site of
inflammation.

Interactions of the neutrophil with the endothelium

The migration of leukocytes into tissues, also referred to as diapedesis,
is a key event in the inflammatory response. Normally, PMN circulate freely
in the blood and do not interact with the endothelial cells (EC) lining the
vessel. In response to a wide range of activators and chemotactic factors,
PMN become adherent to EC and migrate within seconds (average 56 seconds,
range of 15 to 150 seconds) out of the bloodstream and into the tissue (Huang
et al., 1988).

The process of diapedesis begins with margination of the neutrophil: the
cells leave the central stream of flowing blood in a postcapillary venule and
begin rolling along on the endothelium. Margination occurs within minutes
of injury to adjacent tissue, as determined using intravital microscopy
(Cohnheim, 1889). The postcapillary venule is the predominant site of
diapedesis in inflammation; in a healthy individual it is devoid of marginating
cells (Fiebig et al.,1991). Margination in the postcapillary venule is different
from the "marginated pool" of approximately 50% of PMN that remain in
capillary beds in the lungs and tissues, entering the circulation in response to
exercise or adrenaline.

As the inflammatory reaction progresses, the round rolling PMN

accumulate on the endothelium and come to a halt, at which point they
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undergo a marked change in shape, flattening against the vessel wall and
extending bseudopods into the intercellular junctions of EC (Marchesi, 1961).
Molecular events that regulate diapedesis

Both vascular changes and intercellular adhesion interactions contribute
to the process of extravasation of leukocytes. In normal conditions of blood
flow, hydrodynamic forces keep the leukocytes in the center of the stream
(Goldsmith and Spain, 1984; Nobis et al.,1985). In inflammation, release of
mediators leads to vasodilation and a slowing of blood flow and an increase
in permeability. These factors act to force leukocytes to the edges of the flow,
near the vessel walls. By Pouseuille’s law flow velocity is slower at the sides
than at the center of the stream, and thus a torque force is exerted on the
round leukocyte, contibuting to the rolling observed (Chien, 1982).

Adhesion of PMN to EC at sites of tissue injury or infection appears to
occur in two phases. PMN and endothelium initially increase their
adhesiveness within minutes, in a process independent of protein synthesis.
Then, over 1-2 hours from the onset of inflammation, new adhesion molecules
are synthesized and expressed on EC which can bind resting or activated PMN
(Osborn, 1990).
Adhesion molecules involved in diapedesis

Activation of cell adhesion molecules already present on the endothelial
cell surface contributes to the first phase of increased adhesiveness that leads
to extravasation. The best candidate for the molecule involved is GMP-140

(also known as PADGEM), a member of the LECCAM family of adhesion



molecules. LECCAMSs, also known as selectins, are transmembrane proteins
composed of three domains: a C-terminal region containing a variable number
of short consensus repeats found in complement regulatory proteins, an
epidermal growth factor-like region and an N-terminal lectin-like domain that
appears to be involved in adhesion (Springer, 1990). GMP-140 binds PMN
when exocytosed from platelet secretory granules (Larsen et al.,1989) and fixed
PMN can bind GMP-140-coated plastic surfaces (Geng et al.,1990). GMP-140
is released from the Weibel-Palade bodies of EC in culture within 5 minutes
after treatment with thrombin (Hattori et al.,1989) and mAb to GMP-140 block
binding of resting PMN to EC stimulated with histamine for 30 minutes
(Geng et al.,1990). These data imply that resting PMN could be recruited
within a few minutes of release of fast-acting inflammatory mediators such as
histamine, and the highly responsive PMN could then be activated by
subsequent mediators.

Seconds after exposure to a variety of substances, including TNFa,
leukotrienes, platelet activating factor and complement fragment C5a, PMN
exhibit a marked increase in adhesivity for EC and other substrates. This
protein synthesis-independent increase in adhesion is due primarily to
transient activation of the leukocyte integrins LFA-1 and CR3 (figure 2).
Several lines of evidence suggest a key role for the leukocyte integrins in
diapedesis. A variety of studies have demonstrated that antibodies against the
CD18 molecule block the inflammatory process both in in vitro and animal

model systems (Hernandez et al.,1987; Simpson et al.,1988; Vedder et al.,1988;
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Figure 2. Schematic representation of the three members of the leukocyte
integrin family.

Leukocytes integrins, also known as the CD11/CD18 family, are of
heterodimers. The a chains of the family are represented by the corresponding
character and illustrate the differences in molecular weight between CD11a,
CD11b and CD11c (190 kD, 185 kD abd 150 kD, respectively). The f chains
(CD18) are identical and have a molecular weight of 95 kD. Both the o and
B chains are transmembrane proteins with small cytoplasmic domains.
(from Detmers and Wright, 1988)



Tuomanen et al.,1989). Also, patients with a disease known as leukocyte
adhesion deficiency (LAD) (Anderson and Springer, 1987; Todd and Freyer,
1988) have a defect in the gene encoding the CD18 molecule which prevents
the expression of the leukocyte integrins. As a result, the patients suffer from
recurrent life-threatening infections with gram-positive, gram-negative and
fungal pathogens, and die at a young age. They exhibit extreme leukocytosis
and fail to form pus at sites of infection. In vitro experiments show PMN
from LAD patients are unable to adhere to C3bi-coated particles (Wright et
al.,1989), to protein-coated glass or plastic surfaces (Anderson et al., 1984) and
to endothelial cells (Harlan et al., 1985). The susceptibility of LAD patients to
infection is'due to their inability to bind and ingest opsonized pathogens and
their failure to recruit cells to inflammatory sites. Leukocytosis results from
the failure of LAD phagocytes to extravasate, due to the inability to bind to
EC.

Leukocyte integrins are a subfamily of a large group of receptors termed
integrins (Table I)(Hynes, 1987; Albelda and Buck, 1990). Integrins are all of3
heterodimers involved in cell-cell or cell-extracellular matrix adhesion events.
Most integrins can be categorized into three subfamilies, determined by
whether they contain f,, B, or 5 respectively, although new o’s and B's that
fall outside these categories are being discovered. Every integrin requires
warm temperatures and divalent cations for binding and some recognize a
common tripeptide sequence, arg-gly-asp (RGD) on their ligands.  The

leukocyte integrins are a group of three receptors that share a common B chain
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The integrin receptor family

B Subfamilies a Subunits Ligands
a; = VLA-1 (CD49a) LM (COL)

B, Chicken integrin band 3 a; = VLA-2 (CD49b) platelet GP Ia COL (LM)
Fibronectin receptor 8 ay = VLA-3 (CD49c) FN, LM, COL
VLA - 8 (CD29) a, = VLA-4 (CD49d) FN (alt)

Platelet glycoprotein Ila V-CAM
(refs 1-4,8,15, 20-24) a5 = VLA-5 (CD49¢) platelet GP Ic FN
ag = VLA-6 (CD49f) platelet GP Ic LM
a, = CD51 FN
B, LFA-1/Mac-1/p150,95 8 ap = LFA-1 (CD 11a) I-CAM
(CD18) ay = MAC-1 (CD 11b) C3bi, FB
(refs 1, 2, 26, 27, 44) «, = a chain of p150,95 (CD11c) C3bi?
Bs  Platelet glycoprotein IIIA ayp = platelet GPITb (CD41) FB, FN, VN, VWF
Vitronectin receptor § (CD61) a, = vitronectin receptor (CD51) VN, FB, VWF, TSP
(ref 3, 7)
Be (ref 14) as  (CD49f/CD?) [on epithelial cells) LM?
Bs (ref 6) ay (CD51/CD?) [on epithelial cells and VN, FN (Not FB)

some carcinomas|

«Abbreviations: LM, laminin; COL, collagen; FN; fibronectin; alt, alternatively spliced region; ic3b, breakdown product of the third
t; FB, fibrogen, VN, vitronectin; VWF, von Willebrand’s factor; TSP, thrombospondin.

1,
com com
P of comp

Table I. (from Albelda and Buck, 1990)



(B, or CD18) and highly homologous, but distinct, o chains (CD11a, CD11b
and CDl1l1c, figure 2). The differences among the o chains confer distinct
ligand binding specificities to the three members of this receptor subfamily.
The second pathway for adhesion of PMN to EC recruits PMN to tissues
within a few hours of the original inflammatory stimulus. Inflammatory
cytokines such as IL1 and TNFa induce expression of two adhesion molecules
on EC that bind PMN, ELAM-1 and ICAM-1 (Pober et al.,1986; Bevilacqua et
al.,1987; Dustin and Springer, 1988). ICAM-1 is a member of the Ig
superfamily of adhesion molecules that can bind LFA-1 and CR3 on PMN
(Marlin and Springer, 1987; Staunton et al.,1988; Diamond et al.,1990). ELAM-
1 is a LECCAM that can bind a ligand on the surface of PMN and act as a
"tethered chemoattractant”, activating CR3 on PMN (Lo et al.,1991). Under in
vitro conditions of shear stress simulating venous flow conditions, integrin-
independent adhesion of PMN to IL1-treated EC withstands higher shear
stresses than integrin mediated adhesion (Lawrence et al.,1990; Lawrence and
Springer, 1991). LAD or anti-CD18-treated cells, that bind to EC through
adhesion mechanisms other than integrins, fail to undergo transendothelial
migration, consistent with the absence of neutrophil extravasation in leukocyte
adhesion deficiency (Smith et al.,1988). These data suggest the existence of an
adhesion cascade, in which LECCAMs capture PMN and trigger integrin-
mediated transmigration.
CR3 on PMN is regulated

The focus of the work presented here is a particular leukocyte integrin

10



known as complement receptor type 3, or CR3 (also known as Mol, Mac-1 or
CD11b/CD18). CR3 binds several ligands, including fibrinogen, C3bi (a
cleavage product of the third component of complement), various microbial
surface antigens, and ICAM-1 and an as yet uncharacterized ligand on EC
(Wright et al., 1990; Diamond et al., 1990); the latter interactions occur in
diapedesis.

In the absence of an inflammatory stimulus, the adhesive mechanisms
involved in diapedesis are not needed. These adhesion interactions must
therefore be regulated. As noted earlier, the endothelium controls ELAM-1-
dependent adhesion by fusing Weibel-Palade bodies with the plasma
membrane in response to inflammatory stimuli (Hattori et al.,1989). In
contrast, CR3 is not regulated by PMN simply by changes in levels of
expression (Buyon et al., 1988; Philips et al.,1988; Vedder and Harlan, 1988; Lo
et al.,1989). In circulating, resting PMN, CR3 binds poorly to EC3bi (Wright
and Meyer, 1986) fibrinogen-coated substrates (Wright et al.1988) or
endothelium (Lo et al.,1989). In order for CR3 to play a role in diapedesis, it
must be activated. Circulating PMN exposed to inflammatory mediators
increase the adhesivity of CR3, bind to EC via CR3 and then must release their
hold on the EC in order to make their way through the vessel wall.

The interaction of CR3 with its ligands is regulated (figure 3) (Wright
and Meyer, 1986; Lo et al., 1989). Resting PMN bind C3bi poorly, but when
PMN are treated with an agonist such as phorbol myristate acetate (PMA),

there is a rapid, transient increase in the extent of C3bi binding (left panel).
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Binding of EC3bi Adhesion to Endothelium
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Figure 3. CR3 binds ligand in a regulated manner.

PMN treated with phorbol esters exhibit a transient rise in CR3-mediated
binding to C3bi (left panel) and endothelium (right panel).

(from Wright and Meyer, 1986; Lo et al., 1989a)
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This transient increase in CR3 binding in PMN treated with phorbol ester is
true for another ligand of CR3, the endothelium (right panel). The transient
nature of this response to agonist appears necessary to allow the cell to cross
the endothelial barrier. A moving cell must adhere to the substrate at the
leading edge but also needs to detach its uropod for locomotion to occur. The
loss of avidity of CR3 may allow detachment of the uropod and reutilization
of receptors for a new round of adhesion.

The ability of CR3 to bind fibrinogen is also transiently enhanced by
treatment with agonists (see chapter 5). Other agonists of PMN, such as tumor
necrosis factor (TNF), C5a, formylated peptides, and NAP-1/IL8, can also
trigger a transient increase in the ability of CR3 to bind its ligands (Lo et
al.,1989; Detmers et al., 1990; SD Wright, unpublished observations). The
classes of molecules that can affect CR3 avidity on PMN has recently been
found to include surface-bound agonists. ELAM-1 on cytokine-treated EC can
increase CR3 avidity in PMN in contact with the endothelium (Lo et al.,1991),
and binding of LPS/LBP complexes to CD14 on the PMN can also trigger
increased CR3 binding to C3bi-coated particles (Wright et al., 1991).

Agonists that enhance the avidity of CR3 on PMN do cause a 2-3 fold
increase in CR3 expression due to exocytosis of specific granules, but this
increase in .receptor expression is not the only mechanism contributing to the
change in CR3 function (5-10 fold) that occurs in response to these agonists.
PMN treated with the anion channel-blocking agent DIDS (4,4'-

diisothiocyanostilbene-2,2’-disulfonic acid) do not degranulate in response to
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normal stimuli. These cells, however, are capable of binding to cultured
endothelial cells in response to PMA, A23187, or fMLP in the absence of
upregulation of receptors on the cell surface (Vedder and Harlan, 1988). In
addition, cytoplasts, which are enucleated neutrophils depleted of specific
granules containing CR3, are also able to bind to endothelium (Vedder and
Harlan, 1988; Lo et al.,1989) or EC3bi (SD Wright, unpublished) although there
is no change in the expression of the receptor after stimulation with PMA,
A23187 or fMLP (Vedder and Harlan, 1988; Philips et al., 1988). Moreover,
blockade of cell surface CR3 with monoclonal antibody blocks CD18-
dependent aggregation of PMN despite the recruitment of new unblocked
receptors from intracellular pools (Buyon et al.,1988). Together these data
suggest that regulation of CR3 adhesivity is a qualitative rather than
quantitative change in the receptor. The molecular basis of this change in CR3
adhesivity has not been elucidated.

The work presented here was undertaken to determine the molecular

mechanism by which CR3 function is regulated.
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Chapter 2 - Materials and Methods
Buffers

Phosphate buffered saline (PBS) contains 137 mM NaCl, 2.7 mM KCl, 0.9 mM
CaCl,, 0.5 mM MgCl,, and 8 mM phosphate pH 7.4; PD is PBS deficient in
Ca™ and Mg*™ ijons; HAP is PBS containing 0.5 mg/ml human serum
albumin, 3 mM glucose and 0.3 U/ml aprotinin; DGVB** is 2.5 mM veronal
buffer pH 7.5 containing 75 mM NaCl, 2.5% glucose, 0.05% gelatin, 0.15 mM
CaCl, and 0.5 mM MgCl,.

Monoclonal antibodies

mAbs OKM1 (IgG2b) and OKM10 (IgG2b), directed against the o chain
(CD11b) of CR3 (Wright et al., 1983) were a gift of Dr. G. Goldstein (Ortho
Pharmaceutical, Raritan, NJ); mAb 44 (clone aacf) against CD11b (Dana et
al., 1986), was provided by Dr. R. F. Todd III (U of Michigan, Ann Arbor, MI);
mAb TS1/22 (IgGl) directed against the o chain (CD11la) of LFA-1
(Sanchez-Madrid et al.,1982) was a gift of Dr. T. Springer (Dana-Farber Cancer
Institute, Boston, MA); mAb LeuM5 (IgG2b) directed against the o chain
(CD11c) of p150,95 (Lanier et al., 1985) was a gift of Dr. L. Lanier (Becton
Dickinson & Co., Mountain View, CA); AIIB2 against integrin 3; chain (Brown
et al.,1989) was provided by Dr. C. Damsky (UCSF, San Francisco, CA); mAb
B4 (IgG2a) directed against the B chain (CD18) of CR3, LFA-1 and p150,95
was as described (Wright et al.,1983); mADb 3G8 (IgG1) directed against the low

avidity Fcy receptor of neutrophils (FcRIII, CD16) was as described (Fleit et
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al. 1982); W6/32 against class I histocompatability antigens (Barnstable et
al.,1978) was from the American Tissue Type Culture Collection (Rockville,
MD); LB-2 against ICAM-1 (Patarroyo et al., 1987) was a gift of Dr. E. Clark
(Seattle, WA); C3-9 directed against the third component of complement (Hack
et al.1988) was a gift of Dr. E. Hack (University of Amsterdam, The
Netherlands); FITC-conjugated PAC-1 against activated gplIIb/IIla (Shattil et
al. 1985) was kindly provided by Dr. S. Shattil (U of Pennsylvania,
Philadelphia, PA) and FITC-conjugated goat anti-mouse IgG was from
HyClone Laboratories.

Cells

PMN were purified from fresh human blood on Ficoll-Hypaque gradients
(English and Anderson, 1974) and suspended in HAP buffer; THP-1A cells, a
monocytoid cell line, are as described (Auwerx, 1991), SCHU cells are an EBV
transformed B lymphoblastoid cell line kindly provided by Dr. S. Y. Yang
(Memorial Sloan-Kettering, NYC) that grow in suspension in RPMI with 10%
fetal calf serum and 0.1% penicillin/streptomycin; human monocytes and
lymphocytes were purified from buffy coats (Greater New York Blood Center)
on Percoll gradients. Monocytes were cultured in 12.5% human serum in
Teflon beakers as previously described (Wright and Silverstein, 1982). Upon
cultivation for 4-10 days, the cells matured into macrophages. Alternatively,
lymphocytes were purified from the mononuclear cell band on Ficoll-Hypaque
gradients by removing monocytes with a plastic adherence step (2 hours,

37°C).
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Extraction of IMF-1

A pellet of resting or stimulated whole PMN was resuspended by stirring,
vortexing and, on occasion, sonication, into
chloroform:methanol:water=10:10:1, at a concentration of at most 2.5 x 108
PMN/ml. After stirring for a minimum of 36 hours, with at least 3 solvent
changes, supernatants were pooled and dried down under vacuum in a rotary
evaporator. The dried extract was resuspended in 3 bed volumes of
chloroform:methanol:water = 30:60:8, and passed through a DEAE-Sephadex
(Pharmacia) column. A column of 2-20 ml in volume was used for starting
material from 10° - 1019 cells, respectively.The column was then washed with
6 bed volumes of solvent and eluted with at least 3 bed volumes of
chloroform:methanol:0.8 M sodium acetate = 30:60:8. The eluate was dried
down under vacuum and resuspended in distilled water to a volume of up to
1 ml for 10> PMN of starting material. A Sep-Pak C18 (Waters) cartridge or
a hand-packed column of about 10 ml of the Sep-Pak sorbent was used to
desalt material from 10° - 1010 cells, respectively. The C;g column was
prewashed in methanol, chloroform:methanol = 2:1, and methanol:1.6 M
sodium acetate = 1:1 before sample was applied in at least 3 bed volumes of
water. Salt was washed out by extensive rinsing of the column with water (>6
bed volumes) and the lipid extract was eluted with 2 bed volumes of methanol
and at least 6 bed volumes of chloroform:methanol = 1:1. The eluted material
was dried down and resuspended either in chloroform:methanol = 2:1 for

storage as a stock of partially purified IMF-1 or was additionally fractionated
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in a Folch partitioning step, in which IMF-1 activity separates to the saline
upper phase in equilibrium with a lower phase of chloroform:methanol = 2:1.
Unless otherwise stated, the IMF-1 used in these experiments was taken from
the partially purified stock resulting from the Sep Pak step. IMF-1, other
lipids, and agonists were all dissolved in PBS for application to cells or
isolated receptor. Control lipids represent the lipids extracted from resting
PMN and were used at comparable or greater numbers of cell equivalents of
lipid to the amount of IMF-1 used in the same experiment.

Less than 0.1% of IMF-1 activity was found in the flowthrough from the
DEAE and Sep-Pak columns. However, up to 50% of IMF-1 activity was lost
in the Folch cut. Since the activity was not recovered in the organic phase, it
is possible that the procedure destroys IMF-1 activity and therefore it is
usually ommitted from isolations of IMF-1. Total yield of IMF-1 ranged from
10-33% of the material initially found in the chloroform/methanol extract of
the cell pellet.

Rosetting assay

The ability of CR3 on PMN to bind ligand is measured using the rosetting
assay, as previously described (Wright and Meyer, 1986). Briefly, lipid extract
or agonists were added to adherent PMN (2 x 10° /ml) at 37°C for varying
times, and the cells were washed. Under standard conditions for assaying
IMF-1 activity, lipids or lipid extracts were incubated with PMN for 15
minutes. Sheep erythrocytes bearing covalently attached C3bi (EC3bi) or some

other ligand for CR3, such as lipid IVa, a biosynthetic precursor of LPS

18



(Wright and Silverstein, 1982; Wright and Jong, 1986), were then incubated
with the PMN for 15 minutes at 37°C. Unattached erythrocytes were washed
away and bound EC3bi were scored by phase contrast microscopy. The
attachment index is the number of erythrocytes bound per 100 PMN.
Rosetting was blocked by addition of mAbs (10 pg/ml) against CR3 or C3bi.

A unit of IMF-1 activity is defined as the amount of IMF-1 needed to
half-maximally activate 1.2 x 10° PMN in this rosetting assay. 10° PMN yield
3-10 units of activity in a typical IMF-1 extraction. This means that extract
from 8-25 PMN can half-maximally activate a single cell in a volume of one
nanoliter. Half-maximal binding is achieved with an IMF-1 concentration of
8.3 U/ml

Lipid IVa, used to make IVa-coated erythrocytes, was a generous gift of
Dr. C. R. H. Raetz (Merck, Sharp and Dohme Research Laboratories, Rahway,
NJ). Isoprenoids tested for IMF-1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>