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PREFACE

The Fourteenth Washington International Spring Symposium, held in Washington,
D.C., in June 1994, brought together over 400 leading scientists from 21 countries to
review and update research on cardiovascular disease. This group satisfied the
symposium goals of formulating a more comprehensive and integrated picture of the
events contributing to atherosclerosis and of exploring modified gene expression as an
approach to understanding the causes of atherosclerosis and providing clues to the
prevention and treatment. This volume contains most of the papers presented at the eight
plenary sessions together with selected contributions from the special sessions. The
multidisciplinary nature of the chapters and their authors should stimulate the interests of
biochemists, cell and molecular biologists, pathologists, pharmacologists, epidemiologists,
nutritionists, and clinicians.

The volume is divided into eight sections which reflect the focus of the plenary
sessions. Part 1 focuses on the pathophysiology of atherosclerotic plaques and predicts
that the nature of the fibrous cap of atheroma determines plaque disruption and clinical
events.

Papers in Part II deal with atherogenic lipoproteins. The introductory paper
reviews the current view of the role of plasma lipoproteins in atherosclerosis. With
respect to the newer members on the list, [oxidized LDL, Lp(a)] evidence is provided that
suggests the involvement of one major gene in the development of oxidized LDL lipids.
the expression of inflammatory genes, and the development of aortic fatty streaks.
Further. we are alerted to a new functional polymorphism in Lp(a), specifically its lysine
binding property, which should be considered when assessing the role of Lp(a) in
atherosclerotic cardiovascular disease. Other papers in this section discuss apolipoprotein
E isoforms and their relationship to LDL cholesterol levels and coronary artery disease
and expand upon the basis for small dense LDL (hyperapo B) atherogenicity.

Papers in Part III are concerned with antiatherogenic lipoproteins. A complex.
high affinity HDL receptor pathway is described which identifies candidate receptor
proteins and involves the action of protein kinase C. Evidence in support of this
signalling pathway is provided by studies in Tangier’s fibroblasts in which there is a
defect in HDL,-mediated cholesterol efflux associated with reduced protein kinase C
activation. Other papers in this section deal with the effectiveness of extracellular
acceptors for promoting cholesterol efflux in vitro and correlate acceptor types found in
human serum with longevity and coronary artery disease.

In Parts IV, V, and VI, attention is focused on the vessel wall as an integrator of
pathophysiologic stimuli which play a role in the etiology of cardiovascular disease. Part
IV deals with signal transduction pathways which regulate the expression of genes
involved in vascular growth and inflammatory responses. The identity of FGF-1-inducible
genes in connection with smooth muscle cell hyperplasia. redox-sensitive expression of
adhesion molecules by endothelial cells, potentiation of PDGF gene expression and
mechanisms of PDGF-induced cellular proliferation, the regulatory role of VEGF in
endothelial cell proliferation. and gene expression associated with the developmental
transition of smooth muscle cells from a proliferative to a quiescent phenotype are
discussed.



Part V concentrates on adhesion pathobiology with a discussion of genetic
deficiency syndromes which have provided important insights into the molecular basis and
the biology of leukocyte adhesion. Results are presented which document the central role
of the selectin-family of adhesion receptors in governing the migration patterns of
different leukocyte classes. Further, the identity of endothelial ligands for the selectins
and the implications for antiinflammatory therapeutics are discussed. Finally, the possible
involvement of P-selectin in thrombogenesis and the domains of P-selectin and the P-
selectin ligand that mediate adhesion are described.

Part VI is devoted to thrombosis and fibrinolysis with an emphasis on proteases,
protease inhibitors, receptors, and thrombolytic therapies. Papers focusing on fibrinolysis
in this section reveal a correlation between PAI-1 gene expression and the severity of
atherosclerosis and demonstrate that monocytes produce PAI-2 when stimulated with
oxidatively modified LDL, events which may imbalance the fibrinolytic system. The
structure, function, and regulation of the urokinase plasminogen activator receptor are
described and LRP is discussed in light of its dual ability to regulate plasma and cell
surface proteinase levels and to play a role in the lipoprotein lipase promoted clearance
of remnant lipoproteins. Turning to thrombosis, papers describe the molecular biology
of its initiation, the structure and function of the thrombin receptor and the behavior of
prothrombin at the de-endotheliased aorta.

Modified gene expression as an approach to provide greater understanding of the
mechanisms, causes, and treatments for atherosclerosis is the subject of papers in Part VII.
The progression from genetic dyslipoproteinemias to their molecular understanding to
gene therapy unfolds. The advantages gained by simultaneous studies in mice and
humans in the analysis of genetic factors contributing to atherosclerosis are described.
Specific use of the techniques of gene transfer and disruption to modify the LDL and LRP
receptors, "knockout" the apo C, gene, to overexpress apo B and apo (a) in mice, and to
introduce growth factors into the artery wall are described and the conclusions drawn
from these manipulations discussed. The last paper in this section describes the use of
a PCR-based subtraction library to isolate novel genes regulated by dietary cholesterol.

In Part VIII, entitled Atherosclerosis Prevention and Public Policy, the important
policy issues of who to screen, when to screen, who to treat and when to treat are
debated.

Linda L. Gallo

Washington. D.C.
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LIPID ACCUMULATION AND PLAQUE DISRUPTION:
PROCESSES TRIGGERING CLINICAL INSTABILITY IN

CORONARY DISEASE

B. Greg Brown, Xue Qiao Zhao,
Drew Poulin, and John J. Albers

From the Department of Medicine
Cardiology Division, University of Washington
School of Medicine, Seattle, WA

This review focuses on the interactions among arterial lipid content, disruptive
changes in plaque structure, and subsequent clinical events. The concept that there are
acute "triggering" risk factors for plaque disruption has been described in detail elsewhere
(1, 2, 3) and we will summarize the salient aspects of this approach to understanding
coronary artery disease.

Lipid Lowering and Atherosclerosis Progression: A number of published trials
involving mostly symptomatic patients have examined the impact of a variety of different
lipid-lowering interventions on coronary atherosclerosis progression and regression, as
assessed from the angiogram. Those include NHLBI Type II (4) (resin), CLAS (5) (resin
and niacin), POSCH (6) (partial ilial bypass), Lifestyle (7) (vegetarian diet and
meditation), FATS (8) (resin plus niacin or lovastatin), UC-SCOR (9) (resin, niacin *

lovastatin), STARS (10) (diet * resin), SCRIP (11) (exercise, lipid and B.P. drugs),
CCAIT (12) (lovastatin), MARS (13) (lovastatin), and Heidelberg (diet and exercise). The

highly significant consensus of these trials is that about one-half of all patients
randomized to the control regimen undergo progression, while only onefourth of them
do so if given therapy. Similarly, less than 10% of control patients experience regression,
while about one-fourth do so with therapy. On average, percent stenosis in control
patients worsens by about 3% stenosis (S) while improving by about 1.0 - 1.5%S with
therapy.

Lipid Lowering and Prevention of Clinical Events: The landmark Lipid Research
Clinics-Coronary Primary Prevention Trial (14) established that significant reduction of
clinical coronary events, occurred in association with a 9% reduction in total cholesterol,
relative to the dietary control, and a 13% reduction in LDL cholesterol accomplished with

Cardiovascular Disease 2
Edited by L.L. Gallo, Plenum Press, New York, 1995 1



diet and cholestyramine. Importantly, the magnitude of cardiovascular benefit correlated
in a subgroup analysis with the degree of total and of LDL cholesterol reduction (14). The
Helsinki Heart Trial (15) also achieved a significant reduction in total cardiac events, but
not mortality. And the 15-year follow-up of the Coronary Drug project showed highly
significant 11% reductions in cardiac and all-cause mortality only in the niacin-treated
group (16).

Additional evidence that clinical events are decreased by lipid-lowering therapy is
found in the angiographic trials listed above, which usually report 30-t0-90% fewer events
among treated patients. Indeed, the amount of clinical risk reduction seems out of keeping
with the average 1-2%S regression in lesion severity and with the fact that only about
12% of all intensively treated lesions actually regress. How can regression of a small
number of lesions result in a large reduction in the frequency of clinical events? To
understand how, we must understand the series of pathobiological events in the plaque
that turn a stable quiescent lesion into an unstable culprit lesion precipitating a clinical
event.

Pathological Processes: This section focuses briefly on several clinically important
aspects of plaque biology: lipid accumulation in the foam cells and core region, plaque
fissures their adverse consequences and their healing, and vasoconstrictor tone.

LDL and more recently Lp(a) have been demonstrated in the intimal extracellular
space, the cholesterol content of which has been shown to originate from plasma LDLc
(17, 18). Lipid may also accumulate in the intima in subendothelial monocyte-derived
macrophages (19, 20). Such "foam cell" formation is thought to occur by unregulated
scavenger receptor uptake of oxidized LDL (21) and possibly of Lp(a) (22). Foam cells
are abundant in precursor fatty streak lesions (23), and in the shoulders, cap, and basilar
neovascular complex of advanced plaques (24). Lipid may enter the core region of the
fibrous plaque by transmural flux (24) of its more mobile forms (lipoprotein particles,
droplets, and vesicles (25, 26); or it may be deposited there during foam cell necrosis
(23). In the core region, lipids coalesce into lower energy phases dictated by the local
cholesterol, phospholipid and cholesteryl ester concentrations (27). Droplet and vesicular
forms of the latter and cholesterol monohydrate crystals are the dominant core lipids (24,
27). While transmural flux of small perifibrous lipid droplets has been thought to initiate
core lipid accumulation in the earliest human aortic lesions (25, 28), the contribution of
foam cell necrosis to the continued accumulation of core lipid in the larger mature fibrous
plaques remains to be determined. This question is important because of the possible
therapeutic role of antioxidants (21), which, by preventing LDL oxidation, may act to
prevent foam cell formation and, ultimately, core lipid accumulation.

As described below and illustrated in Figure 1, the fissuring of plaques is now
recognized as the key event triggering abrupt arterial occlusion and ischemia. Also,
"silent" fissuring can occur in the absence of clinical symptoms (3, 29, 30), suggesting
another mechanism of plaque growth. Mural thrombus, or that formed at sites of intra-
plaque hemorrhage can undergo a fibrous transformation due to ingrowth and organization
by smooth muscle cells, thus expanding the plaque connective tissue mass. Evidence
supporting this proposed mechanism of fibrogenesis is detailed elsewhere (3, 29, 31).

Increased vasoconstrictor tone worsens arterial narrowing and thus contributes b
progressive obstruction. Atherosclerosis effects vascular tone by interfering with the



Figure 1. A) Histologic section through a structurally stable coronary plaque in a patient with vasospastic
angina. Morphologic features include: E-Internal elastic lamina, FC--a thick fibrous cap composed largely
of collagen and smooth muscle cells (SMC), CL--core lipid, here largely crystalline, and T--a small tag
of thrombus. B) Section through a structurally unstable coronary plaque in a patient dying from myocardial
infarction. The lumen, only moderately narrowed by the plaque, is acutely occluded by thrombus (T).
There are many features in common with the section in A. In the unstable plaque, core lipid (some
dislodged by sectioning artifact) comprises a much larger fraction of the plaque. The fibrous cap is much
thinner than in A, is fissured (or vented) at its left shoulder, permitting H--a small pocket of hemorrhage
in the plaque. This fissure, the associated hemorrhagic pocket, and the plaque shoulder, here rich in M--
lipid-laden macrophages (round, bright spots), are shown at increased magnification in the inset. Also at
higher magnification (not shown) the fibrous cap has few SMC but many M. Figure B reproduced from
(54) with permission.

normal function of the endogenous vasodilator, EDRF, which is nitric oxide or an analog
(32-37). This appears to account for the apparently paradoxical epicardial coronary
vasoconstrictor effects of isometric and aerobic exercise in patients with CAD (38, 39).
Since the impairment of function is experimentally reversed by reducing dietary
cholesterol (40) despite persistence of intimal thickening, and since vascular
SMCresponsiveness to direct dilators is largely unaltered by atherosclerosis, it is felt that
vasorelaxant dysfunction is due to a direct effect of the atherogenic state on the
endothelial release of EDRF. The mechanism of impairment is unknown, but LDL
cholesterol and, more specifically, oxidized LDL have been implicated (40-42).

Reversal of Pathologic Processes: Convincing evidence that atherosclerosis can regress
with lipid-lowering has come from non-human primate studies (27, 43-45). When
monkeys with atherosclerosis induced by cholesterol-feeding are changed to a vegetarian
"regression” diet, plasma lipids fall quickly to normal (140 mg/dl) and arterial lipid and
connective tissue accumulations partially regress over 20-40 months. Collagen does not
decrease much from its peak value (-20%) but elastin (-50%) and cholesterol (-60%) do
(27, 44) and there is a fibrous transformation of the myointimal cellular response (46).
The more mobile forms of cholesterol, including lipoproteins and cholesteryl esters in
foam cells and in extracellular droplets, have been shown to regress; but the cholesteryl



monohydrate crystals of the core lipid region are resistant to mobilization (27, 46).
Histological measurements show that plaque size is reduced (43, 45). Particularly
important, intimal foam cells are seen to virtually disappear within 6 months, although
depletion of core cholesteryl esters proceeds over a time-course of several years (27).

Determinants of Plaque Disruption: Acute ischemic syndromes are most commonly
precipitated when mild or moderate coronary lesions become disruptively transformed into
severely obstructive culprit lesions. Such disruption usually involves fissuring of the
fibrous cap of the atheroma, often with intramural hemorrhage and mural or occlusive
thrombus. The plaque at high risk for such fissuring has a large core lipid pool and a
structurally weakened fibrous cap. The cap can be weakened by the exodus or death of
its smooth muscle cells, by an accumulation of lipid-laden macrophages, or by proteolytic
or mechanical degradation of its collagen. Several evolving insights have greatly altered
our understanding of the precipitation of plaque events leading to acute coronary events.

First, mild and moderate coronary lesions (<70% stenosis) may abruptly progress
to severe obstruction, with resulting unstable angina, myocardial infarction, or death. In
fact, a majority of clinical events occur under these circumstances (47, 48). Among
patients undergoing thrombolytic therapy for acute MI, the severity of the atherosclerotic
stenosis underlying the thrombotic occlusion was measured at less than 50% diameter
stenosis in one-third of cases, and between 50% and 60% stenosis in another third (47).
From another perspective, when the lesion precipitating an MI has, by chance, been seen
on a recent angiogram, its pre-infarct severity averages 50% stenosis, and it will not
usually possess visible features indicating that it is destined to soon become occluded (47-

50). Although a given severe (> 70%) lesion is more likely to progress or totally occlude
than a given mild or moderate lesion, clinical events are more frequently precipitated by

lesions initially of the less severe type because these are much more numerous in the
patient’s anatomy (51), and also because the majority of occlusions of severe stenoses
occur without an event (52).

A second insight was originally brought into focus by Constantinides (53) but is
receiving renewed attention (3, 29, 30, 54-57). It is that, for the great majority of ischemic
coronary events, a "culprit" lesion can be identified with variations of the following
morphologic features at histologic examination: a.) a fissure, tear, or vent in the fibrous
cap overlying the core lipid pool, b.) mural thrombus adherent at the site of the fissure,
c.) bleeding into the core lipid region, and d.) severe arterial obstruction secondary to the
composite mass of expanded plaque and thrombus.

Angiographic examples of plaques that have become unstable and caused a clinical
event are shown in Figure 2. One can imagine the pathogenesis of each of these
arteriographic examples in terms of the histologic section in Figure 1B. Figure 2A shows
a hemorrhagic pocket in the atheroma connected to the lumen by a narrow-necked fissure,
or vent. In such cases, it has long been debated whether increased internal pressure in the
plaque (due to bleeding or to an inflammatory abscess) has burst the fibrous cap into the
lumen, or whether a primary fissure in the plaque permits bleeding into the core region.
Figures 2B is almost certainly an example of hemorrhage into the plaque, via an upstream
fissure from the lumen, with resultant expansion of the plaque and obstruction of flow
when the fibrous cap is driven into the lumen. Figure 2C shows an angiographic finding
commonly called "ulceration" of the plaque. It may have been formed by hemodynamic
or proteolytic erosion of a thin fibrous cap to unroof the core lipid region, or by an
eruptive venting of a hemorrhagic plaque.



Figure 2. Highly magnified arteriographic images of structurally unstable plaques causing unstable angina
or myocardial infarction. See text for descriptions.

A third insight is that there are aspects of plaque lipid composition that predict the
risk of fissuring. Fissures are literally absent from the arterial intima if there are no
atheroma. Among patients dying of non-cardiac causes, new fissures can be found in 9-
17%, suggesting that not all fissures precipitate clinical events (30). The greater the core
lipid content, the greater the likelihood of fissuring. Detailed histologic assessment of 86
infarct lesions confirmed these findings; in 83%, the intimal fissure extended from the
lumen into an unstructured pool of extracellular lipid (55). Yet, in any given patient, only
a small subgroup of plaques (perhaps one in eight) has a substantial core lipid
accumulation. A fourth insight is that certain aspects of fibrous cap composition predict
the risk of fissuring. The macrophage density in caps that fissure is greater than that in
intact caps (53, 54). Fissuring occurs most commonly at the shoulder of an eccentric
lipid-rich plaque (Figure 1B), a location of high macrophage density (55) and also of high
circumferential stress when there is significant core lipid, according to computer models
of repeated pulsatile distention of the diseased arterial cross-section (56, 57). Finally, the
fibrous cap is thinned and weakened by the lack of smooth muscle cells and lysis of
collagen. Cytotoxic agents, including macrophage secretory products and oxidatively
modified LDL (58, 59) can transform a viable and structurally intact cap (Figure 1A) into
one which is much more susceptible to fissuring (Figure 1B).

Prevention of Plaque Disruption: As described above, plaque fissuring is predicted by
certain lipid-related aspects of plaque morphology including macrophage foam cell
density, core lipid pool size, and possible cytotoxicity from oxidized LDL. Reduction of
plasma LDL might be expected to reduce the likelihood of fissuring because of the
experimentally demonstrated favorable effects of LDL reduction on the predictors
described above (27, 43-66). As a consequence, the frequency of abrupt progression to
clinical events should decline among patients in whom LDL has been therapeutically
reduced. Indeed, this has been the case. Analysis of 13 coronary events among 146
FATS patients reveals that the events were associated with a culprit coronary lesion in the



distribution of worsening ischemia which progressed significantly in severity from the
baseline stenosis measurement to that at the time of the event (8). As seen in Figure 3,
the "culprit" lesions causing the great majority of cardiac events (eight of nine) among the
conventionally treated patients, arose from a pool of 414 lesions that were mild or
moderate at baseline. By comparison, only one of 683 such lesions progressed to an event
in the two intensively treated patient groups (p<.004, per patient or per lesion). However,
(Figure 3) severe lesions did not appear to so benefit from lipid-lowering.

Figure 3. Chart showing culprit lesion changes associated with the thirteen coronary events as measured
from 1316 lesions in 120 FATS patients. Among lesions exposed to intensive lipid-lowering therapy, only
one of 683 mild or moderate lesions, at baseline, among 74 such patients progressed to a clinical event (CV
death, M1, PICA or CABG, while 8 of 414 such lesions among 46 conventionally treated patients did so
(per patient or per lesion, p <.004). By this standard, severe lesions did not appear to benefit from therapy.
N--niacin, C--colestipol, L-lovastatin, CONV--conventional therapy, U--unstable angina event, M--
myocardial infarction, D--death, P--progressive angina, % S--percent diameter stenosis. The number in each
panel represents the number of lesions at risk, at baseline, in each subgroup.

SUMMARY

The consensus of evidence from angiographic trials demonstrates both coronary
artery and clinical benefits from lowering of lipids, using a variety of regimens. The
findings of reduced arterial disease progression and increased regression have been
convincing but, at best, modest in their magnitude. In view of these modest arterial
benefits, the associated reductions in cardiovascular events have been surprisingly great.

We believe the reduction in clinical events observed in these trials is best
explained by the relationship of the lipid and foam cell content of the plaque to its
likelihood of fissuring, and by the effects of lipid-lowering therapy on these "high risk"
features of plaque morphology. The composite of data presented-here supports the
hypothesis that lipid-lowering therapy selectively depletes (regresses) that relatively small
but dangerous subgroup of fatty lesions containing a large lipid core and dense clusters
of lipid-rich intimal macrophages. By doing so, these lesions are effectively stabilized and
clinical event rate is accordingly decreased.
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INTRODUCTION

Coronary atherosclerosis frequently culminates with the development of the acute
coronary ischemic syndromes, unstable angina, acute myocardial infarction and sudden
cardiac death. These disparate syndromes occur along a clinical continuum linked by a
common pathophysiologic event, intracoronary thrombosis (1-4). Thrombosis is initiated
by rupture of atherosclerotic plaque and exposure of highly thrombogenic plaque
constituents to coronary blood flow. The extent of the resulting thrombus and its location
in the coronary circulation contribute to the different resultant clinical syndromes.
Although, the proximate cause of plaque rupture is not known, pathological studies
performed on patients dying suddenly of acute coronary thrombosis have documented a
consistent relationship between sites of plaque rupture and the presence of intense
macrophage infiltration (3,4).

Macrophages synthesize and secrete a diverse array of proteolytic enzymes capable of
degradation of plaque constituents. One such family of enzymes, the matrix
metalloproteinases, is capable of degrading all macromolecular constituents of the
extracellular matrix . The mRNA for one member of this family, stromelysin, has been
found in human atherosclerotic plaques (5). Another matrix metalloproteinase, the 92
kDa gelatinase is synthesized by macrophages in a highly regulated manner. It degrades
collagen types IV, V and XI, which are found in atherosclerotic lesions and are resistant to
degradation by the matrix metalloproteinases stromelysin and interstitial collagenase (6,7).
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We sought to investigate whether excessive macrophage expression of the 92 kDa
gelatinase may, by degradation of constituents of the extracellular matrix, result in loss of
structural integrity of the plaque and contribute to plaque rupture. To test this
hypothesis, we examined, by immunohistochemistry, atherectomy specimens obtained
from patients with clinical evidence of recent plaque rupture (unstable angina) for
expression of the 92 kDa gelatinase and compared the results to expression in normal
internal mammary arteries and in atherectomy specimens from patients with coronary
atherosclerosis but without clinical evidence of recent plaque rupture (stable angina).

METHODS
Patients

Atherectomy was performed on patients with symptomatic ischemic heart disease
enrolled in the Coronary Angioplasty versus Excisional Atherectomy Trial (CAVEAT)
(8). For this study, patients were considered to have unstable angina if they presented
with a crescendo pattern of ischemic symptoms including symptoms at rest and
electrocardiographic evidence of ischemia during symptoms. All of the 12 patients
undergoing atherectomy in the CAVEAT trial who met this strict definition of unstable
angina used for this study. Patients were considered to have stable angina if their
symptoms were predictably exertional without any of the components of unstable angina.
Ninety-two patients enrolled in CAVEAT underwent atherectomy for stable angina. Of
this group of 92, 12 specimens were randomly chosen for inclusion in this study.
Specimens of the left internal mammary artery were obtained surgically from 2 patients
undergoing coronary artery bypass surgery.

Antibodies

Antibodies were prepared as previously described (9), either by immunizing rabbits
with the 92 kDa form of neutrophil gelatinase obtained by preparative gel electrophoresis
(IS3-70) or by immunizing rabbits with the purified native form of the proteinase (MH-
1). Both antibodies have been shown to be monospecific by immunoblotting
techniques(6) and gave identical results when immunostaining the tissues used for this
study.

Tissue Preparation

Tissue specimens retrieved from the atherectomy device were prepared by placing
them in 4% paraformaldehyde for 2 h followed by incubation in a 30% sucrose solution
overnight. A portion of the specimen was post-fixed in 10% formalin for light
microscopic analysis. Specimens were embedded in paraffin and stained for hematoxylin
and eosin or elastic tissue trichrome.

Immunohistochemistry

Specimens were embedded in OCT (Miles Diagnostics, Elkhart, IN) and stored at
-700¢ prior to staining. In preparation for staining, specimens were cut, applied to slides
and incubated in phosphate-buffered saline (PBS) for 5 min. Endogenous peroxidase
activity was blocked by washing with 0.3% H202 for 5 min followed by 2 rinses in PBS.
Slides were incubated with normal goat serum for 20 min. Primary antibody or negative
control (normal rabbit serum), diluted 1:1000 in PBS/1% bovine serum albumin was
applied for 45 min and followed by 2 5-min washes with PBS. Biotinylated anti-rabbit
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secondary antibody (Vector Laboratories, Burlingame, CA) was added for 45 min after
which 2 5-min washes with PBS were performed. Slides were incubated in avidin-biotin
complex (Vector Laboratories) for 30 min and then washed twice in PBS.
Diaminobenzidine was applied to slides for 5 min followed by rinsing with distilled
water. A 10 s counterstain with hematoxylin was performed. Staining of peripheral
blood smears was used as a positive control.

Adjacent Section Immunostaining

Four frozen sections adjacent to those staining positively for 92 kDa gelatinase were
cut, applied to slides and incubated in PBS for 5 min. Slides were then incubated in 0.3%
H202 for 5 min. Non-specific protein binding was blocked by incubating slides in normal
horse serum for 20 min. A different primary antibody, HAMS56 for macrophages (Enzo
Diagnostics, Farmingdale, NY), HHF35 for smooth muscle cells (Enzo Diagnostics) or
DAKO-LCA (DAKO, Glostrup, Denmark) for lymphocytes or negative control (non-
specific mouse IgG, Sigma Chemical Co., St. Louis, MO),was added to each of the 4
slides for 20 min. Slides were then rinsed in PBS. Secondary anti-mouse antibody (Signet
Labs, Dedham, MA) was added for 20 min and followed by washing in PBS. Slides were
then incubated with avidin-biotin complex (Signet Labs) for 20 min followed by a PBS
wash. AEC (3 amino-9 ethyl carbazole) substrate was added to slides for 20 min. The
slides were then washed with distilled water for 5 min and counterstained with
hematoxylyn for 10 s. The identity of cells staining positively for 92 kDa gelatinase was
determined by serially examining the 3 adjacent sections stained with cell-type specific
antibodies for a positive immunoperoxidase reaction.

RESULTS
Expression of 92-kDa Gelatinase in Normal Internal Mammary Artery

Specimens of the internal mammary artery from 2 different patients undergoing
bypass surgery were evaluated for expression of the 92 kDa gelatinase. Both specimens

were histologically normal, without atherosclerosis. In neither artery was there any
immunohistochemical evidence of 92 kDa gelatinase expression (Fig. 1).

Figure 1. Negative immunoperoxidase staining of normal internal mammary artery specimen obtained at
surgery. (25x magnification).
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Figure 2. Atherectomy specimen obtained from a representative patient with unstable angina and positive
immunoperoxidase reaction for 92 kDa gelatinase (25x magnification). Black arrows indicate positive
intracellular staining.

Figure 3. Atherectomy specimen obtained from same patient as in Fig. 2 with unstable angina and
positive immunoperoxidase reaction for 92 kDa gelatinase (100x magnification). Black arrows indicate
positive intracellular staining.

Expression of 92-kDa Gelatinase in Coronary Atherectomy Specimens from
Patients with Unstable and Stable Angina

Of the coronary atherectomy specimens from the 12 patients with unstable angina, 10
(83%) stained positively for the 92 kDa gelatinase. Figures 2 and 3 illustrate
representative positive specimens at low and high magnification from patients with
unstable angina. Nine of 12 (75%) specimens from patients with stable angina stained
positively for the 92 kDa gelatinase.

Extracellular vs. Intracellular Staining Pattern

The localization of positive staining was differed significantly between the unstable
and stable angina specimens. All 10 of the positively stained specimens retrieved from
patients with unstable angina demonstrated intracellular localization of the 92 kDa
gelatinase. In three of these specimens positive staining for gelatinase was also observed
in the extracellular space. In contrast, of the 9 positively stained specimens retrieved
from patients with stable angina, only 3 displayed a pattern of intracellular staining. In
the remaining 6 positively stained specimens, weak immunostaining was limited to the
extracellular space.
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Cellular Localization

Adjacent sections were successfully examined with antibodies specific for smooth
muscle cells, macrophages and lymphocytes on 7 of the patients with unstable angina in
whom positive intracellular staining was observed. There was insufficient quantity of
specimen to perform adjacent section staining on 3 patients with positive intracellular
staining. Positive immunostaining for the 92 kDa gelatinase was localized to macrophages
in 7/7 specimens. Staining was also demonstrated in smooth muscle cells in 3/7 positive
specimens. In 7/7 of these positive staining specimens 92 kDa gelatinase was identified in
a small number of lymphocytes.

DISCUSSION

Acute coronary ischemia has been shown to be precipitated by atherosclerotic plaque
rupture and subsequent intracoronary thrombosis (1-4). The biochemical factors
predisposing to plaque rupture are poorly understood. The mRNA of stromelysin, one
member of a family of proteases specific for constituents of the extracellular matrix, has
been identified in atherosclerotic coronary arteries (5). In the current report, we provide
evidence for the involvement of a second member of the metalloproteinase family, 92 kDa
gelatinase in atherosclerotic coronary arterial lesions. In particular, the current findings
are the first, to our knowledge, to: a) identify evidence for a metalloproteinase in
atherosclerotic lesions at the protein level and b) relate the presence of a
metalloproteinase to a specific clinical presentation of an acute ischemic coronary
syndrome, namely unstable angina. This gelatinase was found in 83% of specimens
obtained from the "culprit" coronary arteries of patients meeting a stringent definition of
unstable angina. Macrophages constituted the major source of this metalloproteinase in
all 7 positive sections examined by adjacent staining techniques. The intracellular
localization of the 92 kDa gelatinase in all 10 positive specimens can be interpreted as
evidence of active synthesis of this enzyme because macrophages do not store this
metalloproteinase (10). In 3 of the 10 positive specimens 92 kDa gelatinase was also
documented extracellularly.

The pattern of immunostaining of specimens from patients with stable angina was
markedly different from that observed among patients with unstable angina. Only 3 of
the 10 positive specimens in the stable angina group exhibited intracellular staining. The
remaining 7 specimens demonstrated only weak extracellular staining. Thus, if active
synthesis of enzyme, as indicated by intracellular staining, is considered to be
pathophysiologically relevant in unstable angina, 83% of unstable angina specimens in
this study were positive as compared to 25% of patients with stable angina.

There are several possible explanations for why all specimens from patients with
unstable angina were not positive for 92 kDa gelatinase expression. One possible
explanation is the sampling error inherent in the atherectomy procedure itself. The
atherectomy catheter samples only an incomplete fraction of the atherosclerotic plaque.
Thus, it is possible during the course of an atherectomy for unstable angina, that the
actual site of plaque rupture was not excised. Furthermore unstable angina, by definition,
is an episodic phenomenon. It is therefore possible that those patients with unstable
angina in whom specimens were negatively stained were in a quiescent phase of the
syndrome.

Evidence of plaque rupture has been found at autopsy in sections of coronary arteries
of asymptomatic patients dying from non-cardiac diseases (11). Thus, silent plaque
rupture resulting in non-occlusive thrombosis can occur in patients who do not develop
the clinical hallmarks of any of the syndromes associated with plaque rupture. The 25%
of patients in this study with clinically stable angina who nevertheless demonstrated
intracellular staining for the 92 kDa gelatinase may have been in this category.
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Alternatively, these patients had they not undergone atherectomy, might have soon
progressed to frank plaque rupture and one of the acute coronary ischemic syndromes.

This study has documented only the presence of the 92 kDa gelatinase protein in
coronary lesions. To achieve gelatinase activity at a specific site in the coronary artery
requires both production of the protein in excess of its natural inhibitors and activation of
the inactive precursor form of the protease. The presence of endogenous
metalloproteinase inhibitors in coronary lesions of patients with acute ischemic
syndromes was not investigated in this study but is worthy of future investigation. The
antibodies to 92 kDa used in this study recognize both the active and inactive forms of
the protease. Thus the presence of protein in these lesions does not necessarily prove the
presence of gelatinase activity. Because the factors required for activation of 92 kDa
gelatinase are incompletely understood, however, it is unknown whether constituents of
the advanced atherosclerotic plaque will support enzyme activation.

In conclusion, the findings reported in this study provide evidence that active
synthesis of 92 kDa gelatinase by macrophages is strongly associated with the clinical
syndrome of unstable angina, possibly due to metalloproteinase-induced matrix
degradation promoting plaque rupture. The factors which regulate macrophage
metalloproteinase production within atherosclerotic lesions have not been identified.
These findings however are potentially important from a fundamental standpoint because
they suggest a pathogenic role for at least one of the metalloproteinases in the
development of unstable angina. From a practical standpoint these findings raise the
possibility that inhibitors of metalloproteinase activity-specifically of the 92 kDa
gelatinase-might provide a novel form of therapy for stabilization of the atherosclerotic
lesions of patients with coronary artery disease and prevention of acute ischemic
syndromes.
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PROTEINASES AND WOUND HEALING

Remodeling of the extracellular matrix (ECM) is the central part of normal tissue
development and is involved in tumor growth and metastasis, angiogenesis, wound
healing/repair, inflammation, embryonic development, post-partum involution of the uterus,
bone and growth plate remodeling, ovulation, and the progression of certain diseases.™ The
process of connective tissue restructuring represents a balance between matrix production and
its degradation. The breakdown of this highly organized extracellular environment is
controlled, for the most part, by a gene family of matrix metalloproteinases (MMPs) which
collectively can degrade virtually all components of connective tissues.**

At present, little is known about proteolytic system in normal or diseased vasculature.
Post-translational factors can influence the activity and availability of tissue MMPs and their
inhibitors (TIMPs) during vascular remodeling. While the synthesis of collagenase is
regulated at the transcriptional level, the enzyme is secreted from the cells as an inactive
zymogen and exists in the tissue in latent forms.> Therefore, the activation process of pro-
collagenase in the extracellular milieu is an additional key step in the regulation of
collagenolysis.

Pathophysiologic changes during restenosis suggest complex interactions of a myriad
of biological processes, initiated by vessel injury and potentially dependent on the release of
thrombogenic, vasoactive and mitogenic factors.® It has previously been proposed that there
are three phases of vascular wound healing after tissue injury’: inflammation, granulation and
matrix formation. During inflammation, fibronectin and plasminogen bind to biologically
active substances and recruit inflammatory cells at the site of wound. From these cells growth
factors are released which lead to granulation and cellular proliferation.
Fibronectin/plasminogen in the ECM facilitate migration of endothelial cells from the wound
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margin and fibroblasts and/or smooth muscle cells from adjacent tissue, where they proliferate
and synthesize ECM. The third phase is matrix remodeling and deposition of proteoglycans
and collagen, a step which involves proteinases, especially MMPs.

GROWTH AND CELLULAR RESPONSE OF RESTENOSIS

Cardiovascular disease accounts for considerable mortality and morbidity. The
common scourge of cardiovascular system is atherosclerosis which induces functional and
structural abnormalities in vessel wall. The changes include vasoconstriction, enhanced
interaction of blood cells with the vessel wall, activation of coagulation mechanisms, and
migration and proliferation of vascular smooth-muscle cells (SMC) and fibroblasts.®!! These
vascular abnormalities play a significant role in pathogenesis of angina pectoris, myocardial
infarction and myocardial cell loss and energy due to lack of oxygen metabolite.

Recently, clinical and experimental observations suggest that restenosis results from
a complex interaction of biological processes, initiated by vessel injury and dependent on the
release of thrombogenic, vasoactive, and mitogenic factors.’>!* Restenosis is not a simple
process. It is the result of numerous and diverse reparative processes each of which has its
own time course of development (Figure 1).
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Figure 1. Possible mechanism of restenosis.

Early restenosis (within days of injury) most likely results from vasoconstriction and
relaxation of the stretched vessel wall ("elastic recoil"). Later (within months) restenosis
ensures the reparative process in which myointimal and fibrocellular proliferation is
exaggerated and sufficiently severe to impede arterial blood flow.

We have been studying the role of elastinolysis and collagenolysis in arterial
remodeling and disease.'® Degradation of elastin® in the arterial intima by neutrophil elastase
released during the inflammatory response, unstable angina pectoris and acute myocardial
infarction'” may trigger severe tissue damage. Neutrophil elastase can degrade elastin and
myocardial TIMPs.'® Hornebeck et al'® showed that the content of aortic cross-linked elastin
decreased with the degree of atherosclerosis, suggesting a role of elastinolytic enzymes in this
disease. Several lines of evidence suggested that elastinolytic enzymes present in the human
arterial wall are different from one another. Bellon et al*® have shown that human arteries
contain an elastinolytic enzyme which is immunologically different from the human pancreatic
and neutrophil enzymes. Recently, Senior et al?! have demonstrated that higher molecular
weight collagenase/gelatinase (i. €. matrix metalloproteinase) can also degrade elastin in a gel
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matrix. Collectively these studies suggested involvement of a multifactorial proteolytic
systems in arterial diseases, and the potentially important role of control of ECM synthesis and
degradation in the pathophysiology of restenosis.

Intimal Fibrous Proliferation (IFP) Response

Platelets that adhere and aggregate at sites of endothelial disruption release their
granular contents such as heparin-neutralizing factors and several mitogens, including platelet-
derived growth factors, epidermal growth factor, transforming growth factor-g (TGF-p).
These factors release SMC from growth inhibition to their proliferation and migration from
the media to the intima, and act as chemotactants for macrophases and neutrophils. The
severity of this response to injury determines the degree of IFP. If excessive, it encroaches
on the arterial lumen and compromises the flow.” In addition, platelet derived growth factor
(PDGF), fibroblasts growth factor (FGF) and Insulin-like growth factor (IGF) (somatomedin
C) are released from endothelial cells, macrophases, and SMC. These act synergistically with
PDGEF to induce intimal hyperplasia, and are capable of self-perpetuating their own mitogenic
stimulation and SMC proliferation. Therefore, once SMC transform from a quiescent state
(contractile phenotype) to a proliferative state (synthetic phenotype) and migrate to the intima,
their continued activity may be self-perpetuated beyond the phase of platelet
deposition.17,24,25

There is evidence that direct injury of the SMC itself can initiate the biological process
leading to restenosis.” Endothelial cells synthesize heparin-like glycosaminoglycans, which
are growth-inhibitory and maintain the underlying medial layer in a quiescent state. In
addition, SMC also produce a growth-inhibitory heparin sulfate. When the endothelial layer
is abraded or the SMC are disturbed by injury, the rapid proliferation of medial SMC may be
due, in part, to loss of the growth-inhibitory factors.

In experimental animal models of restenosis, myointimal proliferation begins early
after injury.”® Medial SMC begins to proliferate within 24 to 48 h of injury. Approximately
4 days after injury SMC begin to migrate to the intima, where proliferation continues. This
process of medial SMC proliferation, chemotaxis, and intimal proliferation is maximal by 1
week after injury. Nevertheless, intimal thickening continues for upto 8 weeks as ECM
synthesis and turnover continues. In humans SMC proliferation has been identified by 17
days.”

PROTEINASES IN RESTENOSIS

Wound healing following mechanical revascularization of occluded coronary arteries,
and the potential role of relative collagen synthesis and collagenase-mediated degradation may
be important in understanding mechanism of restenosis. We have shown in normal
myocardium the predominant presence of latent collagenases.’ Furthermore, this latent
collagenase can be activated by trypsin, plasmin, and organomercurials'®, and suggest an
existence of an active and latent collagenolytic system in cardiovasculature. The thrombolytic
proteinases can activate latent MMPs: plasmin can activate tissue procollagenase and urokinase
plasminogen activator (uPA) can initiate proteolytic processing of the 72 kDa gelatinase.”**
It is not clear if the MMPs and their activity in restenosis are coordinated by their inhibitors
and activators.

Proteinase activity and ECM proteins influence a variety of cellular events which are
important developmentally and in the maintenance of homeostasis in normal vascular tissues.
More recently, it has become clear that the ECM and proteinase activity may be involved in
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certain disease states.** The vascular ECM and ECM-derived peptides are in a constant state
of flux and change as cells comprising the arterial wall modulate their behavior. These ECM
related changes, in turn, may have a profound effect on the structural and functional properties
of the tissue, as well as on the metabolic properties of the cell themselves. The major ECM
components surrounding the cells in the arterial wall are collagens, elastic fibers, and
proteoglycans. In normal tissue, these macromolecules are distributed in the intimal, medial,
and adventitial layers of the vascular wall in such a manner as to confer both structural
integrity and viscoelasticity. We have shown that neutrophil elastase activity is regulated by
elastin-derived peptides.’

The control of the composition of the ECM is critical to maintenance of the arterial
lumen during disease states such as atherosclerosis. The long-term favorable outcome of
mechanical revascularization of occlusive coronary artery disease with balloon angioplasty,
directional coronary atherectomy, laser angioplasty, and other more recent techniques (e.g.
rotablater, stents) is limited by restenosis.* Although the mechanism of restenosis are not
well understood, studies have shown ECM accumulation®>* and cellular proliferation are
operative in the wound healing response. The pathophysiology is poorly understood also, but
most likely involves numerous growth factors cytokines, and products of coagulation.’> Only
recently has the potential role of the regional expression of matrix-degrading proteinases in
human atherosclerotic plaques been implicated in restenosis.* Blood vessels undergo a
marked intimal thickening in response to mechanical injury*# and this process is believed to
reflect one of the early stages in the development of the arteriosclerosis lesion. A number of
studies have shown that part of this thickening is the consequence of the migration and
proliferation of arterial muscle cells and accumulation of components of the ECM such as
elastin, collagen and proteoglycans.® 3

ECM and Proteinases

In a study of histopathological analysis on primary (untreated) and restenotic state
reveals that in primary stenosis, 88% of the tissue recovered was atherosclerotic plaques, 9%
was IFP with medial calcinosis, and 3% consisted of thrombus. In contrast, in restenotic
tissue, 75% was IFP and 25% was classic atherosclerotic plaque (39). We compared MMPs
activity with internal mammary artery tissue, and tissue derived from patients undergoing
atherectomy for the first time for occlusive coronary artery disease. We have shown an
increase in ECM production and a decrease in MMPs expression in restenotic tissue (Figure
2). This may suggest an imbalance of ECM synthesis and turnover during the cellular
proliferative and intimal fibrous response after arterial injury.

The histopathologic characteristics of restenotic lesions differ from those of de novo
arteriosclerotic lesions.** Our study confirms that quantitative differences exist in the
composition of the ECM between tissue obtained from restenotic and primary atherosclerotic
lesions. The greater predominance of collagen observed in restenotic lesions compared to
native atherosclerotic lesions could be explained on the basis of increased production of ECM
by vascular wall cells* or, alternatively by decreased turnover.

It is well documented that components of the ECM such as collagen, elastin and
proteoglycans increase in blood vessels after mechanical injury. In a study using cDNA
clones of collagen and elastin, collagen and elastin increased after arterial injury and correlated
with an increase in mRNA levels coding for elastin and type I and III procollagen.®® If at the
same time enough MMPs are not expressed to account for increased synthesis of ECM,
excessive deposition of ECM will occur that could impinge on the vascular lumen.
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The increased synthesis and deposition of ECM components is a general response of
a variety of cells to various forms of injury observed during wound healing and tissue
repair.*** Injury is often accompanied by cell proliferation, and at present it is unclear
whether these ECM changes are directly related to the stimulation of cell division. A number
of reports indicate that the synthesis of ECM components is increased when arterial cells are
stimulated to divide.“* However, it is also clear that ECM molecules also may be increased
by other factors released at the wound sites, such as TGF, which does not stimulate cell
proliferation. These growth factors, in combination with proteoglycans, can also alter cell
phenotypes.”” This suggests that regulation of ECM deposition after arterial injury is a
complex process.

Type | Collagen
Zymograp!

Figure 2. Expression of MMP activity
in restenotic, de novo and normal tissue.

Currently, we do not know the type of collagen present in restenotic lesions. However,
our study points out the possibility of an excess of type IV collagen. This is based upon the
observation that we failed to find any type IV collagenase activity (i. €. 92-kDa gelatinase) in
restenotic lesions (Figure 2). The data further suggest that the excessive production of
collagen type IV may be the result of unopposed accumulation of material in the absence of
type IV collagenase in patients who experience restenosis. Our quantitative pathological study
does not differentiate among the different type of cells present in the resected lesion but only
quantifies the cell numbers in the samples. We are currently attempting to understand the
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range, origins, and functions of intimal and lesion cells using specific antibodies to different
cell types. Endothelial, smooth muscle, inflammatory cells and macrophages may be present
in different amounts and stages of function.” However, some studies have predicted the
presence of proliferative smooth muscle cell in restenotic lesions (49-51) without the critical
evaluation for other cell types in primary and restenotic lesions.

Inhibitor and Activator of Proteinases. To increase our understanding of the potential role
of metalloproteinases and their endogenous inhibitors and activators in remodeling of the
vascular wall extracellular matrix following directional coronary atherectomy, we have shown
collagenolytic activity in normal arterial tissue extracts, with the majority of the collagenolytic
activity existing in the latent form. Only ~10% was in the active form, with the remaining
in a pro or latent form. In tissue samples from restenotic lesions, we did not observe
significant amounts of active or latent collagenases, as compared to samples from de novo
atherosclerotic lesions. Storage of latent collagenases in the interstitium may provide one
mechanism whereby activation could occur in the face of tissue injury, tissue remodeling and
ECM degradation, especially since MMPs have been shown to degrade a variety of
extracellular matrix components.” It has previously been shown that collagenases are secreted
by cultured skin fibroblasts and are regulated post-transcriptionally by their TIMP.53¢

TIMPs function as endogenous inhibitors and regulators of both the latent and active
forms of collagenase.*>** Additionally, TIMPs have been shown to demonstrate anti-mitogenic
activity.®® Thus, these inhibitors may play an important role in the control of MMPs post-
translationally in tissue remodeling.” Increased or decreased inhibitor levels could lead to an
imbalance in matrix degradation during injury response and other pathological conditions. We
demonstrated that the TIMP levels in restenotic lesions were increased relative to both de novo
atherosclerotic tissue and normal tissue (Figure 3).

Sandwich ELISA of TIMP-1

ng\ml

Normal de novo Restenotic

Figure 3. Expression of TIMP in restenotic, de novo and
normal tissue
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Thus, comparatively since there does not appear to be much active or latent collagenase in
restenotic lesions, and since TIMPs are also a growth promoter, it is conceivable that
endogenous inhibitors of metalloproteinases found in restenotic tissues may be important in
the regulation of proliferation of arterial medial cells, pericytes, and fibroblasts that produce
ECM components. In contrast, we failed to observe significant changes in the level of TIMP
in de novo atherosclerotic tissue and normal arterial tissues.

The endogenous activators of MMPs have been characterized from culture media of
rabbit synovial fibroblasts®’, rabbit uterine cervical fibroblasts®® and bovine articular
cartilage.®® Although the modes of procollagenase activation by these activators have been
shown to be variable®®!, endogenous activators (i.e. tissue plasminogen activator (tPA) or
uPA) have been shown to activate proMMPs in other tissues.” The presence of an
endogenous procollagenase activator was previously proposed following experiments where
latent collagenase in the culture medium of mouse bone explants was gradually activated after
brief treatment of the medium with trypsin.®® This observation was further substantiated by
observations with other proteinases showing activation of procollagenase by stromelysin
(MMP-3).% However, the mode of procollagenase activation by these activators was reported
to be different in different tissues. Our studies showed the presence of tPA in tissues from
restenosis lesions as well as from de novo atherosclerotic lesions. Tissue-PA may be involved
in procollagenase activation in vasculature.

Our results also demonstrate that tissue MMPs and/or proMMPs present in vascular
tissue may serve an important function in the lysis of an occlusive coronary thrombus by
endogenous and exogenously administered lytic agents. The ability of a thrombolytic agent to
dissolve an occlusive coronary artery thrombus is determined by several factors. After
administration of a thrombolytic agent, the drug must be delivered to a thrombus and be
associated with adequate substrate (plasminogen) and the appropriate metabolic environment
for an enzymatic reaction (i. e. conversion of plasminogen to plasmin) to occur. The intrinsic
composition (i. €. collagenous or non-collagenous) or ultrastructure of the thrombus itself also
affects its lysability.

One potential mechanism for activation in intimal fibrous tissue may be through the
tPA/plasmin system. Based on our results, a possible scheme of the activation of proMMPs
in arteries can be postulated:

procollagenase/TIMP
tPA
Plasminogen Plasmin -~

(OPEN ARTERY)
remodeling and
ECM turnover
active collagenase r
//TIMP-ﬁ
v
inactive collagenase Cellular ECM
induction
(RESTENOSIS/REOCCLUSION)
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According to this scheme, if there is no sufficient active or pro/latent MMPs in a
restenotic lesion, there will be abnormal tissue remodeling after arterial injury, leading to
excess ECM deposition and compromise of the vessel lumen. At the same time if TIMP, any
active MMP would be inhibited, along with the mitogenic action of TIMP to induce
proliferation of fibroblasts that lay down ECM.

In all tissue samples that we studied, irrespective to their origin, we failed to observe
changes in tPA levels. Our results suggest that in patients with repressed level of proMMPs,
there is the possibility that tPA or streptokinase therapy may not be as efficacious. For
example, clinical evidence suggests that not all coronary occlusions resolve following
successful lysis by streptokinase and tPA. In a study®% of 41 patients with myocardial
infarction (MI) treated with lytic therapy, most survived except two in which lytic therapy was
unsuccessful and the patients died. Our proposed model would predict the lack of adequate
proMMPs expression at the site of collagenous thrombus in these two patients. The basis of
this difference may be related to a genetic defect in arterial MMP expression.

SUMMARY

The results suggest that in arterial tissue from patients with angiographic restenosis
there is an increased production of ECM collagen and a decrease in MMPs activity compared
to both normal artery and atherosclerotic arterial samples from de novo patients undergoing
an initial revascularization procedure of a significant coronary artery lesion. The expression
of MMPs in restenotic tissue following mechanical revascularization is repressed, and may be
associated with increased levels of TIMPs. However, endogenous activators of proMMPs do
not change significantly in de novo atherosclerotic, restenotic, and normal vascular tissue. In
conclusion, our data suggest the hypothesis that restenosis occurs, at least in part, secondary
to decreased intimal turnover of collagen and decreased MMPs activity. Thus, the wound
healing response characterized by increased collagen synthesis following mechanical
revascularization may ultimately lead to restenosis if unopposed by MMPs degradation of
excess collagen.
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CURRENT CONCEPTS OF THE PLASMA LIPOPROTEINS AND THEIR ROLE IN
ATHEROSCLEROSIS

H. Bryan Brewer, Jr.

Molecular Disease Branch, National Heart, Lung, and Blood Institute
National Institutes of Health, Building 10, Room 7N115
10 Center Dr MSC 1666, Bethesda, MD 20892-1666

During the last two decades there have been major advances in our understanding
of the role of the plasma lipoproteins, apolipoproteins, lipolytic enzymes, and lipoprotein
receptors in cholesterol and lipoprotein metabolism. This new information has provided
major insights into the role of cholesterol and lipoproteins in the pathogenesis of premature
atherosclerosis.  This report will briefly review our current concepts of lipoprotein
metabolism and the role of the atherogenic and antiatherogenic plasma lipoproteins in the
development of premature cardiovascular disease.

OVERVIEW OF HUMAN LIPOPROTEIN METABOLISM

The metabolism of the human plasma lipoproteins can be conceptually separated into
three separate pathways. Two pathways involve lipoproteins containing apoB including
chylomicrons and VLDL which are secreted from the intestine and liver, respectively. The
third pathway involves HDL which contains the two major apolipoproteins, apoA-I and
apoA-II. Schematic overviews of these three pathways for lipoprotein biosynthesis,
transport, and catabolism are illustrated in Figure 1.
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Metabolic Cascades Of Lipoproteins Containing ApoB

The pathways involving the metabolism of lipoproteins containing apoB consist
of two separate metabolic cascades (for general reviews see (1-4)). The first cascade
of apoB containing lipoproteins involves triglyceride rich chylomicrons which transport
dietary cholesterol and triglycerides from the intestine to peripheral tissues and
ultimately the liver. Following secretion, chylomicrons acquire apoE and apoC-1I
which dissociate from HDL. ApoC-II activates lipoprotein lipase (LPL) which
catalyses triglyceride hydrolysis and remodeling of triglyceride rich lipoproteins.
Concomitant with triglyceride hydrolysis is the transfer of apolipoproteins as well as
lipid constituents from chylomicrons to HDL. With lipopolysis chylomirons are
converted to large and finally small chylomicron remnants. Chylomicron remnants are
cleared from the plasma following the interaction with either the LDL receptors (5-8)
or remmant receptors on the liver. The best current candidate for the putative
remnant receptor is a glycosylated 600 kDa protein that has been designated the LDL
receptor-related protein or LRP (9,10). ApoE is the primary ligand on chylomicron
remnants for interaction with the liver lipoprotein receptors (11-13). The second apoB
cascade involves triglyceride rich VLDL containing apoB secreted by the liver. ApoC-
II and apoE are released from HDL and reassociate with the hepatogenous triglyceride
rich VLDL secreted from the liver. ApoC-II activates LPL as outlined above and
VLDL are serially converted to VLDL remnants, IDL, and finally LDL. ApoE and
hepatic lipase, a second lipolytic enzyme, have been proposed to be required for the
efficient conversion of IDL to LDL. During the metabolic conversion of VLDL to
LDL approximately SO percent of VLDL remnants and IDL are removed from the
plasma by the liver. LDL, the final product of the VLDL lipoprotein cascade, interact
with the LDL receptor present on the plasma membranes of liver as well as adrenal,
and peripheral cells including fibroblasts and smooth muscle cells (5-8). The
interaction of LDL with the LDL receptor initiates receptor mediated endocytosis and
LDL catabolism. The two major apolipoproteins that serve as ligands for the LDL
receptor are apolipoproteins B and E.

HDL Metabolism

A major role of HDL in lipoprotein metabolism is to transfer cholesterol from
peripheral tissues to the liver. This hypothetical process termed reverse cholesterol
transport involves the removal of excess cholesterol from peripheral cells by HDL
(14,15). In this proposed pathway, HDL interacts with a putative HDL receptor that
facilitates the transfer of intracellular cholesterol to the membrane for removal by
HDL. HDL transports this cholesterol in plasma and delivers it to the liver via the
putative HDL receptor for removal from the body by direct secretion into bile or
following conversion to bile acids (16-22). An additional major pathway for the
transport of cholesterol from peripheral cells to the liver is mediated by the cholesterol
ester exchange protein (CETP) which exchanges cholesteryl esters and triglycerides
between HDL and the apoB containing lipoproteins (19). Thus, cholesterol may be
transported back to the liver either directly by HDL, or following exchange to
lipoproteins in the apoB cascades (Figure 1).

MAJOR ATHEROGENIC AND ANTI-ATHEROGENIC PLASMA LIPOPROTEINS
Increased plasma levels of three different classes of lipoproteins including LDL,
B-VLDL and Lp(a), and decreased levels of HDL have been associated with an

increased risk of premature cardiovascular disease. A schematic overview of the
interactions of the three major atherogenic lipoproteins and the anti-atherogenic HDL
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Figure 2. Role of the Atherogenic and Antiatherogenic Lipoproteins in the Development of the
Atherosclerotic Lesion

LDL

in the development of the vascular plaque is summarized in Figure 2. In this
conceptualization increased plasma levels of atherogenic lipoproteins accumulate in the
vessel wall ultimately culminating in an increased uptake of cholesterol-rich
lipoproteins by the macrophages resulting in the formation of foam cells which
characterize the early atherosclerotic lesion. Smooth muscle cells may also take up
lipoproteins and undergo conversion to foam cells.

The pathophysiological mechanisms involved in the development of
atherosclerosis associated with increased plasma levels of LDL have recently been
extensively studied (for reviews see (23-27). Native LDL is not readily taken up by the
macrophage in vitro and incubation with LDL does not result in foam cell formation.
An increasing body of data is consistent with the concept that oxidative modification
of LDL is required for the uptake of LDL by macrophages with conversion to foam
cells. Oxidative modification of LDL was observed following in vitro incubation with
endothelial cells, smooth muscle cells, and macrophages, or following modification with
malondialdehyde. Malondialdehyde is a byproduct of the metabolism of arachidonic
acid in the biosynthesis of prostaglandins and is also formed during lipid peroxidation.
Recent studies have also indicated that oxidized lipids within LDL may play an
important role in the pathophysiology of the atherosclerotic lesion by stimulating the
secretion of cytokinins and other factors which modulate endothelial cell function as
well as facilitate the recruitment of plasma monocytes into the vessel wall.

Genetic dyslipoproteinemias characterized by an increased plasma level of LDL
and premature cardiovascular disease include familial hypercholesterolemia, familial
combined hyperlipoproteinemia, and polygenic hyperlipoproteinemia.
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B-VLDL

Atherogenic remnants of triglyceride rich chylomicrons and VLDL which
accumulate in type III hyperlipoproteinemia and in experimental animals fed diets high
in cholesterol and saturated fat are designed p-VLDL (for reviews see (28-31).
Efficient clearance of f -VLDL remnants requires apoE which functions as a ligand for
binding to both remnant and LDL receptors facilitating clearance by the liver. An
absence or structural mutations in apoE result in defective removal of remnants of
triglyceride rich lipoproteins and the accumulation of plasma p-VLDL (11,12,28-31).
The B-VLDL remnant lipoproteins have been proposed to be taken up by macrophages
to form foam cells by either the LDL receptor or via a specific macrophage p-VLDL
receptor pathway. Reported studies have not definitively established that p-VLDL
must undergo oxidation prior to removal by the macrophage.

Lp(a)

Elevated plasma levels of Lp(a) have been reported to be an important
independent risk factor for the development of premature cardiovascular disease.
Plasma Lp(a) levels range from <1 to more than 100 mg/dl. Approximately 20
percent of the population have levels above 30 mg/dl which is associated with a two
fold increase in the relative risk of premature cardiovascular disease. The
mechanism(s) by which elevated plasma levels of Lp(a) increase the risk of premature
heart disease remains to be established. Lp(a) may be taken up by macrophages
resulting in cholesterol deposition and foam cell formation. Alternatively, it’s
atherogenic properties may be related to its role in increasing thrombosis. Lp(a) has
been reported to interact with fibrin peptides, inhibit thrombolysis, and function as a
competitive inhibitor of plasminogen for the plasminogen receptor present on
endothelial cells (32,33)(Figure 2). The risk of cardiovascular disease associated with
elevated plasma levels of Lp(a) may thus be due to either an increased risk of
thrombosis or cellular uptake of cholesterol laden lipoproteins by macrophages or both.

HDL

HDL have been regarded as the principal anti-atherogenic lipoprotein in plasma
(34-37). Based on the concept of reverse cholesterol transport (14,15), a reduced
plasma levels of HDL is associated with a decreased efficiency in the transport of
excess cholesterol from peripheral cells back to the liver and a greater potential risk
of premature cardiovascular disease (Figure 2).

MOLECULAR HETEROGENEITY OF HDL

As reviewed above plasma HDL levels are inversely correlated with the
development of premature cardiovascular disease. Because of the importance of HDL
and the risk of cardiovascular disease the revised NCEP guidelines have recommended
that individuals be screened with total cholesterol and HDL cholesterol. HDL
screening will undoubtly identify a large number of individuals with low HDL
cholesterol. However, recent studies have established that not all subjects with low
HDL cholesterol levels are at increased risk for premature cardiovascular disease (38).
Thus it will be a challenge for the physician to identify which individuals with low HDL
cholesterol levels that are at increased risk for early heart disease.

In order to gain insight into the reason(s) that low plasma levels of HDL are
not consistently associated with an increased risk of premature cardiovascular disease,
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studies have been initiated to evaluate the clinical importance of HDL heterogeneity.
HDL contains several separate lipoprotein particles which now appear to have
different functions in lipoprotein metabolism and reverse cholesterol transport (39-41).
Several methods including electrophoresis, hydrated density, gradient gel
electrophoresis, and affinity chromatography have been employed to separate and
characterize the lipoprotein particles within HDL (40,42,43). The most effective
current method available to classify lipoprotein particles in HDL is based on
apolipoprotein composition (39). The two major apoA-I containing lipoprotein
particles within HDL classified by apolipoprotein composition are lipoprotein
containing only apoA-I or both apoA-I and apoA-II, designated LpA-I and LpA-L:A-II
respectively. Two minor apoA-I containing lipoproteins include LpA-I:A-IV and LpA-
L:E. The two major nascent HDL particles are codified as LpE and prep-HDL. The
C apolipoproteins and other minor apolipoproteins are also present on the major
lipoprotein particles within HDL.

LpA-LA-Il

Major ApoA-I Containing
Lipoprotein Particles Within HDL

Figure 3. Major Lipoprotein Particles in High Density Lipoproteins

The relative importance of LpA-I and LpA-I:A-II in the protection against the
development of premature cardiovascular disease have been recently addressed. LpA-I
but not LpA-I:A-II has been reported to be inversely correlated with angiographically
established coronary atherosclerosis (44). In vitro in cell culture studies have indicated
that LpA-I but not LpA-L:A-II increased cholesterol efflux from OB1771 adipocytes
(45). Analysis of LpA-I and LpA-I:A-II revealed that LpA-I:A-II not only was not
effective in effluxing cholesterol from adipocytes but in fact inhibited the cholesterol
efflux mediated by LpA-I (45). Thus, in cell culture studies only LpA-I was effective
in facilitating the efflux of cellular cholesterol.

A separate approach to the evaluation of the antiatherogenic properties of LpA-
I and LpA-I:A-II using transgenic mouse models. A comparison of the ability of LpA-I
and LpA-L:A-II to protect against the development of diet induced atherosclerosis has
been performed in transgenic mice on a high fat and cholesterol diet (46). Transgenic
mice overexpressing human apoA-I and apoA-I + apoA-II were developed and the
degree of atherosclerosis induced by a diet enriched in cholesterol and fat quantitated.
LpA-I offered better protection than LpA-I:A-II against diet induced atherosclerosis
in the transgenic mouse model.

Biochemical studies have also revealed different enzyme substrate specificity for
LpA-I and LpA-I: A-II. In a comparison of the apoA-I containing lipoprotein particles,
LpA-L:A-II was shown to be a better substrate for hepatic lipase than LpA-I (47).
These results are consistent with the previous report that apoA-Il increased the
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enzymic activity of hepatic lipase 1.5 fold in vitro (48). Thus, apoA-II may function as
an important modulator of the enzymic activity of hepatic lipase in lipoprotein
metabolism. Based on these result it is proposed that the LpA-I:A-II particles in HDL,
are preferentially converted to particles within HDL,.

Because of the emerging evidence that different lipoprotein particles in HDL
may have a variable effect on the protection against atherosclerosis, a detailed series
of metabolic studies were initiated to elucidate the kinetics of LpA-I and LpA-L:A-II
(49). The kinetics of LpA-I and LpA-I:A-II have been analyzed in normolipidemic
controls to gain insight into the potential metabolic differences between these two
major apoA-I containing lipoprotein particles in man. LpA-I and LpA-I:A-II were
separated from plasma or HDL by affinity chromatography utilizing antibodies to
apoA-I and apoA-II. In these studies apoA-I and apoA-II were radiolabeled, incubated
with plasma, and LpA-I and LpA-I:A-Il isolated. In a separate approach isolated LpA-
I and LpA-L:A-II were directly radiolabeled as lipoproteins. In the kinetic studies "*’I-
LpA-I and *'I-LpA-L:A-II were injected simultaneously in normal subjects, and the in
vivo catabolism of LpA-I and LpA-I:A-II analyzed over 14 days. LpA-I particles were
catabolized at a faster rate than LpA-I:A-II particles (49). Based on these results we
have proposed that there are two parallel cascades of lipoprotein particles containing
LpA-I and LpA-I:A-II within HDL, and HDL; (Figure 3). The results of the kinetic
data support the view that LpA-I and LpA-I:A-II may have different metabolism and
physiological functions in HDL metabolism. Clinical disorders associated with
decreased levels of HDL can be divided into those that with no increase and
dyslipoproteinemias with an increased risk of premature cardiovascular disease. An
increased risk of vascular disease has been reported in familial
hypoalphalipoproteinemia,thefamilialhypertriglyceridemia-hypoalpha-lipoproteinemia
syndrome, apoA-I deficiency, and Tangier disease. No increased risk of premature
heart disease is observed in lecithin cholesterol acyltransferase deficiency and selected
kindreds with familial hypoalphalipoproteinemia (38). Of particular interest are this
latter group of patients with familial hypo-alphalipoproteinemia and no increased risk
of early heart discase. HDL metabolic studies have recently been completed in five
kindreds with familial hypoalpha-lipoproteinemia with HDL cholesterol values ranging

Figure 4. Schematic Overview of HDL Lipoprotein Metabolism
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from 15 to 22 mg/dl. Clinical evaluation including ultrafast CT revealed no evidence
of vascular disease. Radiolabeled LpA-I and LpA-LI:A-II kinetic studies established that
the decreased plasma levels of HDL were due to rapid catabolism of both LpA-I and
LpA-L:A-II resulting in markedly reduced plasma levels of HDL. Thus despite very
low HDL cholesterol levels there was no increased risk of premature heart disease.

The combined results from the analysis of the heterogeneity of HDL clearly
establish that the separate lipoprotein particles in HDL have different metabolism as
well as physiological functions. The evidence to date is consistent with LpA-I offering
better protection against premature heart disease than LpA-I:A-II. In addition not all
patients with low HDL cholesterol levels are at increased risk for premature heart
disease. The challenge for the future will be to develop better tests of HDL function
possibly including LpA-I and LpA-I:A-II levels to identify those individuals with low
HDL levels with an increased risk that require drug treatment to raise their HDL
levels.
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HOMEOSTASIS OF LIPID OXIDATION IN THE ARTERY WALL
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The subendothelial space is a complex network of collagen fibers and connecting
fibrils.! Within two hours of injecting low density lipoprotein (LDL) into the femoral vein of
a rabbit, the LDL was found trapped in the three dimensional matrix network.? The trapped
LDL appeared to bind to the collagen fibers near the junction of connecting fibrils.> The
bound LDL was no longer in solution and appeared to be trapped in a microenvironment that
excluded water soluble antioxidants such as vitamin C.# The LDL lipids were then exposed
to oxidative products released by the surrounding artery wall cells and oxidation of a mild
degree occurred such that the resulting LDL was so minimally modified that it’s bouyant
density, Rf, and receptor recognition were not different from native LDL.> However, this
mildly oxidized LDL, when applied to endothelial cells in culture induced the endothelial cells
to bind monocytes but not neutrophils and to produce a chemotactic factor that induced
monocyte migration.® All of the biologic activity in this mildly oxidized LDL was contained
in the polar lipids.’ The mildly oxidized LDL induced endothelial cells to express the gene
and protein for the potent macrophage differentiation factor M-CSF.¢ The mildly oxidized
LDL also induced endothelial cells and smooth muscle cells to express the gene and protein
for the potent monocyte chemoattractant - monocyte chemotactic protein-1 (MCP-1).’
Injection of the mildly oxidized LDL into mice produced an increase in blood M-CSF and
expression of JE, the mouse homologue of the MCP-1 gene.® LDL given to co-cultures of
human artery wall cells was sequestered in a microenvironment protected from aqueous
antioxidants and, when recovered from the co-cultures, induced fresh co-cultures to express
the gene and protein for MCP-1. As a result, when human monocytes were added to the co-
cultures exposed to the artery wall cell- modified LDL, they migrated into the subendothelial
space of the model system in response to the MCP-1 gradient.* All of the chemotactic
activity of the co-cultures was blocked with neutralizing antibody to MCP-1. Pretreatment of
LDL with antioxidants inhibited the ability of the co-cultures to generate the mildly oxidized
LDL. Moreover, pretreatment of the artery wall cells with antioxidants before addition of the
LDL prevented the generation of the mildly oxidized biologically active LDL.¢ However,
once the LDL had been mildly oxidized by the artery wall co-culture, adding antioxidants did
not prevent MCP-1 induction. Similarly, HDL blocked the oxidation of LDL by the co-
culture but once the LDL was oxidized by the co-culture, adding HDL did not block MCP-1
induction.* Circulating monocytes expressed little MCP-1 mRNA but when placed in
culture, they demonstrated a time dependent increase in message and protein that was also
very density dependent, suggesting that as the monocytes migrated into the artery wall at sites
of monocyte accumulation there were interactions that increased MCP-1 production and
amplified the monocyte migration.® The induction of increased mRNA levels for JE, the
mouse homologue of MCP-1, and other early response genes that were induced by the mildly
oxidized LDL were found to be due to both increased transcription and increased mRNA
stability.!® The anti-inflammatory compound, leumedin, inhibited the production of
biologically active mildly oxidized LDL by the co-culture without inhibiting conjugated diene
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formation.!! In the co-culture, the interaction of the monocytes with the aortic wall cells
resulted in a marked increase in connexin43 message and increased fibronectin production
caused by IL-1 and IL-6.2 The monocyte binding molecule induced on the surface of
endothelial cells by mildly oxidized LDL was demonstrated to be different from all known
monocyte binding molecules.’* The induction of monocyte binding but not neutrophil
binding by the mildly oxidized LDL was shown to be secondary to an elevation of cAMP
levels induced by the mildly oxidized LDL and was associated with an activation of the
transcription factor NFkB and a decrease in mRNA and protein expression of ELAM-1.14
Inbred mice placed on an atherogenic diet accumulated similar amounts of lipid in their livers
whether or not they were susceptible to develop aortic fatty streaks. However, the inbred
mice that were susceptible to develop aortic fatty streaks demonstrated higher levels of
conjugated dienes in their liver lipids than the mice that were resistant to the development of
aortic fatty streaks.!’s Associated with this higher level of conjugated dienes was an activation
of the transcription factor NFkB and the induction of inflammatory genes in the livers of the
mice susceptible to develop aortic fatty streaks, but not in the mice resistant to the
development of aortic fatty streaks.! Recombinant inbred strains derived from the parental
strains were studied and indicated that the activation of NFkB and induction of inflammatory
genes in the livers of the mice on an atherogenic diet cosegregated with the levels of
conjugated dienes in hepatic lipids and with the development of aortic fatty streaks.!¢ These
results strongly suggest that at least one major gene is involved in both the development of
oxidized lipids, the expression of inflammatory genes, and the development of aortic fatty
streaks.
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MOLECULAR BASIS FOR THE LYSINE BINDING POLYMORPHISM OF
LIPOPROTEIN(a)
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Lp(a) and plasminogen share lysine binding property!. For plasminogen this
binding function is localized in kringles 1 and 4, whereas for apo(a) the kringle (or kringles)
responsible for this function has not been unequivocally identified2. However, there is
evidence to suggest that kringle 4-37 contains the necessary structural elements for lysine

binding34. Experimental support for this prediction has come from studies in rhesus
monkeys showing that their apo(a) kringle 4-37 has a mutation associated with a lysine

binding deficient Lp(a)>. This mutation is located in the nonpolar trough of the lysine
binding pocket that comprises 7 amino acids (two anionic: aspS5, asp57; two cationic:
arg35, arg71 and three nonpolar: trp62, trp72 and phe64). According to the crystallographic
studies on plasminogen kringle 4 by Tulinsky®, trp72 plays a key role in lysine binding.
Since lysine binding is related to fibrin binding and to the antifibrinolytic potential of Lp(a),
a mutation at this level may render this lipoprotein comparatively less thrombogenicS.

Prompted by the observations in the rhesus monkey we explored the possibility that
a kringle 4-37-dependent lysine binding polymorphism may also occur in man. By using
the technique previously described’, we screened the plasma of 100 subjects selected from
the Lipid and Hypertension Clinics of the University of Chicago for lysine binding. We
found two unrelated subjects who exhibited a single apo(a) allele of approximately 120 kb, a
single high molecular weight apo(a) isoform above the position of apoB100. The Lp(a) was
defective in lysine binding and present in the plasma at concentrations below 1 mg/d! in
terms of protein. Sequence analysis of the DNA fragment coding for the lysine binding
pocket of apo(a) kringle 4-37, amplified by a technique previously developed in this
laboratory”, revealed a replacement of arg for trp in position 72 8. It is worth noting that the
two subjects had neither a personal nor a familial history of atherosclerotic cardiovascular
disease, ASCVD. They were both followed in the Clinic because of mild forms of
hyperlipidemia.

In the course of these studies we have also observed a human apo(a) kringle 4-37
mutation, met 66— thr, that occurred in about 50% of the subjects studied. This mutation,
which was outside the lysine binding pocket, did not affect the lysine binding function of
Lp(a).

The above results indicate that human apo(a) is mutable and that kringle 4-37 plays a
dominant role in the lysine binding function of apo(a) via its lysine binding pocket domain.
The results also show that sequence changes in this region can lead to changes in lysine
binding function and from the thrombogenic viewpoint probably to a "benign" form Lp(a).
The trp72— arg mutation, probably reflecting homozygosity, was present in 2% of the
subjects studied, although this frequency may not reflect that of the general population.
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Subjects with a double apo(a) allele (about 80%) and two apo(a) size isoforms exhibited a
significant inter-individual variability in Lp(a) lysine binding function. The mechanism of
this variability is under investigation by taking into account that, besides genetic
determinants, exogenous factors may influence the lysine binding of Lp(a), such as
reductive or oxidative events.

The subjects who were lysine binding defective had also low plasma levels of Lp(a)
suggesting a possible relationship between the two observations. For instance, one may
speculate that lysine binding may be an important determinant in the initial non-covalent
association step between apo(a) and apoB100. If this hypothesis were to be correct, the
apo(a) of subjects with Lp(a) lysine binding deficiency, would fail to associate with
apo B100 and be rapidly cleared from the circulation probably after hydrolysis by
proteolytic enzymes in the plasma.

Table 1 HUMAN APO(a): KRINGLES 4-37 MUTATIONS
Trp 72 = Arg Met 66 — Thr

Frequency, % 1-2 40-50

Plasma Lp(a) levels low normal to high

Lysine binding low to absent within normal range

ASCVD absent present

From the above results summarized in Table 1 it is apparent that Lp(a) is functionally
polymorphic in terms of lysine binding and that this polymorphism may affect the postulated
thrombogenic potential of Lp(a). Thus, studies aimed at assessing the role of Lp(a) in
ASCVD should take into account this functional polymorphism to complement the
information derived from measurements of plasma Lp(a) concentrations and apo(a) size

polymorphism10.

ACKNOWLEDGMENTS

The original work by the Authors cited in this review was supported by NIH-
NHLBI Program Project Grant 18577.

REFERENCES

1. AM. Scanu, and G.M. Fless, Lp(a): Lipoprotein(a): Heterogeneity and biological
relevance, J. Clin. Invest. 85:1709-1715 (1990).

2. AM. Scanu, Structural basis for the presumptive athero-thrombogenic action of Lp(a).

Facts and speculations, Biochem.Pharm. 46:1675-1680 (1993).

3. J.W. McLean, J.E. Tomlinson, W.J. Kuang, D.L. Eaton, E.Y. Chen, G.M. Fless,
A.M. Scanu, and R.M. Lawn, cDNA sequence of human apolipoprotein(a) is
homologous to plasminogen, Nature 330:132-137 (1987).

4. J., Jr. Guevara, J. Spurlino, A.Y. Jan, C-Y Yang, A. Tulinsky, B.V. Venkataram
Prasad, J.W. Gaubatz, and J.D. Morrisett, Proposed mechanisms for binding of
?{)g%) kringle type 9 to apoB100 in human lipoprotein(a), Biophys. J. 64:686-700

).

5. AM. Scanu, L.A. Miles, G.M. Fless, D. Pfaffinger, J. Eisenbart, E. Jackson, J.L.
Hoover-Plow, T. Brunck and E.F. Plow, Rhesus monkey Lp(a) binds to lysine
Sepharose and U937 monocytoid cells less efficiently than human Lp(a). Evidence
for the dominant role of Kringle 4-37, J. Clin. Invest. 91:283-291 (1993).

6. A.M. Mulichak, A. Tulinsky, and K.G. Ravichandran, Crystal and molecular structure
of human plasminogen kringle 4 refined at 1.9-A resolution, Biochemistry
30:10576-10580 (1991).

46



7. D. Pfaffinger, J. McLean and A.M. Scanu, Amplification of human apo(a) kringle 4-37
from blood lymphocytes DNA, BBActa, 1225:107-109 (1993).

8. A.M. Scanu, D. Pfaffinger, J.C. Lee, and J. Hinman, A single point mutation (Trp72-
Arg) in human apo(a) kringle 4-37 associated with a lysine binding defect in Lp(a),
BBActa in press (1994).

9. AM. Scanu, D. Pfaffinger, O. Klezovitch and C. Edelstein, Genetically-determined

polymorphism of kingle 4-37 of human apolipoprotein(a), Circulation (abstract) in
press (1994).

10.  G. Utermann, The mysteries of lipoprotein(a), Science 246:904-910 (1989).

Key words

Lp(a) polymorphism; lysine binding; apo(a) kringles; mutations.

47



TRIGLYCERIDE-RICH LIPOPROTEIN METABOLISM AND DIABETES
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INSULINEMIA IN DIABETES

The most frequent form of hyperlipidemia in diabetes is hypertriglyceridemia’.
Therefore, this paper will focus on triglyceride-rich lipoprotein metabolism. The major
metabolic effects of diabetes stem from abnormalities in insulin. Hence, the chapter
will deal with the effect of insulin on triglyceride-rich lipoprotein metabolism.

In those situations in which diabetes results from injury (surgical, immunologic,
chemical etc) to the pancreatic B-cell and in which exogenous insulin is not
administered, diabetes is associated with an absolute deficiency of insulin. However,
in the majority of patients with diabetes, the plasma levels of insulin are actually
greater than, or equivalent to those in the nondiabetic population. In those individuals
insulin resistance, the pancreas attempts to compensate by secreting more insulin. This
insulin is secreted into the hepatic portal circulation and then partially cleared by the
liver. Thus, the hyperinsulinemia that is pancreatic, or endogenous in origin is even
greater in the hepatic circulation than it is in the peripheral circulation. In contrast to
endogenous hyperinsulinemia, those who are treated with insulin have hyperinsulinemia
in which the insulin levels in the hepatic portal and the peripheral circulation have
equally elevated®. Hence, in the majority of those with diabetes, the hyperglycemia
does not merely reflect a deficiency of insulin. Rather, it reflects a deficiency of
insulin’s effect on glucose metabolism.

In light of the above considerations, a discussion of plasma triglyceride
metabolism in diabetes should be divided into an examination both of the insulin
deficiency and of hyperinsulinemia. It should be recognized that changes occurring in
association with hyperinsulinemia may or may not be a direct consequence of insulin
itself. In order to emphasize that the changes in triglyceride-rich lipoprotein
metabolism may result either from insulin of from some of the many hormonal and
metabolic alterations that accompany hyperinsulinemia, the chapter will refer to the
hyperinsulinemic state. depending on the source of insulin, the hyperinsulinemic state
can be subdivided into the endogenously and exogenously hyperinsulinemic states.
Also, depending on the duration of exposure to insulin, these may be further
subdivided into those states in which the hyperinsulinemia is chronic (for example long
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term experimental insulin administration or long term compensation for insulin
resistance in conditions such as obesity) and those in which it is acute (for example in
the immediate period after an injection or infusion of insulin).

PLASMA TRIGLYCERIDE METABOLISM IN INSULIN DEFICIENCY

Severe insulin deficient in humans (i.e. diabetic ketoacidosis) is often
accompanied by severe hypertriglyceridemia. However, both for ethical reasons and
because these individuals are not in standardized metabolic conditions it is difficult to
examine triglyceride-rich lipoprotein metabolism in depth in humans under these
conditions. Therefore, some years ago we turned to diabetic dogs in order to explore
the reasons for this hypertriglyceridemia’®. The dogs were made diabetic by
pancreatectomy. Appropriate controls were studied in order to exclude the effects of
surgical stress itself.

Changes were noted in both the production and removal of triglyceride-rich
lipoproteins in these dogs. Within the first 12 to 16 hours after insulin deprivation the
plasma levels of free fatty acids, a substrate for triglyceride production, increased and
the activity of lipoprotein lipase fell. Both the increase in plasma free fatty acids and
the decrease in lipoprotein lipase were necessary for the development of the
hypertriglyceridemia. Interestingly, after 48hrs of insulin deficiency the dogs’ plasma
triglyceride levels begin to decline. This is inspite of a continued elevation of free fatty
acid levels and a reduction of lipoprotein lipase activity. Although kinetic studies were
not done, these data imply that triglyceride-rich lipoprotein production declines after
48hrs of insulin deficiency to a rate that is less than the rate of triglyceride-rich
lipoprotein removal. They also suggest that the effects of insulin on triglyceride-rich
lipoprotein production are time dependent.

PLASMA TRIGLYCERIDE METABOLISM IN CHRONIC HYPERINSULINEMIA -
IN VIVO STUDIES

A positive relation between the plasma levels of insulin and triglyceride has long
been recognized'. Insulin is known to increase the activity of lipoprotein lipase
measured in post-heparin plasma and in biopsies of adipose tissue®. Thus, it can
increase the rate of removal of triglyceride-rich lipoproteins from the circulation.
Hence, the raised plasma concentration of triglyceride-rich lipoproteins in the
hyperinsulinemic state implies that the rate of production of these lipoproteins also
increases, and does so even more that does the rate of their removal.

In an attempt to understand the mechanisms responsible for this, plasma
triglyceride-rich lipoprotein production has been studied in humans and in animals in
the hyperinsulinemic state. These in vivo studies have generally shown that in the
chronically hyperinsulinemic state (as seen in obese humans, glucorticoid treated
humans or rats receiving insulin over two weeks), triglyceride-rich lipoprotein
production is increased®®. In rats that were given insulin chronically this increase was
seen despite a reduction in plasma free fatty acid levels. This suggested that the
increase in triglyceride production in chronic hyperinsulinemia was not dependent on
the supply of free fatty acids from the plasma and that another source, perhaps de novo
lipogenesis, might provide the free fatty acids from which the triglycerides are made.
The increase in triglyceride production in chronically hyperinsulinemic rats
supplemented with fructose was greater than that observed in chronically
hyperinsulinemic rats supplemented with an equal amount of glucose’. A very large
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proportion of fructose, in contrast to glucose, is first metabolized in the liver. This
raised the possibility that fructose served as a more efficient source of substrate or
energy for triglyceride synthesis in the chronically hyperinsulinemic state.

PLASMA TRIGLYCERIDE METABOLISM IN ACUTE HYPERINSULINEMIA - IN
VIVO STUDIES

In contrast to the chronically hyperinsulinemic state, plasma triglyceride
concentrations fall promptly in response to the acute administration of insulin'. In part
this reflects the insulin-induced increase in lipoprotein lipase activity, referred to
earlier. In addition it may reflect a change in the rate of triglyceride-rich lipoprotein
production.

Triglyceride-rich lipoprotein production decreases in response to the acute
administration of insulin (acute hyperinsulinemia) in both humans'™'' and
experimental animals'?. This response to insulin may be blunted, but not obliterated
in obesity'’, probably because of the associated insulin resistance. The reduction in
triglyceride-rich lipoprotein production during acute hyperinsulinemia is accompanied
by a reduction in plasma free fatty acid concentrations. We have studied triglyceride-
rich lipoprotein production when this insulin-induced decline in free fatty acid was
prevented by infusing oleate complexed to albumin into rats' or Intralipid and heparin
into humans® . In the rat studies, acute hyperinsulinemia increased triglyceride-rich
lipoprotein production when the fall in free fatty acid concentration was prevented. In
the human studies, the acute hyperinsulinemia-associated declined in triglyceride-rich
lipoprotein production was significantly blunted. Both of these studies suggested that
in acute hyperinsulinemia free fatty acid suppression plays an important role in the
reduced triglyceride-rich lipoprotein production seen during acute hyperinsulinemia.
The human studies suggested that some other effect, possibly a direct insulin action on
the liver, might also play a role in the
reduced triglyceride-rich lipoprotein production.

Combining the information from the studies of triglyceride-rich lipoprotein
production in the chronically hyperinsulinemic, and the acutely hyperinsulinemic states
raises the following possibility with respect to the source of the fatty acids in the
triglyceride-rich lipoprotein triglyceride. In the acutely hyperinsulinemic state the
plasma free fatty acid levels may be important and de novo lipogenesis may play little
role in determining the rate of triglyceride-rich lipoprotein triglyceride production. By
contrast, in the rat studies, in the chronically hyperinsulinemic state, plasma free fatty
acid levels fall and yet triglyceride-rich lipoprotein triglyceride production increases.
This suggests that in chronic hyperinsulinemia de novo lipogenesis may play an
important role in the production of triglyceride-rich lipoproteins. Again, as in the
studies of insulin deficiency, this would raise the possibility that the effects of insulin
on in vivo hepatic triglyceride-rich lipoprotein production are dependent on the time
period over which insulin levels are altered.

EFFECTS OF HYPERINSULINEMIA ON TRIGLYCERIDE-RICH LIPOPROTEIN
PRODUCTION - IN VIVO vs IN VITRO

For the most part, the results of studies performed in isolated hepatocytes or
HepG2 cells are consistent with the in vivo data discussed above. Several groups have
found that adding insulin directly to cultures of normal rat hepatocytes or HepG2 cells,
for periods up to approximately 16hrs, inhibits the secretion of VLDL“?. This
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inhibition may be attenuated if the cells are incubated in the presence of oleate®, or
if they are exposed to insulin for longer periods (48 to 72hrs)'®. Hepatocytes isolated
from chronically hyperinsulinemic rats were shown to produce VLDL at a rate greater
than that seen with cells from normal rats?.

We and others have noted that adding insulin directly to the medium perfusing
isolated rat livers increases the rate at which they secrete triglyceride-rich
lipoproteins®?®. Our studies showed this stimulation when the perfusate had
erythrocytes in order to permit adequate oxygen supply to the organ, and when an
adequate supply of free fatty acid was maintained”. We also found that the livers from
chronically hyperinsulinemic rats had a greater rate of triglyceride-rich lipoprotein
secretion than did livers from normal rats®. Furthermore, although the livers from the
chronically hyperinsulinemic animals were resistant to insulin, they still responded to
sufficiently high insulin concentrations with an increase in triglyceride-rich lipoprotein
secretion.

SUMMARY

These data point out the complexity of hyperinsulinemia’s effects on hepatic
triglyceride-rich lipoprotein production. The effects may be a direct response to insulin,
may be mediated by other hormonal or metabolic effects of insulin or may be
modulated by a variety of coexisting influences. The availability of free fatty acids has
already been shown to play an important role, at least in the acute response to insulin.
In the whole animal the availability of this substrate is greatly influenced by the action
of insulin at an extrahepatic site, adipose tissue.

SUBSTRATES

INSULIN

Route
Dose
Sensitivity
(organ & reaction)
Time

Fatty acids
Fructose
etc

EFFECT
QF
INSULINEMIA.

LIPOPROTEIN
PRODUCTION
1.Lipid synthesis
-FA oxid'n/esterific'n;

-Intracellular TG

COUNTER
REGULATORY
HORMONES

Glucaggn - lipolysis/esterific'n
Glucocorticoids 2.Apoprotein synthesis&
Catecholamines

proteolysis
3.Particle assembly
4.Secretion

Figure 1. A schematic representation of the multiplicity of factors that might influence the effects of
hyperinsulinemia or hypoinsulinemia on the production of triglyceride-rich lipoproteins by the liver.

Theoretically the effects of the hyperinsulinemic state may, at least in part, be
due to the actions of counter-regulatory hormones. However, the fact that the
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chronically hyperinsulinemic rats were normoglycemic and that measured levels of
glucagon were normal” suggest that this did not play a major role.

The stimulatory effect of adding insulin directly to the medium perfusing normal
livers suggests that the hormone has a direct effect to enhance triglyceride-rich
lipoprotein production. A similar conclusion would be suggested from the stimulation
of triglyceride-rich lipoprotein production seen with 48 to 72 hr exposure of
hepatocytes to insulin. By contrast, the inhibitory effect of short-term exposure of
hepatocytes to insulin, while also suggesting a direct action of the hormone, would
suggest that it has the opposite effect. Clearly these studies all raise the possibility that
the duration of exposure to altered levels of insulin may be important in determining
the type of response that will occur. The differences between the responses of whole
livers and isolated cell preparations needs to be resolved, but may reflect the
importance of the cellular architecture of the whole organ and/or the manner in which
oxygen and substrates are delivered to the liver’s cells. There are also a large number
of intracellular metabolic processes that can influence the ultimate secretion of the
mature triglyceride-rich lipoprotein. These include fatty acid synthesis, fatty acid
oxidation vs esterification, hepatic storage and lipolysis of triglyceride, apoB synthesis,
intracellular proteolysis of apoB, packaging of the triglyceride-rich lipoprotein lipids
and proteins, and secretion of the triglyceride-rich lipoprotein. Insulin already has been
shown to influence many of these, and in future may be found to influence others.
Some new facets of the multiple effects of hyperinsulinemia can be learned from each
of the models in which the effects of insulin on triglyceride-rich lipoprotein production
have been studied.
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APOLIPOPROTEIN E: PARADOXES ABOUND
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Apolipoprotein E was so dubbed two decades ago when apolipoproteins were being
named in alphabetical sequence as their properties were detailed (apo E was first
characterized as the "arginine-rich" peptide). Subsequently its properties have been
virtually completely described"?: it is a peptide composed of 299 amino acids with a
molecular weight of 34,000 daltons. It contains 22 amino acid repeats, forming
amphipathic helices. It is synthesized primarily in the liver (though it is virtually
ubiquitous in tissues, recently receiving special notoriety because of its distribution in the
central nervous system in the areas of injury, and, specifically, its concentration in the
plaques of the brains of patients with Alzheimer’s disease). It is secreted in glycosylated
form and is a constituent of all plasma lipoprotein classes (chylomicrons, very low density
lipoproteins [VLDL], intermediate density lipoproteins [IDL], and high density lipoproteins
[HDL]) except low density lipoproteins (LDL) (though traces of apo E may be found in
more buoyant LDL particles, especially in animal species other than the human). Like apo
B, it serves as a ligand for the E/B (LDL) receptor, and its binding domain has been
characterized in detail. It has also been reported to constitute the principal apolipoprotein
ligand for the apo E ("chylomicron") receptor in the liver, which has otherwise been
characterized as the lipoprotein receptor protein (LRP). The gene that codes for apo E has
been sequenced, cloned, and localized on chromosome 19 at the C 19q13.1 locus, closely
linked to the apo C-I and apo C-II genes and more remotely linked to the gene for the
LDL receptor.
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The distribution of apo E among lipoprotein classes in human plasma varies as a
function of the relative concentrations of triglyceride (TG) - rich lipoproteins (VLDL and
IDL) vs. HDL (more in VLDL and less in HDL in hypertriglyceridemic states).**
Furthermore, while total plasma apo E levels do not change following oral fat ingestion,
during alimentary lipemia a portion of HDL-apo E migrates to the surface of plasma
chylomicrons (after their entry to the plasma compartment from the thoracic duct). Its
activity vis-a-vis the apo E receptor (LRP) is such that its addition together with
cholesterol enriched beta-VLDL to media containing hepatocytes increases LRP expression
(in contrast to the effect of apo C, especially C-III, which decreases LRP expression).®’
It is hypothesized that in the course of chylomicron remnant removal (predominantly above
S400 and virtually complete by S60) apo E facilitates hepatic uptake of such cholesterol-
rich remnants, serving in turn to down-regulate HMG CoA reductase (and hepatic
cholesterol synthesis) and the LDL receptor.! As such apo E plays a central role in the
mechanism whereby VLDL-IDL-LDL cholesterol concentrations are reciprocally (albeit
imperfectly) regulated by dietary cholesterol intake in the human. Apo E (relative to C-
IIT) also appears to be a key factor regulating hepatic uptake of endogenous TG-rich
lipoproteins': at the larger, more buoyant, TG-rich end of the S400-12 spectrum, the
concentration of the C-apoproteins (and notably C-III) is highest relative to apo E, and
hepatic uptake is minimal; as TG is progressively hydrolyzed (principally via lipoprotein
lipase [LPL] - apo C-II at the upper end of the cascade and hepatic triglyceride lipase
[HTGL] at the lower end), the apo C’s are lost to HDL, apo E percent concentration
increases, and the E/C-III ratio rises dramatically. This facilitates hepatic uptake of E-
containing VLDL and IDL remnants via the B/E receptor (for which apo E is a more
powerful ligand than apo B). Particles lacking apo E proceed to the S;12-0 range of LDL,
where they may be removed by the LDL receptor as a function of their apo B content.
Particles not removed from plasma via these high affinity, receptor-mediated pathways
may be removed via low affinity, non-regulated, "scavenger" mechanisms, notably by
macrophages that can become cholesterol-laden and incorporated into arterial wall
atherosclerotic plaques. The latter outcome seems to be favored when lipoprotein remnant
or LDL plasma transit time is prolonged and/or LDL is modified as by oxidation of its
phospholipid moieties. As with chylomicron remnant uptake, efficient, apo-E facilitated
hepatic uptake of endogenous VLDL-IDL lipoprotein remnants (ca. S;100-12) serves to
downregulate the LDL receptor and HMG CoA reductase (and endogenous cholesterol
synthesis) as a function of intra-hepatic unesterified cholesterol pool size. This pool
appears to be tightly regulated in the human. An excess of hepatic unesterified cholesterol
is prevented via five coordinately regulated mechanisms: the aforementioned
downregulations of endogenous hepatic cholesterol synthesis via HMG CoA reductase and
of the LDL receptor, enhanced cholesterol esterification (to cholesterol oleate) via hepatic
acylcholesterol acyltransference (ACAT), secretion of hepatic cholesterol into nascent

VLDL, and biliary excretion (directly or after conversion to bile acids via 7-OH
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hydroxylase). Cholesterol delivered to the liver at the VLDL-IDL stage in this cascade
process represents a mixture of that remaining following VLDL-TG lipolysis and that
delivered from HDL via the cholesterol ester transfer protein (CETP). Studies in this
laboratory have identified a zone of narrow density range (and S; distribution) within IDL
characterized by a dramatic per particle increase in cholesterol content co-incident with a
reciprocal decrease in TG (termed the "lipid transfer zone").! Missing from this
comprehensive scheme of the role of apo E in the regulation of human lipoprotein
metabolism is one additional potential point of control: intestinal cholesterol absorption,
which has been reported to be modulated by apo E (see below).

THE ROLES OF APOLIPOPROTEIN E ISOFORMS UNIQUE TO THE
REGULATION OF HUMAN LIPOPROTEIN METABOLISM

Thus far reported only in the human, apolipoprotein E exists in three common
polymorphisms determined by three alleles at a single locus.!?® These vary in
composition and charge by arginine-cysteine substitutions at amino acids #112, 145, and
158: a cys for arg substitution at 112 confers the lowest isoelectric point (apo E,), a cys
for arg at 145 results in an isoform of intermediate charge (apo E;), and an arginine at all
three positions confers the highest net charge (apo E,) (other, rarer variants are also being
reported in increasing numbers, but only a few appear to have physiological significance,
and those will not be discussed further here'). The phenotype of a given individual is co-
dominantly inherited in autosomal fashion.® Thus there are six common phenotypes which
vary relatively broadly among populations. In general, however, the commonest gene, ¢,
is most prevalent and hence the "wild type", while ¢, is of intermediate frequency and e,
is of slightly lower prevalence. In a United States population of 168 subjects’ studied
these alleles were distributed as ca. 9% ¢,, 77% e;, and 14% ¢, giving rise to six
phenotypes, with frequencies as follows (1): E,,2.4%, E;,, 10.1%, E,,4.2%, E;; 61.3%,
E,; 20.8%, and E;, 1.1%. That these various apo E phenotypes exert significant
metabolic impact is suggested by their associated mean total plasma and, especially, LDL
cholesterol concentrations, which are inversely related to "phenotype score" (E,, having
the lowest and E,, having the highest associated mean levels'). As such the gene coding
for apo E phenotype represents the most potent genetic determinant of population plasma
cholesterol concentrations reported to date.’ Not surprisingly, the gradient of LDL
cholesterol levels determined by apo E phenotype is paralleled by the gradient in associated
coronary disease prevalence, be it clinically overt, disclosed at angiography, or in persons
with silent ischemia detected by treadmill testing and thallium-scintigraphy.?

The charge characteristics of the three principal apo E isoforms appear to relate
importantly to its distribution among lipoproteins and metabolic functions. For example,
treatment of apo E, with cysteamine causes a redistribution of apo E from HDL (where
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much is complexed with A-II) to VLDL.? These charge differentials also appear to affect
profoundly the binding affinity of the apo E ligand: apo E, is poorly bound to the B/E
receptor (displacing *"I-LDL with low efficiency), as opposed to the high affinity of
DMPC complexes containing either E; or E, for the B/E receptor in fibroblast systems.
Once again, treatment of apo E, with cysteamine largely overcomes this poor binding
affinity. A similar relative affinity for the apo E/LRP/"chylomicron remnant" receptor
appears to prevail: E, is bound little if at all to the LRP when added to test systems
together with beta-VLDL, while E; and E, promote expression of the LRP in such
systems.

THE PARADOXES OF APO E

Synthesis of the above information produces a paradox that demands explanation: if
apo E, is recognized poorly if at all by both the chylomicron and B/E receptors, why do
individuals of the E,, phenotype have the lowest LDL concentrations? A potential
resolution to this paradox has been offered by hypothesizing that diminished chylomicron
and VLDL remnant hepatic cholesterol uptake upregulates the LDL receptor, leading to
enhanced LDL clearance via the apo B ligand. If such were the case, one would also
predict upregulation of HMG CoA reductase in those of the E,, phenotype. As such this
hypothesis is consistent with the report of highest endogenous hepatic cholesterol
biosynthesis in those of the apo E,, phenotype, intermediate in those of E;/;, and lowest
in those with E,, or E, ; phenotype.'® (However, such compensatory enhanced cholesterol
biosynthesis would have to be incomplete; otherwise there would be no net reduction in
LDL levels.) Also consistent with this schema has been the reported direct correlation
between apo E phenotype “score" and the LDL apo B concentration
(E,n<23<2s=33<34<4s) and its inverse correlation with the fractional catabolic rate
(FCR) of LDL. Also consistent with this hypothesis is the inverse relationship between
the plasma concentrations of apo E and apo B across apo E phenotype scores: apo E
levels are highest and apo B levels lowest in those with the apo E,, phenotype'; at the
opposite extreme, those with apo E,, have the lowest total plasma apo E and the highest
apo B concentrations (these distributions are coupled with'the predicted distributions of
VLDL and LDL: those of E,, phenotype have the highest VLDL-TG and the lowest
LDL-cholesterol levels, while those of E,,, demonstrate the opposite pattern). However,
this rationale would not be sufficient to explain all observations unless an additional
mechanism were postulated, one that either reduced chylomicron remnant cholesterol flux
or removed chylomicron remnant cholesterol via an alternative pathway that did not
increase the hepatic unesterified cholesterol concentration. One proposed such explanation
has been an inverse correlation between apo E phenotype score and fractional dietary
intestinal absorption'"'>"3, those of the E,;, phenotype having been reported to exhibit the
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lowest and those of E,, phenotype the highest percentage intestinal cholesterol absorption.
But could such an explanation, supported by preliminary but not widely confirmed data,
explain the entire gradient of LDL cholesterol concentrations across the gradient of apo
E phenotype "scores"? Thus it has been deduced that the apo E phenotype must also be
associated with enhanced hepatic cholesterol excretion, specifically via the biliary tract as
cholesterol and/or after conversion to bile acids.”® However, to date only preliminary
evidence in support of this hypothesis has been reported.'®"* So must one search for yet
another alternative? Perhaps enhanced chylomicron (and VLDL) remnant removal via an
extrahepatic mechanism? Via alternative hepatic mechanism(s)? Driven by further
enhanced biliary cholesterol/bile acid excretion?

Yet another series of observations must also be reconciled with this schema, and here
a second paradox emerges. Whereas the vast majority of persons of the apo E,,
phenotype are among those with the lowest plasma cholesterol concentrations, a subset (ca.
1% of those with the E,, phenotype or 1 in 10,000 of the population at large) have among
the very highest cholesterol concentrations.' These are individuals with the so-called type
III hyperlipidemia (otherwise named dysbetalipoproteinemia, broad beta disease, or, the
term coined Gofman in his original description, xanthoma tuberosum). Such persons are
at extraordinary risk to premature atherosclerosis of both coronary and peripheral arteries.
They have severe elevations of VLDL and, especially, IDL, both unusually enriched in
cholesterol and apo E, and of slow, beta electrophoretic migration, while at the same time
their LDL levels are depressed. Thus, the co-inheritance of an additional genetic cause
of hyperlipoproteinemia and/or additional influences of diet and hormones appear to
convert those at lowest risk of hypercholesterolemia and associated atherosclerosis to
among those at highest risk. In our experience this has almost invariably represented the
coincidence of the apo E,, phenotype with familial combined hyperlipidemia (FCHL,
probably equivalent to hyperapobetalipoproteinemia, with uncertain and no doubt variable
overlap with familial dyslipidemic hypertension). This association was most evident in the
largest kindred with type III hyperlipidemia reported to date.'* The pedigree of this family
was equally overrepresented by those with type III hyperlipidemia and those with other
abnormal lipoprotein phenotypes, specifically with the various combinations of elevated
VLDL, LDL or both (i.e., meeting the criteria for FCHL), type III resulting when the E,,
phenotype was present in a hyperlipidemic member and FCHL (in a II or IV lipoprotein
pattern) when hyperlipidemia occurred in a member without the E,, phenotype. The
fundamental basis of FCHL remains conjectural, but apo B overproduction (and secretion
as VLDL) with resulting high plasma apo B concentrations appears to be a metabolic
hallmark of the disorder. But why would high apo B flux convert those with the lowest
LDL levels (non-hyperlipidemic persons of the E,, phenotype) to those with the highest
VLDL-cholesterol levels (those with type III hyperlipidemia)? Of note, both
normolipidemic and hyperlipidemic (type III) individuals of the E,, phenotype have
depressed LDL levels. Thus, while a metabolic explanation for this second paradox
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remains obscure, it is evident that a pathway of direct VLDL-IDL clearance without
throughput to LDL must be hypothesized. This putative pathway must selectively
recognize the E, ligand and be of high efficiency yet limited capacity, resulting in the
accumulation of abnormal, cholesterol-enriched, atherogenic beta-VLDL when it becomes
saturated in circumstances of high VLDL apo-B flux, as in FCHL.

CAN A PARADOX RESOLVE A PARADOX?

And here a third paradox emerges. However, this one may offer promise of
resolving the metabolic puzzle of apo E. This is the paradoxical hypolipemic response of
persons with type III hyperlipidemia to estrogen."” It is well established that estrogen
(usually given as hormone replacement therapy to post-menopausal women) increases
VLDL-TG and apo B synthesis and secretion. Thus we approached estrogen replacement
requested by a woman with type III with great caution, hospitalizing her on a metabolic
ward on a fat-free diet for a trial of such therapy to avoid the risk of chylomicronemic
pancreatitis that might occur should the severely increased hypertriglyceridemia that we
predicted have ensued. However, instead she demonstrated a paradoxical hypolipidemic
response, with profound reductions in TG, cholesterol, and beta-VLDL. This response,
subsequently confirmed repeatedly in our and other laboratories, suggests that estrogen
selectively promotes removal of VLDL by a pathway not requiring E, and which may
indeed preferably recognize E, (and predictably > E; > E,) or at least represent the
preferred removal pathway of remnants lacking E; or E,.

Beyond the description of the profound, paradoxical hypolipidemic effect of estrogen
in apo E,, subjects with type III hyperlipidemia (who had co-inherited FCHL) and the
qualitatively similar (but quantitatively less profound) response of those with FCHL (and
other apo E phenotypes than E,,) to estrogen replacement (unpublished) is the observation
by Applebaum-Bowden et al. of a major reduction in total plasma apo E concentrations
in postmenopausal, normolipidemic women treated with ethinyl estradiol (1 mcg/kg/day)
in a controlled clinical investigation during constant dietary intake.'® This disclosed a ca.
35% reduction in plasma apo E concentrations, the only intervention described to date to
demonstrate such a reduction. Moreover, pilot studies of the distribution of apo E
(measured by radioimmunoassay) in lipoproteins of one subject before and during estrogen
replacement (Figure 1) demonstrated a shift in distribution of apo E from HDL to VLDL-
IDL (while TG levels and VLDL apo B concentrations also increased). Thus it appears
likely that estrogen may affect the affinity of VLDL for apo E and perhaps thereby
enhance clearance of VLDL-IDL via the enriched apo E content of such lipoproteins. This
hypothesis is consistent with the important work of Walsh et al."” demonstrating that
estrogen replacement in postmenopausal women is associated simultaneously with both
increased synthesis and secretion of large VLDL and also enhanced clearance of those
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ELUTED VOLUME, ml

CHOLESTEROL, ug/mi (0——0 )
APO E, pg/mi (o—e)

ELUTION VOLUME, ml
Figure 1: Apolipoprotein E distribution across VLDL, IDL, LDL, and HDL (with increasing eluted volume,

respectively) in a postmenopausal woman before and during supplementation with ethinyl estradiol (1 ug/kg/d),

demonstrating the selective reduction in HDL apo-E with estrogen.

endogenous particles (presumably by the liver), with diminished conversion to denser
VLDL (S;60-20), IDL and LDL. Thus apo E (of unspecified phenotype in the Walsh et
al. studies ) concentrated in these VLDL may increase their uptake and prevent their
further progress down the catabolic cascade through IDL and LDL. In this sense estrogen
may exaggerate the effects of apo E phenotype (and vice versa), which have demonstrated
reduced conversion of VLDL remnants to LDL in subjects of apo E,, than E,;;, which in
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turn show less conversion than in subjects of E,, status.”® Other unpublished studies from
our laboratory (as well as those reported by others'’) have demonstrated enhanced LDL
clearance in subjects treated with supplemental exogenous estrogen. Thus it may well be
that estrogen enhances LDL receptor activity primarily by promoting hepatic uptake of
both chylomicron remnants'® and larger VLDL when they contain E; or E,. However, as
noted above, such uptake must not result in an expanded hepatic unesterified cholesterol
pool but if anything should have the opposite effect (perhaps via enhanced cholesterol
secretion directly or after conversion to bile acids) so that LDL receptor activity is also
upregulated. Estrogen also profoundly decreases HTGL activity”’; this may explain the
TG-rich nature of IDL and, indeed, LDL (and HDL) in women treated with estrogen, and,
furthermore, the reduced reverse cholesterol transport evident across the "lipid transfer
zone" in women treated with supplemental hormone estrogen replacement therapy.?

Thus one must deduce that estrogen facilitates removal of chylomicron remnants and
VLDL cholesterol as well as IDL and LDL cholesterol via multiple mechanisms, several
of which are dependent upon recognition of apo E by the liver and, by extrapolation,
enhanced hepatic throughput and biliary excretion of that cholesterol thus removed
(otherwise LDL receptors would have been turned off by the enhanced cholesterol uptake,
as would endogenous hepatic biosynthesis). However, this remains a speculation and must
be tested in direct metabolic experiments.

Finally, as noted above, one must also deduce facilitated recognition of apo E,,
chylomicron and VLDL remnants via a mechanism (as yet to be delineated) not absolutely
dependent on E; or E, and perhaps relatively favorable to the E, ligand. That estrogen
(and most likely fibric acid derivatives) should facilitate such uptake may be hypothesized
because of the extraordinary vulnerability of apo E,, subjects to hepatic apo B
overproduction, notably when FCHL is co-inherited, and their extraordinary response to
these agents (without, obviously, a change in their apo E phenotype). But what is this
pathway? Perhaps remarkably, even speculation as to its existence has not previously
appeared in the literature.

Thus significant enigmatic components remain as to the regulatory role of apo E in
human lipoprotein metabolism. Perhaps most exciting, however, has been the apparent
relevance of apo E (and associated cellular cholesterol transport?) to structure and function
in the central nervous system. Apo E is secreted by macrophages', and such secretion
may be critical in the regulation of cholesterol flux and associated cellular processes in
micro environments. One of these of special interest is the central nervous system,
specifically in those at risk to Alzheimer’s disease. Following the startling report by
Roses and Strittmatter recently several laboratories have reported an increased prevalence
of Alzheimer’s disease in those with the ¢, allele (and they have suggested reduced
vulnerability in those of apo E, and E, phenotypes) (reviewed in %'). Pursuing this now
widely confirmed observation at the cellular level, investigators have recently reported
profound alterations in the morphology of the neuronal response to damage depending on



the form of apo E in the medium of such cells grown in culture?: apo E, (co-incubated
with rabbit beta-VLDL as a source of cholesterol) causes neuronal sprouting in a
constrained pattern, whereas apo E; promotes longer, less entangled dendritic growth.
Therefore present research is focusing upon extra-vascular and specifically neural tissue
responses to apo E mediation of the cellular reparative response to injurious stimuli, apo
E phenotype in the human appearing to play a major, differential role in the nature and
outcome of that response and in turn one’s vulnerability to one of the most devastating
diseases of old age.
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The development of coronary artery disease (CAD) results from the interplay of
a variety of genetic and environmental factors. A number of risk factors for CAD have
been described including elevated plasma levels of total cholesterol and its major carrier,
low density lipoprotein (LDL), a low level of high density lipoprotein (HDL),
hypertension, cigarette smoking, obesity, diabetes mellitus, physical inactivity and a diet
high in total fat, saturated fat and cholesterol (1). Whether a high level of plasma
triglyceride and its major carrier, very low density lipoprotein (VLDL) is an independent
risk factor for CAD in controversial, but many patients with CAD have
hypertriglyceridemia (2). However, all of these risk factors in aggregate account for only
about 50 percent of the risk for developing CAD (3).

Disorders of lipid metabolism, namely, familial hypercholesterolemia (FH), familial
combined hyperlipidemia (FCHL) and familial hypertriglyceridemia (FHTG) have been
found in about 20 percent of families with premature CAD (4). However, the genetic and
biochemical bases of these lipid disorders has only been elucidated in FH, namely, the
molecular defects in the LDL receptor described by Brown, Goldstein and co-workers (5).
Thus, the fundamental defect in premature CAD has been elucidated in only about five
percent of the families.

There has been an interest in whether the plasma apolipoproteins may provide
additional information about risk of CAD, namely, the major apolipoprotein of VLDL and
LDL, apoB, and the major apolipoprotein of HDL, namely, apoAl. In many but not all
studies, apoB appears to predict CAD better than LDL cholesterol and apoAl better than
HDL cholesterol (6). In premature CAD, apoB appears the best lipid risk factor
discriminator in women, while apoA1 appears the best lipid discriminator in men (6). The
distribution of plasma apoB in women with a premature CAD appears bimodal while it
is markedly skewed to the right in men, suggesting the influence of a major gene (6).

In 1980, Sniderman, Kwiterovich and co-workers (7) found that a number of
patients with angiographically documented CAD had an elevated plasma LDL apoB level
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(>_ 120 mg/dl), in the presence of normal or borderline high LDL cholesterol levels (130-
160 mg/dl). This disproportionate increase in the LDL apoB level, compared with the
LDL cholesterol level, was termed hyperapobetalipoproteinemia (hyperapoB). The
phenotype of hyperapoB was subsequently shown to be due to an increased number of
small, dense LDL particles, that were depleted in core cholesteryl ester and relatively
enriched in apoB, providing a low ratio of LDL cholesterol to apoB (i.e. < 1.2) in plasma
(8). Patients with hyperapoB may be normotrigly-ceridemic or hypertriglyceridemic,
depending upon whether the increased number of small, dense LDL particles is
accompanied by a normal VLDL or an elevated VLDL level (2,8,9). About one-third of
patients with premature CAD were found to have hyperapoB (2).

The increased numbers of small, dense LDL particles in hyperapoB results from
the overproduction of VLDL apoB in liver (10) (Fig. 1). With increased VLDL
overproduction, there appears to be an increased transfer of core triglyceride from VLDL
to LDL in exchange for cholesteryl ester from LDL to VLDL (11). The triglyceride in
the cholesteryl ester - depleted LDL is hydrolyzed by lipoprotein lipase (LPL), producing
a small, dense LDL particle. Both in vivo (10) and in vitro (12) studies indicate that the
LDL receptor activity is normal in hyperapoB. However, the removal of small, dense
LDL is slower than that of normal sized LDL in both normal and hyperapoB patients
(10). Teng et al (13), using a monoclonal antibody to that portion of apoB recognized by
the LDL receptor, showed that the immunochemical reactivity of this antibody to small,
dense LDL was less than that of normal LDL, indicating that apoB polypeptide was
oriented differently on the surface of small, dense LDL, potentially interfering with its
affinity for the LDL receptor. In addition to the overproduction of VLDL particles in
hyperapoB, there appears to be a delayed clearance of postprandial triglyceride-enriched
lipoproteins in this disorder (Fig. 1) (14).

Figure 1. Schematic diagram of hypothetical pathways that may be involved in the pathogenesis of
hyperapoB and FCHL. TG - triglyceride; FFA - free fatty acids; CE - cholesteryl esters; PL -
phospholipids; LPL - lipoprotein lipase; LCAT - lecithin cholesterol acyl transferase; HTL - hepatic trigly-
ceride lipase; BP - serum basic proteins; ASP - acylation stimulatory protein. Reproduced with permission

(15).

Patients with FCHL also have been shown to have small, dense LDL particles and
increased VLDL overproduction (reviewed in 15). Thus, hyperapoB and FCHL appear
to be “metabolic cousins”.  The phenotype of hyperapoB is present in some families
with FCHL. Patients with hyperapoB may also have hypertension, obesity, diabetes and
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a low level of HDL cholesterol (2). Thus, there also appears to be a overlap of
hyperapoB with familial dyslipidemic hypertension, LDL subclass pattern B and syndrome
X (15). HyperapoB is often familial and was found in one-third of the children of
patients with premature CAD and hyperapoB (16). HyperapoB may be due to a influence
of a major gene but the precise genetic basis for hyperapoB, FCHL and related syndromes
has not been elucidated (15). Nine candidate genes have been proposed for hyperapoB
and FCHL (15) (Table 1). Recent evidence indicates that the

APOB gene (15) and the lipoprotein lipase gene (17), are not common causes of
hyperapoB and FCHL. The possible roles of the other genes have recently been reviewed
in detail (15); the focus here will be upon studies related to the serum basic proteins (BP)
and the putative BP receptor (Fig. 1).

Table 1. Candidate genes for fundamental defects in hyperapoB and FCHL.

APOB

Trans DNA binding protein for APOB.
Lipoprotein lipase gene.

APOC-III

APOA-IV

ATHS on chromosome 19.

INSR gene for insulin receptor.

Gene for putative “basic protein receptor”.
Gene(s) for serum basic proteins.

R A ol

Modified after reference 15.

Abnormalities in removal of postprandial triglyceride-enriched lipoproteins in
hyperapoB patients appeared, in preliminary studies, to be accompanied by an abnormal
increase in the levels of postprandial free fatty acids (11). This lead was followed by in
vitro studies in which the incorporation of [“C] oleate and [*H] palmitate into
triglycerides in fibroblasts and adipocytes from hyperapoB patients were found to be
decreased by about 50 percent compared with normal cells (15). Since these experiments
were performed in the presence of lipoprotein-deficient serum, a partially purified plasma
fraction that promoted acylation stimulatory activity was next isolated from human serum
by Cianflone and co-workers (18). Cianflone et al (19) then isolated a small basic protein
(called acylation stimulatory protein, or ASP) from normal human serum. ASP was
shown to approximately double the incorporation of oleate into triglyceride in normal
cultured human fibroblasts, an effect that was decreased by half in hyperapoB fibroblasts
(20). Cianflone and co-workers (20) also found evidence for deficient binding of ' ASP
to hyperapoB fibroblasts, which was accompanied by a proportional decrease in the
stimulation of triglyceride formation. The apparent binding constant (K,) was normal, but
the specific binding of ASP was decreased by about 50 percent, indicating that the mutant
cells manifested half the normal number of ASP binding sites. More recently, evidence
has been put forward that ASP has homology to C,, desarg (21). Adipsin, an enzyme in
adipocytes involved in the proteolytic cleavage of the third component of complement,
leads to the generation of C,, desarg. Thus, this biochemical pathway system may be of
importance in the pathophysiology of hyperapoB.

Work from our laboratory has focused on the isolation, characterization and
pathophysiologic effects of three serum basic proteins (BP), isolated from normal human
serum and termed BP I (Mr 14,000, pI 9.10), BP II (Mr 27,500, pl 8.48), and BP III (Mr
55,000, pI 8.73) (22). These basic proteins differ significantly in their amino acid
compositions (22,23). BP I appears to be the same protein as ASP (22). BP II and BP
111 appear different from ASP and other lipid carrier proteins (22,23). BP I, BP II and
BP III all stimulate the incorporation of '*C oleate in lipid esters in normal fibroblasts, an
effect that was time and concentration dependent (22,23).
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We have found that BP I doubled the mass of cell triglyceride in normal human

fibroblasts, and that there is 50 percent decrease in such stimulation of triglyceride
synthesis by BP I in hyperapoB fibroblasts (24). In distinct contrast, BP II stimulated
abnormally the formation of cholesteryl ester mass (an average of six fold) in hyperapoB
cells. No abnormalities in hyperapoB fibroblasts were observed with BP III.
Both our work and that from the Montreal laboratory indicated that the effect(s) of the
basic proteins appeared to involve a high affinity mechanism (18-24). We next asked the
question whether the effects of BP I and BP II may be modulated via second messenger
pathways.

We first examined whether the effects of BP I and BP II were blocked by H-7
(1-C5-isoquinoline-sulfonyl)-2-methyl piperozine dihydrochloride), an inhibitor of protein
kinase C. In normal fibroblasts, the stimulatory effect of BP I upon [“C] oleate
incorporation into triglyceride was decreased significantly by H-7 in a concentration
dependent fashion (Fig. 2, top) (24). Similar observations were made in the hyperapoB
cells. For BP II, we found in normal cells that H-7 inhibited the incorporation of 'C
oleic acid into cell cholesteryl esters. The abnormal stimulatory effect of BP II on
cholesteryl ester formation in hyperapoB cells was actually stimulated at the lower
concentration of H-7, but inhibited at higher concentrations, suggesting
that protein kinase C was also involved in modulating the effect of BP II (Fig. 2, bottom)
(24).

Figure 2. Effect of BP I (top) and BP II (bottom) on the stimulation of the rate of incorporation of "C
oleate into cell triglyceride and cholesteryl esters, respectively, in the absence (black bar) or presence of
10 umol/L (white bar) or 100 umol/L (cross-hatched bar) of H-7, an inhibitor of protein kinase C (24).
Normal fibroblasts are on the left, and hyperapoB fibroblasts on the right. Reproduced with permission
(24).

We next stimulated protein kinase C, using C:8, an analogue of diacylglycerol,
which activates protein kinase C (Fig. 3). When normal cells were incubated in F-12
without basic proteins, C:8 stimulated ["“C] oleate incorporation into triglyceride
approximately five fold over baseline; BP I doubled this effect in both control and C:8
treated normal cells (Fig. 3, top) (24). In the hyperapoB cells, the addition of C:8 to F-12
medium alone stimulated triglyceride formation seven fold; when BP I was added to C:8
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in the hyperapoB cells, there was much less additional stimulatory effect of BP I than
occurred in normal cells (Fig. 3, top) (24). These results together suggested that the
intracellular component of the phosphatidylinositol pathway is normal in hyperapoB cells,
and confirm further their cellular defect in the normal response to BP 1.

Figure 3. Effect of C:8, an analogue of diacylglycerol, in the absence (-) or presence (+) of BP I (top) and
BP II (bottom), on the stimulation of the rate of incorporation of '“C oleate into cell triglyceride and
cholesteryl esters, respectively (24). Normal fibroblasts are on the left and hyperapoB fibroblasts are on
the right. Reproduced with permission (24).

In normal cells, BP II stimulated ['*C] oleate incorporation into cholesteryl esters
a small amount; the addition of C:8 to either F-12 or BP II containing medium did not
stimulate cholesteryl ester formation (Fig. 3, bottom) (24). In hyperapoB cells, the greater
stimulation of cholesteryl ester formation with BP II was accentuated markedly by C:8,
suggesting that the abnormal response of hyperapoB cells to BP II may be modulated by
this pathway.

Genistein, a highly specific inhibitor of protein tyrosine kinase (25), was used to
determine if the effects of the serum basic proteins (BP I, BP II) were mediated through
tyrosine phosphorylation, and if there was a deficiency in such a process in hyperapoB
fibroblasts. Cells from 8 hyperapoB subjects (6 unrelated kindreds) and 6 normals were
incubated for 24 hr in lipid-free medium, at which time medium containing oleate:albumin
alone (control), or BP I or BP II (6 pg/ml medium) + genistein (25 pg/ml medium) were
added for 6 hr. The effect of genistein was time (6 hr max) and concentration (25 ug/ml
medium, nadir) dependent (26). The mass of lipid (ug/mg cell protein) in the control +
genistein was subtracted from that with BP + genistein.

The stimulation of the mass of triglyceride (mean+SEM) in normal cells
(60.0+6.8)with BP I was significantly reduced in hyperapoB cells (29.1+6.0) (p=.02);
genistein inhibited the effect of BP I on mass of triglyceride (34.2+4.8) (p=.008) in
normal cells, but did not affect the mass of triglyceride in hyperapoB cells (33.343.3)
(26). BP II abnormally stimulated the mass of unesterified cholesterol (16.6+2.3)
(p=.003) in hyperapoB cells, an effect that was inhibited by genistein (1.87+1.5) (p=.006)
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(26). In distinct contrast, genistein + BP II markedly stimulated the mass of cholesteryl
esters (from 2.8+1.3 to 28.3+4.9) (p=.007) in normal cells, but inhibited the mass of
cholesteryl esters in hyperapoB cells (from 6.8+2.5 without genistein to -0.24+2.4 with
genistein) (p=.07). This “crossover” effect of genistein + BP II produced about a 30 fold
difference in mass of cholesteryl esters between normal and hyperapoB cells. Tyrosine
kinase phosphorylation mediates the effect of BP I and BP II in normal cells, and appears
deficient in hyperapoB cells.

SUMMARY

The normal effect of BP 1 and BP II appears to require tyrosine kinase
phosphorylation; however, it is not known whether this action is at a transmembrane
tyrosine kinase receptor, or a non-receptor, membrane associated tyrosine kinase molecule,
or at another post-receptor site. The PKC second messenger pathway appears to be
involved in the action of BP I and BP II, but is normal in hyperapoB cells. The
fundamental defect in hyperapoB cells may reside in a cell surface molecule, perhaps a
transmembrane tyrosine kinase receptor. Upon activation, such a tyrosine Kinase receptor

may also phosphorylate other proteins, such as phospholipase C (PLC), y-1, one of
several PLC isoforms that cleaves phosphatidyl inositol 4,5 biphosphate (PIP,) to second

messengers, diacylglycerol and inositol triphosphate which in turn stimulate protein
kinase C (27). Definitive answers to these questions await the identification and isolation
of the putative receptor for the serum basic proteins.
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THE ROLE OF HDL RECEPTORS IN REMOVAL OF

CELLULAR CHOLESTEROL
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The ability of HDL to protect against atherogenesis may be related to its role in
"reverse cholesterol transport", a pathway by which cholesterol is transported from
peripheral cells to the liver for excretion from the body. The first step of this pathway,
the removal of cholesterol from cells, may be mediated by binding of HDL to a
specific cell-surface receptor. Through this receptor interaction, HDL may continually
deplete peripheral cells of excess cholesterol, thereby preventing the buildup of
cholesterol in artery wall cells that is an early feature of the developing atherosclerotic
lesion.

Cellular Cholesterol Excretory Pathways

Cholesterol is essential for cell growth and viability, largely because of its role as
a structural component of membranes. Accumulation of excess cellular cholesterol,
however, can be detrimental to cells and promote atherogenesis in the artery wall.
Thus, cells have developed several regulated pathways to maintain their cholesterol
content within narrow limits." When cells ingest more cholesterol than is required for
membrane synthesis, the excess cholesterol is either converted to cholesteryl esters and
stored as lipid droplets in the cytoplasm or it is excreted from cells to HDL particles.

At least two independent processes contribute to cholesterol excretion from cells
to HDL. Plasma membrane cholesterol can desorb from the cell surface, diffuse
through the aqueous layer surrounding the cell, and be sequestered by the phos-
pholipid layer on the surface of HDL particles.> The second process involves the
direct interaction of HDL apolipoproteins with cell-surface binding sites.** This
interaction facilitates excretion of select pools of excess cholesterol that are accessible
to esterification by the enzyme acyl CoA:cholesteryl acyltransferase (ACAT). This
latter process appears to have an active component involving intracellular signals that
modulate cholesterol trafficking between intracellular compartments and the plasma
membrane. >
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The HDL Receptor Hypothesis

The findings that HDL actively stimulates excretion of select pools of cellular
cholesterol raise the possibility that HDL apolipoproteins are interacting with cell-
surface receptors. Cell culture studies have shown that HDL interacts with specific,
high-affinity binding sites on the cell surface that are upregulated in response to
cholesterol loading of cells, consistent with the idea that these sites function as
receptors that rid cells of excess cholesterol. The interaction of HDL apolipoproteins
with these high-affinity binding sites elicits signals involving formation of diacylglycerol
and activation of protein kinase C.>® These signals stimulate translocation of excess
cholesterol from cellular pools that are accessible to ACAT to cell-surface domains
that are accessible to HDL apolipoproteins (Figure 1). The apolipoprotein particles
readily pick up the translocated cholesterol and remove it from the cell. Thus, the
HDL receptor functions to communicate to cells that appropriate sterol acceptors are
present at the cell surface, and cholesterol is diverted from intracellular storage sites
into an excretory pathway.

Receptor Binding @
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/"M—\UC\ Plasma
\ Membrane,
~—
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<
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Figure 1. Model for the cellular HDL receptor pathway. Abbreviations: Apo Al, apolipoprotein Al UC,
unesterified cholesterol; CE, cholesteryl csters.

The relative activity of the HDL receptor pathway is highly dependent upon the
growth state and cholesterol status of cells. When cells are proliferating, they require
cholesterol for continual synthesis of membranes, and the number of HDL receptors
on the cell surface is relatively low.” When cells are growth-arrested, such as highly
differentiated cells, less cholesterol is required for membrane synthesis and the
number of HDL receptors per cell is higher than that for proliferating cells. When
these growth-arrested cells are overloaded with cholesterol, there is a marked increase
in the number of cell-surface receptors.”'' Thus, the HDL receptor pathway is
regulated in response to the cell’s need to excrete excess cholesterol.

The "Microdomain" HDL Receptor Model

Although the physical and metabolic properties of HDL receptors are unknown,
a plausible model is that the receptors are components of plasma membrane
microdomains with a highly ordered composition of protein, cholesterol, and
phospholipids. These domains may be ports of entry and exit of cholesterol
transported between the plasma membrane and intracellular sites, and they may
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function as "sterolstats" that tightly regulate the overall membrane cholesterol content.
Thus, when cells are in a sterol-deficient state, demand for cholesterol as a plasma
membrane structural component may deplete cholesterol from these domains, eliciting
signals to mobilize more intracellular cholesterol for replenishment (Figure 2, bottom
right). This mobilization may relieve feedback repression of cholesterol biosynthetic
enzymes and the LDL receptor, increasing production and delivery of more
cholesterol. As cells are overloaded with cholesterol, the cholesterol content of the
regulatory microdomains may increase, altering cholesterol trafficking so as to divert
excess cholesterol into intracellular compartments for storage as esters (Figure 2,
bottom left). These microdomains may also contain specialized proteins, including
receptors for HDL apolipoproteins. With cholesterol loading of cells, these receptors
may increase in number or activity and promote reversible binding of HDL
apolipoproteins to these regions, allowing apolipoprotein particles to remove
cholesterol from the microdomains and transport it from the cell (Figure 2, top). This
localized depletion of cholesterol may stimulate translocation of more intracellular
cholesterol to these sites. Such a process would continually deplete cells of cholesterol
until the intracellular cholesterol content decreased to levels below that required to

induce HDL receptors, at which time the cholesterol excretion rate would return to
basal levels.

Figure 2. The microdomain model for thc HDL receptor pathway. Abbreviations:  C, unesterified
cholesterol; CE, cholesteryl esters.

The actual molecules responsible for binding apolipoproteins have not been
identified conclusively, although several candidate proteins have been reported. One
of these proteins, termed HBP, has been cloned and partially characterized."” It has
several features predicted for an HDL receptor, including localization to the plasma
membrane, induction by cholesterol loading of cells, and promotion of HDL binding
to the cell surface when overexpressed in cells. The structure of HBP, however, does
not conform to that of any known plasma membrane receptor, in that it lacks a classic
signal sequence and membrane spanning domain. Instead, HBP appears to bind to
membranes through its multiple amphipathic helices. Signaling molecules responsible
for mediating the effects of apolipoproteins on cholesterol trafficking also have not
been identified. It is possible that they represent G proteins, tyrosine kinases, or other
signaling proteins that are localized to regulatory microdomains of the plasma
membrane. The activities of these proteins may be regulated in response to receptor
binding of apolipoproteins or to changes in microdomain lipid composition.
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Clinical Implications

It is becoming increasingly evident that HDL can stimulate excretion of
cholesterol from cells by a complex receptor-mediated pathway involving multiple
proteins. Candidates for some of these proteins are just now being identified and
characterized. Mutations in these proteins can impair the ability of HDL to clear
excess cholesterol from cells of the artery wall, leading to early development of heart
disease. Identification of these mutations could help define the precise genotype that
underlies some of the forms of heart disease that are frequently associated with low
plasma levels of HDL. The HDL receptor pathway also has important implications
as a target for drug therapy. A receptor agonist, for example, may enhance the rate
of clearance of cholesterol from peripheral cells and reduce the deposition of sterol
in the artery wall. Thus, a more complete understanding of the cellular mechanism
involved in cholesterol excretion may suggest therapeutic approaches for the treatment
of some forms of heart disease.
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THE DEFECT IN HDL3 MEDIATED EFFLUX OF NEWLY SYNTHESIZED
CHOLESTEROL IS ASSOCIATED WITH IMPAIRED ACTIVATION OF
PROTEIN KINASE C IN TANGIER FIBROBLASTS

Gerd Schmitz, Gerhard Rogler, Wolfgang Drobnik, Barbara Triimbach, Christoph
Moellers, Karl J. Lackner

Institute for Clinical Chemistry and Laboratory Medicine, University of Regensburg,
Federal Republic of Germany

INTRODUCTION

The removal of excess cholesterol from peripheral cells is the first step in reverse

cholesterol transport and many studies demonstrated a net removal of cellular cholesterol in
response to HDL3 L2 This function has been suggested to account for the inverse
correlation between coronary heart disease risk and plasma levels of HDL-cholesterol3. In
addition to unspecific cholesterol desorption from the plasma membrane?, depletion of
cholesterol may be achieved by binding of HDL apolipoproteins to specific surface
receptors and subsequent induction of cholesterol transport from internal stores to the
plasma membrane 3,0,
Tangier disease is a rare, autosomal recessive disorder of cellular lipid and lipoprotein
metabolism, characterized by severe reduction of serum high density lipoproteins (HDL)
and cholesteryl ester deposition in various tissues. The reduced levels of HDL, apoA-I (<
1% of normal) and apoA-II (5-10% of normal) in Tangier disease are due to rapid
catabolism of HDL and its apolipoproteins, while synthetic rates are within the normal
range’>%”. The increased catabolism of HDL is most likely caused by a defect in cellular
lipid transport. Tangier mononuclear phagocytes (MNPs) were demonstrated to have a
defect in HDL3 retroendocytosis by our grouplV. Also fibroblasts show morphologic
abnormalities of the Golgi apparatus and abnormalities in the intracellular traffic of
lipoproteins and lipids, indicating that the cellular defect of the disease is expressed in both
cell types1 1

These findings led us to study HDL3 induced transport of cellular cholesterol and
HDL3 mediated release into the medium in cultured skin fibroblasts from Tangier patients.
Since HDL3 is not internalized appreciably by fibroblasts, they must release cholesterol
from the cell membrane into the medium. In this study we chow a reduced efflux of cellular
cholesterol from Tangier fibroblasts. Studies in adipose cells!2 and fibroblasts!3 indicate
that HDL3 induced cholesterol efflux of newly synthesized cholesterol depends on the
activation of PKC. Therefore, also HDL3 induced signal transduction cascades were
analyzed in normal and Tangier fibroblasts.
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METHODS

Patients Cutaneous fibroblasts were obtained from two patients homozygous for Tangier
disease: Patient 1 (E.G.), a 60-year-old woman, (triglycerides 2,94 - 4, 89 mmol/l;
cholesterol 2,02 - 2,67 mmol/l); patient 2 (J.S.), a 57-year-old man, brother of patient 1
(triglycerides 1,58 - 2,24 mmol/l; cholesterol 1,16 - 1,50 mmol/l). Four lines of control
fibroblasts (GM., T.L,, NF., RW.) were cultured from the cutis of normolipidemic
individuals who underwent abdominal surgery.

Cell Culture Fibroblasts were cultured according to standard conditions in DMEM
supplemented with 10% fetal calf serum (FCS) in a humidified 5% CO7 atmosphere at
37°C.

Determination of Cholesterol Efflux from Fibroblasts De novo synthesized cholesterol was
labelled with [T#C]-mevalonolactone, cell membrane cholesterol by incorporation of [14C)-
cholesterol and the pathway of LDL derived cholesterol was investigated by reconstitution
of delipidized LDL with [2H]-cholesteryl linoleate. After reaching confluence, fibroblasts
were incubated with DMEM containing 10% LPDS for 48h to deplete the cells of
cholesterol. Thereafter, cells were incubated for 3 hrs at 15°C with either 0,5 pCi/ml [14C]-
cholesterol to label membrane cholesterol, or 2,0 pCi/ml [14C]-mevalonolactone to label
newly synthesized cholesterol. To label lysosomal cholesterol, cells were incubated with
reconstituted LDL (0.29 pCi/ml containing 52 nmol cholesteryl linoleate) for 3 hrs at 37°C.
Cells from three dishes were harvested to determine cholesterol synthesis or cholesterol
incorporation. The other cells were incubated in DMEM containing 1% BSA supplemented
with increasing concentrations of HDL3 or phospholipid micelles as indicated. Aliquots of
the medium were taken at the time points specified. Radioactivity in the medium was
determined by liquid scintillation counting. Specific HDL3-mediated efflux is defined as the
difference between efflux in the presence of HDL3 and 1% BSA minus the efflux in the
presence of 1% BSA only. Activation of PKC was achieved by incubation of cells in the
presence of 10-> M of the membrane permeable 1,2-dioctanoylglycerol (1,2-DOG) 13,
Determination of Cellular Lipids Lipid extractions were performed according to the method
of Bligh and Dyer!?. Cellular lipids were separated by high performance thin layer
chromatography (HPTLC).

Determination of intracellular calcium concentration Confluent quiescent fibroblasts were
trypsinated and collected. Cells were loaded with 1 uM fura-2 pentaacetoxymethyl ester at
37°C in HEPES-buffer at a density of 100 cells/ml. Fluorescence was measured at 20 C
while stirring in a Hitachi F-2000 spectrofluorometer (Raitingen, Germany) at excitation
wavelengths of 340 and 380 nm and at an emission wavelength of 505nm.

Cell fractionation for protein kinase C assay Fibroblasts in DMEM/BSA were exposed to
specific stimuli as indicated in the figure legend. After a S min incubation cells were chilled
on ice, washed and then scraped from the flasks into ice-cold sonication buffer (20 nM Tris-
HCI, pH 7.4, 0.5 mM EDTA Naj, 0.5 mM EGTA, 0.25 M sucrose, 50 pg/ml leupeptin, 5
ug/ml antipain, 5 pg/ml aprotinin, 50 pg/ml phenyl-methylsulfonyl fluoride, 10 mM 2-f-
mercaptoethanol). After centrifugation at 1000 x g for 3 min, cell pellets were sonicated
and centrifuged at 128.000 x g for 20 min. The supernatant, representing the cytosolic
fraction, was withdrawn and the pellet, representing the membrane fraction, was suspended
in sonication buffer and sonicated for 2 x 30 sec.

Western blot analysis Equal amounts (50 pg) from cytosolic and membrane proteins from
fibroblasts were resolved by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (8% gels) 28. Proteins were transferred to nitrocellulose membranes and
probed with specific antibodies for PKC-a (monoclonal), 8, €, and { (polyclonal) using
standard procedures.

Assay of inositolphosphates: Fibroblasts (in 6-well plates) were cultured in the presence of 9
uCi/ml [°H]-myo-inositol during the quiescence period. Thereafter, unincorporated
radioactivity was removed by washing twice with HBSS. Cultures were preincubated for 30
min with Hepes-buffered saline solution (HBSS) supplemented with 10 mM LiCl prior to
addition of stimuli. Stimulation was terminated by aspiration of solution and subsequent
addition of 0.2 volumes of ice-cold 20 % perchloric acid and one volume of HBSS/10 mM
LiCl to cell layers. Then 25 pg phytic acid hydrolysate dissolved in 4 ul HoO was added to
each well, and after 20 min at 4°C proteins were removed by centrifugation at 2000 g for 20
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min at 4°C. The supernatants were titrated with cold 10 N KOH to pH 7.5 and kept on ice.
The precipitated KClO4 was removed by centrifugation, and supernatants were diluted with
H0 to a volume of 10 ml. Samples were loaded onto 1 ml Dowex AG1X8 columns and
inositol phosphate were resolved by elution with the following solutions: free inositol with
distilled water, inositol monophosphate (InsPj) with 0.2 M ammonium formate / 0.1M
formic acid, inositol bisphosphate (InsP5) with 0.4 M ammonium formate/0.1 M formic acid
and inositol trisphosphate (InsP3) with 0.8 M ammonium formate/0.1 M formic acid. A
sample ~ of each  fraction was taken for  scintillation  counting.
Diacylglycerol Determination: In order to measure the biphasic ("early" and "late")
generation of diacylglycerol, confluent, quiescent fibroblasts (in 6-well plates) were exposed
to stimuli for 30 and 300 seconds. Stimulations were terminated by aspiration of medium
and addition of 1 volume of ice-cold methanol containing 0.25 % HCI (v/v). Cells were
scraped from the dish and the suspension was mixed with 2 volumes of ice-cold chloroform.
For complete lipid extraction this mixture was Eept for 1 h at 4°C before removal of
proteins by centrifugation. CaCly (0.05 mM 1/5t1 volume) was added to the supernatant
and the resultant two phases were separated by centrifugation at 2,000 x g for 10 min at
4°C. The upper phase was carefully removed and the chloroform phase was evaporated to
dryness under a stream of nitro§en. Diacylglycerol was measured by radioenzymatic
conversion of diacylglycerol to [32P]phosphatidic acid and subsequent separation by thin
layer chromatography.

RESULTS

Efflux of Newly Synthesized Sterol from Fibroblasts.

To analyze efflux of newly synthesized sterols, cells were labeled with radioactive
mevalonolactone. Since differences in sterol synthesis between control and Tangier
fibroblasts might lead to differences in stero] efflux, de novo cholesterol synthesis was
determined after incubation for 24 hrs with [14C]-mevalonolactone (0,5 pCi/ml). Control
fibroblasts contained 6680 + 280 dpm newly synthesized cholesterol/mg cell protein which
was not significantly different from Tangier fibroblasts with 7270 + 1400 (S.D.) dpm/mg
cell protein. This indicates that uptake of mevalonolactone and synthesis of cholesterol are
similar in both cell types.

Control fibroblasts labeled at 15°C for 3 hrs with [14C]-mevalonolactone as precursor of
endogenous sterol synthesis showed an increased sterol efflux at 37°C with increasing
HDL3 concentrations in the medium (fig 1). The average specific HDL3-mediated efflux
from control fibroblasts calculated as the increase over efflux in the presence of 1% BSA
only, ranged from 3% and 18% for HDL3 concentrations between 10ug/ml and 100ug/ml.
Most of the HDL3-specific efflux occurred within the first four hours of incubation (fig 1).
In Tangier fibroblasts, the efflux of sterol with 1% BSA was not significantly different from
contro! fibroblasts. However, there was almost no specific HDL3-mediated efflux of sterol
(0-2.5%) during the whole incubation time in both patient's cell lines (fig. 1). With the
lowest concentration of 10pug/ml HDL3 the difference between control and Tangier
fibroblasts was only significant for the 12 and 24 hr time points, due to the minor HDL3-
mediated efflux from control cells with this concentration. With the higher HDLj3
concentrations the differences were significant.

If the reduced efflux of newly synthesized sterol from Tangier fibroblasts to HDL3 was
related to the ability of HDL3 to induce cholesterol translocation to the cell memgrane,
efflux to a potent nonspecific cholesterol acceptor should be similar in Tangier and control
fibroblasts. Therefore, efflux to protein free phosphatidylcholine/sodium taurocholate
micelles, a known potent cholesterol acceptor which does not stimulate cholesterol
translocation, on the efflux of newly synthesized sterol was determined. PC-micelles were
used in a concentration of 100 pg/ml PC. Both in Tangier and control cells, cholesterol
efflux induced by PC-micelles was significantly higher than efflux induced by 1% BSA.
There was no difference between the two cell lines. In Tangier cells, efflux of newly
synthesized sterol to PC-micelles was higher than the HDL3-induced efflux. These data
suggest that the passive removal of cholesterol from the cel[z membrane, which is mainly
dependent on the chemical composition and affinity to cholesterol of the acceptor is normal.
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Figure 1 Specific HDL3-mediated efﬂux of newly synthesized cholesterol from Tangier and control
fibroblasts. Cells were prelabeled with [ C]-mevalonolactone for 3 hrs at 15°C to avoid intracellular
cholesterol transport and subsequently incubated in DMEM with 1% BSA or 1% BSA plus 10pg/mli,
50pg/ml, or 100pg/ml HDL3 for 24 hrs. Efflux is measured as radioactivity in the medium per mg cell
protein. In Tangier fibroblasts specific HDL3-mediated efflux of newly synthesized cholesterol is almost
absent for all HDL3 concentrations. Data represent means (+ S.D.) from six experiments per cell line.

Figure 2 Schematic representation of the defect in the translocation of newly synthesized cholesterol from
intracellular stores to the plasma membrane in Tangier fibroblasts. Whereas desorption of membrane
cholesterol and LDL derived cholesterol are normal, the transport of newly synthesized cholesterol from ER
to the cell membrane appears to be impaired.
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Effect of PKC stimulation on efflux of newly synthesized cholesterol. PKC was activated by
addition of 10> M 1,2-DOG to the incubation medium, and the effect on sterol efflux to
BSA and HDL3 was determined. As expected, there was a large increase of BSA-mediated
sterol efflux after PKC stimulation in control cells (N.F.), indicating that PKC stimulation
leads to an increased availability of cholesterol for membrane desorption. There was only a
small further increase in HDL3-mediated sterol efflux , which is compatible with the
concept, that HDL partially activates PKC. In Tangier fibroblasts (J.S.), there was a similar
increase in BSA-mediated sterol efflux as in control cells. In addition, PKC stimulation
considerably increased HDL3-mediated efflux of newly synthesized sterols. In fact, HDL3-
mediated sterol efflux after PKC stimulation was similar to control cells.

Redistribution of protein kinase C in Tangier and normal fibroblasts: Fibroblasts (both
normal and Tangier) express substantial amounts of PKC a, € and ( and trace amounts of
PKCd, while PKC B1,87, ¥ and n were undetectable. Thus we investigated the ability of
HDL3, LDL and PMA to activate PKC o, € and { in Tangier and normal fibroblasts.
Activation of PKC was determined by evaluating translocation from cytosolic to cell
membrane fractions. In unstimulated Tangier fibroblasts 30.4 + 10% of PKCa was
recovered in the membrane fraction, compared to only 15.1 + 4% in normal fibroblasts.
Unstimulated Tangier and normal fibroblasts did not differ with respect to membrane
associated PKCe. HDL3 (50 pg/ml, for 5 minutes) increased membrane associated PKCo.
by 2.8-fold in normal fibroblasts, but did not elicit PKCa translocation in Tangier
fibroblasts. Likewise, HDL3 increased (by 2.1-fold) the membrane bound fraction of PKCe
in normal fibroblasts, but was without effect on PKCe in Tangier fibroblasts (fig 3). PMA
(100 nM, 5 minutes), which was used as a positive control, promoted translocation of PKC
o and PKCe in both cell types.
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Figure 3 A: Dose response of HDL3 and LDL induced [Ca2+]i signals in Tangier and normal fibroblasts.
Fura-2 loaded fibroblasts were stimulated with the indicated concentration of HDL3. Each point shows the
maximal [C32+]i obtained after stimulation (reached within 30 seconds) and represents mean values + SD
of 9 independent experiments. B: Effect of HDL3 on redistribution of protein kinase C (PKC,) in Tangier
and normal fibroblasts. Fibroblasts were stimulated with different HDL3-concentrations for 5 minutes. The
distribution of PKCe between membrane and cytosolic fractions was analysed by Western blotting
techniques. Data for membrane associated PKC are given, and membrane bound PKCe is expressed relative
to their respective total amounts (cytosolic plus membrane, 100%). Results represent mean values from
three independent experiments.
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[@2_+]i transients in Tangier and normal fibroblasts The ability of HDL3 to cause [Ca2+]i
transients was examined in normal and Tangier fibroblasts. With both cells, peak calcium
levels were reached about 30 seconds after addition of HDL3 (50ug/ml) and returned to
basal levels after about 200 seconds. However, the maximum [Ca?"]; increase in Tangier
fibroblasts (75 nM) was markedly lower than that in normal fibroblasts (210 nM). To
elucidate this difference further the [Ca2*]; response of Tangier and normal fibroblasts to
various concentrations of HDL3 was examined. As illustrated in figure 3, the maximum
response in both cells was obtained at 100 pg/ml HDL3, and even at this saturating
concentration the maximum [Ca2"]; increase in Tangier fibroblasts (136 + 35 nM) was
much lower than that in normal fibroblasts (315 + 69 nM).

Formation of inositol phosphates in Tangier and normal fibroblasts Because the calcium
experiments indicated a defective calcium release from internal stores, the formation of
inositol phosphates in response to HDL3 was examined. A 30 second incubation of normal
fibroblasts with 50 pg/ml HDL3 resulted in a 160 + 15% increase of the InsP, content per
mg cell protein relative to the InsPy content of unstimulated normal fibroblasts (100 +
12%). At 60 seconds the InsPy (98 * 2%) content returned to basal levels. Stimulation of
Tangier fibroblasts with 50 pg/ml HDL3 did not result in an increased formation of InsP,
after either 30 seconds (96 + 4%) nor after 60 seconds (73 £ 14%).

Formation of 1,2-diacylglycerol in Tangier and normal fibroblasts The lack of inositol
phosphate formation in Tangier cells after HDL3 -stimulation indicated a defective PI-PLC
activation, and thus the formation of 1,2-DAG in response to HDL3 was examined in
Tangier and normal fibroblasts. In normal fibroblasts HDL3 (50 pg/ml)-induced increases
in 1,2-DAG after 30 and 300 seconds were 179 + 13% and 136 £ 20 %, respectively. HDL3
did not induce 1,2-DAG generation in Tangier fibroblasts after either 30 seconds or 300
seconds stimulation.

Membrane desorption and efflux of LDL cholesterol Desorption of cholesterol from the cell
membrane did not differ between control and Tangier fibroblasts, independent whether the
extracellular cholesterol acceptor was bovine serum albumin or HDL3. In addition, there
was no difference in the efflux of LDL-derived cholesterol between control and Tangier
cells, providing further evidence for undisturbed membrane desorption as the last step in
cholesterol release.

Figure 4 Schematic representation of the determined alterations in HDL3 mediated signal transduction of
Tangier fibroblasts. HDL3 mediated activation of signal cascades was impaired compared to control
fibroblasts. The production of IP3, early 1,2-DAG and CaZ* was reduced compared to normal fibroblasts
leading to impaired translocation of PKC. Late 1,2 DAG-levels, probably generated by PLD were not
different.



DISCUSSION

Analysis of cellular cholesterol traffic in normal cells has revealed that there are
different transport mechanisms for cholesterol from cholesterol stores or cholesterol poor
intracellular membranes, e.g. the endoplasmatic reticulum, to the cell membrane. These
obviously depend on the origin of cholesterol (for review see 15). DeGrella and Simoni
showed that when cells are pulsed with precursors of sterol synthesis, newly synthesized
cholesterol is labeled within minutes!©. Transport of newly synthesized cholesterol from the
endoplasmatic reticulum is energy dependent and completely abolished by temperatures
below 15°C. At 37°C, transport takes between 10 and 60 min.

In contrast to these findings, transport of cholesterol to the cell membrane taken up
via the LDL receptor and the lysosomal route is not inhibited by energy poisons, indicating
that it is not energy dependent. Lysosomal cholesterol appears somewhat faster in the cell
membrane than newly synthesized cholesterol. However, transport time (2-40 min) is similar
to newly synthesized cholesterol. Thus, there is evidence for two at least in part
independent transport routes of cellular cholesterol to the cell membrane. Defects in either
of these pathways might affect cholesterol homeostasis of the cell and reverse cholesterol
transport.

In the present study, sterol transport was determined by measuring efflux to extracel-

lular acceptors like HDL3, BSA or PC-micelles. To this end cellular cholesterol pools were
labeled in three different ways: [1] incorporation of labeled cholesterol into the cell
membrane lipid pool by diffusion; [2] uptake of labeled cholesteryl esters by the LDL-
receptor pathway via lysosomes; and [3] incorporation of labeled mevalonolactone into
newly synthesized sterols.
Our data provide evidence that there is a defect in HDL3-mediated efflux of newly
synthesized sterol in Tangier fibroblasts, whereas desorption of cholesterol from the cell
membrane and transport of lysosomal cholesterol are not disturbed. We found an almost
complete absence of the typical increase in efflux of newly synthesized sterol induced by
HDL3 in Tangier fibroblasts. The most likely explanation for this observation is a defect in
the transport of sterols from the endoplasmatic reticulum to the cell membrane. This could
be either a defect in one or more steps in the transport process itself or a defect in the
regulation of transport. Efflux of newly synthesized sterol to 1% BSA alone and to PC-
micelles was similar in Tangier and normal fibroblasts. This observation suggests that the
impaired efflux to HDL3 is a specific phenomenon for this particle. It has been shown
recently that HDL apolipoproteins induce sterol transport to the cell membrane for
desorption by activating PKC!<, 19 This suggested to us that PKC activation or another
signal induced by HDL leading to translocation of cellular cholesterol to the cell membrane
was defective in Tangier fibroblasts. We could show that incubation of Tangier fibroblasts
with HDL3 does not lead to normal activation of PKC, as determined by analysis of
translocation of PKC to the membrane. Therefore we studied the effects of pharmacologic
PKC activation on HDL3-mediated efflux of newly synthesized cholesterol. If PKC was
activated, there was no difference in HDL3-mediated efflux between control and Tangier
fibroblasts. This is evidence that the genetic defect in Tangier disease leads to an inadequate
stimulation of PKC by HDL3, resulting in retention of cholesterol in cellular pools. Further
experiments were performed to clarify the defect in s1gnal transduction. We demonstrated
that, compared to normal fibroblasts, the intracellular Ca2™ signaling response to HDL3 in
Tangler fibrgblasts is greatly diminished. The concentration response profiles show that the
impaired CaZ™ signal in Tangier fibroblasts is not due to a reduced sensitivity of Tangier
fibroblasts for HDL3, but to a diminished response capacity, which at maximum was only
about 40% of that in normal fibroblasts.

The role of InsP3, a product of PI-PLC activity, in promoting Ca2* release from
intracellular pools is well established!”. Therefore we considered that the impaired calcium
signal response to HDL3 in Tangier fibroblasts might reflect an inability of HDL3 to
activate PI-PLC. Ca2* release from intracellular pools in normal fibroblasts is in agreement
with previously presented data, Wthh demonstrated the ability of HDL3 to activate PI-
PLC. In accordance with the CaZ" signaling data, bradykinin was found to promote
accumulation of InsPp in both normal and Tangier fibroblasts, whereas an InsP,
accumulation in response to HDL3 was observed in normal fibroblasts, but not in Tangier
fibroblasts. Our inability to detect significant concomitant increases in InsP3 is probably due
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to its rapid metabolic conversion to InsP5, a process thought to play a role in termination of
InsP3-induced calcium release from internal pools!”7. The inability of HDL3 to promote
either the accumulation of inositol phosphates or intracellular Ca2* mobilization in Tangier
fibroblasts therefore indicates an inability of HDL3 to activate PI-PLC in these cells.
Additional support for this conclusion is derived from data demonstrating a lack of effect of
HDL3 on 1,2-DAG generation, the second product of PI-PLC activity! 7, in Tangier
fibroblasts. To further investigate defective HDL3-induced signal transduction in Tangier
fibroblasts, we studied a cellular event downstream to 1,2-DAG generation, namely the
activation of PKC. The activity of PKC was evaluated by its translocation from cytosolic to
membrane fractions18. In contrast to the PKC translocation response to HDL3 in normal
fibroblasts, exposure of Tangier fibroblasts to HDL3 did not increase the membrane
association of either Ca2t-dependent PKCa or Ca2*-independent PKCe. These data are in
accordance to the apparent lack of PI-PLC activation (i.e. no generation of the second
messengers InsP3 and 1,2-DAG) by HDL3 in Tangier fibroblasts. We could conclusively
demonstrate that HDL3 are unable to activate PI-PLC in Tangier fibroblasts and therefore
no PKC activation occurs in response to these stimuli. Since PKC activation plays a crucial
role in mediating HDL3 induced cholesterol efflux12,13 we conclude that impaired HDL3-
induced signal transduction is responsible for reduced HDL3 mediated efflux of newly
synthesized cholesterol in Tangier fibroblasts. The ability of 1,2-DAG to normalize
cholesterol efflux strongly supports this conclusion. Efflux of lysosomal cholesterol, which
was not different in Tangier and normal fibroblasts, seems to be independent of HDLj
induced signal transduction. However, the presented data support the concept that PKC
isoforms are involved in the removal of cholesterol under physiological conditions.

Abbreviations: apo - apolipoprotein, BK - bradykinin, BSA - bovine serum albumin;
[Ca2*); - intracellular calcium concentration; 1,2-DAG - 1,2-diacylglycerol, DMEM -
Dulbecco's modified eagle medium; FCS - fetal calf serum;, fMLP - f-Met-Leu-Phe; G-
protein- guanine nucleotide binding protein, HDL3 - high density lipoprotein 3; HPTLC -
high performance thin layer chromatography; InsP; - inositol monophosphate; InsPy -
inositol biphosphate; InsP3 - 1,4,5-trisphosphate; LDL - low density lipoprotein, PA -
phospatidic acid; PBS - phosphate buffered saline; PC - phosphatidylcholine; PC-PLC -
phosphatidylcholine specific phospholipase C; PI-PLC - phosphatidyl-inositol-specific
phospholipase C; PKC - protein kinase C; PMA - phorbol 12-myristate 13-acetate.
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CHOLESTEROL EFFLUX FROM CELLS IN CULTURE: STUDIES WITH LIPID-
FREE ACCEPTORS, RECONSTITUTED PARTICLES AND WHOLE SERUM

G. H. Rothblat, P. Yancey, W. S. Davidson, V. Atger*, S. Lund-
Katz, W. J. Johnson, M. de la Llera Moya and M.C. Phillips

Medical College of Pennsylvania, Philadelphia. PA and *Hopital
Broussais, Paris, France

INTRODUCTION

The movement of cholesterol from cells to acceptor lipoproteins is the
first step in the process of reverse cholesterol transport. Both cellular
factors and the characteristics of the acceptors modulate the rate at which
the cholesterol molecules leave the cell and are picked up by the
extracellular acceptors. To gain more information on the factors that
influence the efficiency of various acceptors we have conducted a series of
studies using acceptor particles of increasing complexity. The simplest
system consisted of lipid-free apolipoprotein (apo) Al or synthetic peptides.
Increasing complexity was produced when these peptides were
reconstituted into disc-like structures composed of phospholipid and the
different peptides. The last, and most complex, experimental cholesterol
efflux system was one in which whole human serum was added to cells. In
all of the studies we have quantitated the release of radiolabeled cholesterol
from the cells. In the studies using lipid-free peptides or reconstituted
particles the release of the labeled cholesterol reflects the net movement of
cholesterol from cells to acceptors, since the acceptors were initially free of
cholesterol and no significant cholesterol influx could occur. In the studies
using whole serum, the quantitation of labeled cholesterol efflux does not
predict the net change in cell cholesterol content since influx would be
occurring from a variety of lipoproteins in the serum.
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Efflux of cell lipids to lipid-free apo Al and synthetic peptides

In the present studies we examined the process of lipid efflux to lipid-
free apo Al from mouse peritoneal macrophages and L-cells, and utilized
synthetic peptides of defined structure to determine what structural
properties of apo Al stimulate lipid efflux. Apo Al and the other
exchangeable apoproteins of lipoproteins are composed of a varying number
of 22-residue-long amino acid repeats 1. These repetitive segments are
amphipathic alpha-helical domains which mediate interaction of the protein
with lipid 1. Synthetic peptide 18A is an 18 amino acid peptide with an
amino acid sequence which forms a single amphipathic alpha-helix. This
helix is similar to the class A domains present in apolipoproteins 1.2, There
is no sequence homology between this synthetic peptide and naturally
occurring apolipoproteins 1. Blocked-18A (Ac18ANH>) is the 18A molecule
modified to contain an acetyl group at the N-terminal and an amide group at
the C-terminal. This neutralizes the charges at the ends of the molecule,
and stabilizes and lengthens the amphipathic helical segment giving this
peptide higher lipid binding affinity than 18A 1.3, Peptide 37pA is a dimer of
two 18A molecules that are covalently joined by a proline residue so that
there are two helical domains separated by the proline within the molecule

The comparison of the molar acceptor concentrations (ECgqg) which
promoted half-maximal efflux indicated that the order of efficiency with
which the acceptors stimulate cholesterol efflux from both cell types is apo
Al > 37pA > Ac18ANH3 > 18A. On a mass basis, the relative order of
efficiency for the peptides in both cell types was similar to that observed
when the data was expressed on a molar basis (apo Al ~ 37pA >
Ac18ANH2 > 18A), except that 37pA and apo Al were equally effective.
The order of efficiency with which the different acceptors stimulated
phospholipid efflux was similar to that observed with cholesterol efflux in
both cell types. However, in contrast to cholesterol release, saturation of
phospholipid efflux was observed only when apo Al was used as an
acceptor with both cell types. In addition, the amount of phospholipid
release from L-cells and macrophages to the peptides was significantly
greater than that to apo Al. The ECgp values for cholesterol and
phospholipid efflux to apo Al were in good agreement for both cell types. In
contrast, the ECgq values for phospholipid efflux from mouse macrophages
and L-cells to the peptides were 2- to 5-fold higher than those determined
for cholesterol efflux.

It is difficult to reconcile all of our observations on the basis of
a single mechanism for lipid efflux to the apoprotein and peptides used in
the present study. Rather, it is probable that different phenomena are
operating, depending on factors such as incubation time, acceptor type and
acceptor concentration. We propose that at low acceptor concentrations the
primary mechanism is the transient and reversible interaction of the lipid-free
apoprotein/peptide with the plasma membrane. The dissociation of the
acceptor from the membrane, together with the newly acquired
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phospholipid, would produce a particle that was capable of promoting
cholesterol efflux. The apoprotein/phospholipid complex formed by this
process may resemble the preR-HDL particle that has been reported to be an
efficient acceptor of cell cholesterol 5.6, We also propose that alternative
mechanisms for lipid release operate at higher concentrations of lipid-free
acceptors, particularly the peptides. In this case the release of subcellular
particles or vesicles may occur, the origin of which could be either the
plasma membrane or intracellular membranes. The data suggest that these
vesicles would be rich in phospholipid and depleted of cholesterol. Large
vesicular structures would be expected to be relatively inefficient as
cholesterol acceptors 7, and their presence in the incubation media may not
elicit significant cholesterol efflux above that obtained with the small preR3-
HDL-like particle discussed above. The scenario presented above is only one
of a number of different combinations of mechanisms that could be
occurring upon the exposure of cells to lipid-free apoproteins.

Efflux to reconstituted particles

To further address the effects of the amphipathic a-helix structure on
cellular free cholesterol efflux, the three class A helical peptides discussed
and apo Al were complexed to dimyristoyl phosphatidylcholine (DMPC) to
make discoidal complexes that were used as acceptors of cell cholesterol.
The three peptides strongly mimic the lipid-binding characteristics of the
amphipathic segments of apolipoproteins and form discoidal complexes with
DMPC that are similar in diameter (11-12 nm) to those formed by human
apo Al when reconstituted at a 2.5:1 (w:w) phospholipid to protein ratio.
The abilities of these complexes to remove radiolabeled free cholesterol
were compared in experiments using cultured mouse L-cell fibroblasts; efflux
of free cholesterol from both the plasma membrane and the lysosomal pools
was examined. All four discoidal complexes were equally efficient
acceptors of cell membrane free cholesterol when compared at saturating
acceptor concentrations of >200 ug DMPC/ml medium. However, at the
same lipid concentration, protein-free, DMPC small unilamellar vesicles
(SUV) were significantly less efficient. A 10-fold higher Vp3x for the
apoprotein/peptide-containing acceptors was observed when compared to
that produced by SUV and this difference is likely due to a reversible
interaction of apoprotein or peptide with the plasma membrane that changed
the lipid packing characteristics in such a way as to increase the rate of free
cholesterol desorption from the cell surface. This interaction required
amphipathic o-helical segments but it was not affected by the length,
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number or lipid-binding affinity of the helices. Furthermore, the efflux
efficiency was not dependent on the amino acid sequence of the helical
segments which suggests that this interaction is not mediated by a specific
cell surface binding site.

The abilities of the peptide- or apo Al-containing particles to induce
efflux of intracellularly-derived free cholesterol were also compared. To
achieve this, the lysosomal pool of free cholesterol was labeled via
reconstituted LDL (rLDL) that contained [3H]cholesterol oleate. The cells
had been previously exchange-labeled with [14C]free cholesterol to allow
for the concurrent measurement of plasma membrane free cholesterol
efflux. At a concentration of 100 pg DMPC/mI, the 18A/DMPC particle
appeared to be the most effective acceptor of cell membrane free
cholesterol with the apoAl-containing particle being the least efficient; the
37pA/DMPC and Ac-18A-NH2/DMPC particles exhibited intermediate
efficiencies. Qualitatively similar results were observed for the efflux of
lysosomally-derived [BHlfree cholesterol and [14Clfree cholesterol
originating in the plasma membrane. These results demonstrate that the
peptide- and apoAl-containing complexes have the same relative ability to
remove plasma membrane-derived free cholesterol as lysosomally-derived
free cholesterol.

Efflux to whole serum

A cell culture system was employed to test a large number of samples
of human serum for their ability to stimulate the efflux of cell cholesterol 8,
The extent of efflux obtained with each specimen was correlated with the
serum concentrations of lipids (i.e. cholesterol, triglycerides), apoproteins
(i.e. apo B, apo Al, apo All) and lipoprotein subfractions (i.e. HDL2, HDL3,
LpAl, LpAl/All). The serum samples used in these studies were obtained
from the clinical chemistry laboratory at the Hopital Broussais in Paris,
France. ‘All samples were from males who had been selected by means of a
cholesterol screening program conducted at their worksites.

No relationships were observed between cell cholesterol efflux and
the concentrations of apo B, triglycerides or LDL in the test sera. However,
statistically significant correlations were obtained between efflux and all
serum parameters related to HDL. The highest correlation was obtained
between efflux and the level of total HDL cholesterol (r = 0.68, p =
<0.0001, n = 113). Strong, and similar, relationships were observed
between efflux and the concentrations of both HDLy and HDL3. A
comparison between efflux and LpAl or LpAl/All indicated that efflux more
closely correlated with the LpAl (r = 0.57, p = <0.0001) than with the
LpAl/All (r = 0.26, p = 0.002). Although there was a very significant
correlation between total HDL and efflux, there are many instances in which
sera having similar HDL levels stimulated very different rates of cholesterol
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release. The quantification of HDL subfractions according to either their
cholesterol or apoproteins contents results in a considerable overlap in HDL
populations. Thus, based on partial correlation analysis LpAl and HDL3
emerge as the stronger independent serum parameters influencing the
fractional efflux of cholesterol from cells.

A goal of this investigation was to establish the extent to which
human sera differed in efflux potential and to establish the correlations
between cell cholesterol efflux and the different apoproteins and lipoproteins
in the sera. There is no correlation between efflux and serum parameters
associated with apo B-containing lipoproteins. Thus, although LDL can
accept/exchange cholesterol with cells <- the presence of apo B-
containing lipoproteins does not appear to affect the rate of removal of cell
cholesterol. The highest correlation to cholesterol efflux was obtained with
total HDL cholesterol, followed closely by a number of other HDL-related
parameters. These correlations suggest that there is not a single HDL
subclass that is totally responsible for the efflux, but rather a number of
particles contribute to the process of removal of cell cholesterol.

Summary

No single mechanism can explain the data that we have obtained in
studies of cellular cholesterol efflux using a variety of different extracellular
acceptors. Clearly the desorption of cholesterol from the plasma membrane
and its diffusion through the aqueous phase is a fundamental process, and
may be the primary process mediating the efflux that occurs to a protein-
free acceptor such as a small unilamellar vesicle (for a review see 14).

The presence of either apo Al or the synthetic peptides on a
phospholipid-containing particle enhances the rate of removal of cholesterol
from cells. We propose that the efflux that is occurring in the presence of
apoprotein-containing acceptors is mediated, at least in part, by the
interaction of the apoprotein with the cell membrane. The stimulation of
efflux by the synthetic peptides that lack of sequence homology to any
region of the apo Al sequence suggests that the particles do not interact
with a specific cell surface site. Therefore, the observed increase in free
cholesterol efflux to apoprotein-containing particles most likely results from
a relatively non-specific interaction of the apoprotein with the plasma
membrane. Such an interaction could conceivably occur in two ways. The
first is that the apoprotein could remain lipoprotein-bound and still interact
with the cell surface, perhaps at specific domains on the plasma membrane
15, The second type of interaction involves the lipoprotein-unassociated
protein. In this case the free protein could either promote free cholesterol
and phospholipid efflux by itself , consistent with the data discussed above,
or it could bind to the cell surface and modify the lipid packing
characteristics of the membrane in such a way as to increase the desorption
rate of cholesterol molecules 16. It is probable that all of these proposed
mechanisms can contribute to the efflux of cellular cholesterol, and the
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relative contribution of each mechanism to overall efflux will be determined
by the combination of acceptor particles present in the extracellular
environment.
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INTRODUCTION

Epidemiological and clinical studies showing an association between decreased
concentrations of high-density-lipoprotein (HDL) cholesterol and increased risk of
premature coronary artery disease (CAD)1:2 have generated interest in the mechanism
through which HDL prevents atherosclerosis. The HDL have been historically defined as
lipoproteins with densities between 1.063 and 1.20 g/ml3. Human HDL consists of a
collection of particles differing in size, density and apolipoprotein content4. Over the
years, ultracentrifugation and, subsequently, polyanion precipitation and gradient gel
electrophoresis have been used to fractionate HDL into subclasses>. Recognition of the
importance of the apolipoproteins (apo) not only in the formation and structural stability
of lipoproteins but also in their metabolism has led to the separation of HDL into further
subpopulations according to their apolipoprotein composition rather than their
physicochemical properties.

On the basis of this classification system, it is now recognized that HDL contains at
least two types of apo A-I containing lipoprotein particles that may have different
metabolic, functional and clinical significance. One species contains both apo A-I and apo
A-II (LpA-L:A-II) as main protein components, whereas in the other, apo A-II is absent
(LpA-I).

Our purpose in this article is to describe the recent progress made in isolation,
characterization, quantification and determination of the clinical significance of LpA-I and
LpA-LA-IL

ISOLATION AND COMPOSITION OF LpA-I AND LpA-I:A-II

LpA-I and LpA-L:A-II are currently purified from total plasma by sequential
immunoaffinity chromatography6. Some authors do not find any difference in lipid
composition between LpA-I and LpA-I:A-II6 but others have claimed that the percentage
of triglyceride and the cholesteryl ester/total cholesterol ratio are lower in LpA-I than in
LpA-L:A-II7. The lipid/protein ratio appears to be higher in LpA-I than in LpA-LA-IL
The molar ratio of apo A-I to apo A-Il in LpA-I:A-II is 1.5. Small quantities of apo A-IV,
Cs, D, E are found in both fractions8.
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Of considerable significance is the finding that proteins stimulating reverse
cholesterol transport (LCAT, CETP) and other proteins such as apo J are mainly present

in LpA-I and not in LpA-I:A-119:10,

METABOLISM OF APO A-I CONTAINING PARTICLES

Our understanding of the metabolism of apo A-I containing particles is limited.
Recently, it has been shown that although both particles are synthesized by the liver,
LpA-I is produced only by the intestinel 1. The metabolic interrelation between the two
subpopulations is not well established, but it appears that LpA-I is catabolized at a faster
rate than LpA-LA-IT12,

PHYSIOLOGICAL ROLE OF APO A-I CONTAINING PARTICLES
Cellular Studies

One of the key questions is whether HDL particles have different physiological role.
To gain some insight into the mechanisms by which cholesterol movement takes place in
peripheral cells, cultured adipose cells were used. Adipose tissue is the main organ of
cholesterol storage in the body and contains mostly non esterified cholesterol. Moreover,
rat adipocytes can accumulate and release, on feeding and fasting, respectively, large
amounts of cholesterol, suggesting that these peripheral cells may represent a relaxed
form of control of cholesterol homeostasis. This observation has been advantageous in
the study of cholesterol efflux from cholesterol-preloaded adipose cells in culture, using
Ob1771 adipose cells (a subclone of Ob17 cells established from the epididymal fat pad
of the Ob/Ob mouse as a model of peripheral cells). In the presence of LDL, these cells
can accumulate cholesterol via the LDL receptor pathway. After cholesterol preloading
with LDL, long-term exposure to LpA-I particles promoted cholesterol efflux, whereas
not efflux was observed in the presence of LpA-L:A-I113, The ligands that recognize the
cell surface HDL binding sites have been identified as apo A-I, apo A-IV and apo A-
114,15, 1t has been proposed15 that apo A-I and apo A-IV play the role of agonists and
apo A-II that of antagonists of cholesterol efflux. It has been reported that HDL3 induces
a protein kinase C dependent translocation of cholesterol from intracellular membrane to
the cell surface in human fibroblasts or bovine endothelial cells16. We recently
demonstrated 17 that cholesterol efflux from adipose cells is couples to diacylglycerol
production and protein kinase C activation. The fact that the binding of apo A-
I/liposomes, but not apo A-II liposomes, produces diacylglycerol strongly supports the
role of apo A-II as an antagonist in the production of cholesterol efflux. However, it has
been recently reported that both LpA-I and LpA-I:A-II demonstrate equal ability to
promote efflux of cholesterol from several types of cells, such as fibroblasts, smooth
muscle cells and FuSAH18,19,

CLINICAL SIGNIFICANCE OF LpA-I AND LpA-I:A-II
MEASUREMENTS

Quantitative Determination of LpA-I and LpA-I:A-II

A number of methods for direct quantification of apo A-I containing lipoprotein
particles in human plasma have been developed : immunoprecipitation20, two phase
electroimmmunoassaym, and enzyme-linked differential antibody immunosorbent

assay22.. These method are well adapted for use in research laboratories but are time-
consuming and inaccurate. The recent develogment of a differential electroimmunoassay

allows the direct measurements of LpA-I 3, By using a large excess of anti-A-II
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antibodies, LpA-LI:A-II are retained in one peak and LpA-I migrates as a second peak.
This new system can provide specific and reproducible determination of LpA-I in human
plasma.

Longevity

Assuming that octogenarians who have survived periods of life during which the
incidence of coronary artery disease is very high should have several protective factors,
we have compared in octogenarians and younger control subjects (30 -50 years) the
levels of apo A-I containing particles : LpA-I is significantly elevated and LpA-I:A-II
clearly reduced in octogenarians24.

Brewer et al.1l recently investigated LpA-I and LpA-I:A-II in a kindred with
hyperalphalipoproteinemia and decreased risk of coronary artery disease. The selective
increase in LpA-I in the 60 year-old putative homozygote proband with a family history
of longevity supports the concept that these particles may represent the "anti-atherogenic"
fraction of HDL.

Coronary Artery Disease (CAD)

LpA-I but not LpA-I:A-II are decreased in normolipemic, angiographically
documented CAD patients when compared to a group of asymptomatic subjects and a
group of patients with arteriographically normal coronary arteries23. Nevertheless, in a
recent similar study where the triglyceride levels were higher in the patients than in the
controls, it was found that both LpA-I and LpA-I: A-II were reduced to a similar degree in
patients with CAD26,

A case control study of apo A-I containing particles has been performed in three
populations of contrasting risk for CAD (ECTIM study)27. Male patients with
myocardial infarction and controls were recruited in two French Centers (Strasbourg and
Toulouse) and in Northern Ireland (Belfast). The standardized mortality rates in Belfast,
Strasbourg and Toulouse were respectively 348, 102 and 78 per 100 000 for the test
populations. LpA-I and LpA-I:A-II levels were lower in the patients than in the controls,
but the level of LpA-I was statistically significantly different among the three
populations : the LpA-I level was much lower in the Belfast population than in the
French populations, in both controls and patients. The multivariate analyses suggest that
LpA-I/HDL cholesterol ratio is very significant. Recently, we have observed that the level
of LpA-I (but not LpA-I:A-II) is lower in children whose parents had a premature CAD
than in a control group who had no familial history of CAD28,

Primary and Secondary Dyslipoproteinemias

Some dyslipoproteinemias have specific profile of apo A-I particles. For instance,
type III dyslipoproteinemia is characterized by a decrease of LpA-I and an increase of
LpA-L:A-I129. The HDL decrease observed in patients with chronic renal failure who had
to undergo hemodialysis is mainly due to a decrease in LpA-I:A-I130, Non-insulin
dependent diabetes mellitus is characterized by a specific decrease in LpA-131.

Diet

Diet also modify LpA-I concentration. The effect of dietary polyunsaturated (P) :
saturated (S) fat ratio on apo A-I containing particles has been investigated. While the
total fat and cholesterol intake being kept constant, it was found that a high P/S diet
(compared to a low P/S) leads to a decrease in LpA-I but not LpA-I:A-1132.

Alcohol consumption increase HDL circulating levels. When the antiatherogenic role
of HDL was proposed, some authors suggested a beneficial effect of chronic alcohol
consumption on CAD. We have investigated in 344 men the relationship between LpA-I,
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LpA-LA-II and alcohol consumption33. As the alcohol intake rises, LpA-T:A-II levels
increased whereas LpA-I levels decreased.

Studies with octogenarians and patients with CAD suggest that LpA-I is the main
antiatherogenic particle, therefore, it seems unlikely that chronic alcohol consumption
would have an antiatherogenic effect, at least through changes bases upon its action on
LpA-I and LpA-L:A-1I levels.

Effects of Drugs on Apo A-I Particles

Considering the preliminary results obtained in clinical and epidemiological studies,
it is obviously interesting to study the effect of drug therapy on lipoprotein particles
defined by their apolipoprotein composition.

Two main questions may be raised concerning the effects of drugs :

- do compounds with various mechanisms of action lead to different effects on HDL
particles ?

- is there any relationship between the pharmacological modulation of a particular
lipoprotein family and the change in cardiovascular morbidity and mortality ?

We now have some information to answer the former but further investigation is
certainly needed to answer the latter.

Atmeh et al.22 showed that LpA-I may be increased by the use of nicotinic acid,
whereas probucol leads to a decrease in this particle. In contrast, nicotinic acid decreased
LpA-I:A-II and probucol had no major effect on its concentration. We have shown that
fenofibrate decreases LpA-I and increases LpA-I:A-I134 whereas hydroxymethylglytaryl-
CoA reductase inhibitors (simvastatin and pravastatin) have different effects. Simvastatin

increased LpA-I (particularly when the baseline levels were low)34 but had no effect on

LpA-I:A-IL Pravastatin increased both LpA-I and LpA-I:A-H35. Cholestyramine, a bile
acid sequestrant also increased these two types of particles. Because it has been
suggested that LpA-I may represent the particle that is involved in cholesterol efflux from
peripheral cells, we speculate that the increasing effect on LpA-I may potentiate the
beneficial cardiovascular effect of low-density lipoprotein cholesterol reduction also seen
with these compounds. Inversely, the decreasing effect obtained with fenofibrate might
be considered as a potentially harmful effect. However, kinetic study are necessary to
determine whether the increasing effect of HMG-CoA reductase inhibitors and
cholestyramine is due to oversynthesis or undercatabolism and whether the decreasing
effect of fenofibrate is due to undersynthesis or overcatabolism. The clinical importance
of the effect of drugs on LpA-I may depend on these findings.

Studies in transgenic animals

Recent study36 had shown that the serum from transgenic mice expressing human
apo A-I are able to induce a cholesterol efflux than the serum from transgenic mice
expressing both human apo A-I and apo A-II.

CONCLUSION

As peripheral cells are unable to degrade cholesterol, a pathway by which intact
cholesterol molecules can be removed from the cells is essential for cholesterol
homeostastis. The process whereby cholesterol is removed from peripheral cells and
transported to the liver has been called reversed cholesterol transport. This removal of
excess cholesterol is mediated by HDL. With different types of cultivated cells, we have
demonstrated that a subpopulation of HDL, specifically, LpA-I free of apo A-II (LpA-I),
mediates translocation of intracellular cholesterol to the plasma membrane and induces
cholesterol efflux. Therefore, LpA-I is probably an important lipoprotein involved in the
reverse cholesterol transport and an antiatherogenic lipoprotein particle candidate.

The introduction of new immunological methods of measurement of LpA-I and LpA-
I:A-II levels in the blood allows to study large populations. Clinical and epidemiological
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studies highly suggest that LpA-I is the main antiatherogenic particle. This particle could
be very accurate in order to predict the development of premature atherosclerosis. The
molecular analysis of lipoprotein particles in terms of apolipoprotein content provide a
new basis for the classification of dyslipoproteinemic states and the effects of diet and
hypolipidemic drugs.
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VASCULAR ENDOTHELIUM: AN INTEGRATOR OF PATHOPHYSIOLOGIC

STIMULI IN CARDIOVASCULAR DISEASE

Michael A. Gimbrone, Jr.

Vascular Research Division,
Department of Pathology,
Brigham and Women’s Hospital
Boston, Massachusetts 02115

Vascular endothelium comprises the continuous lining of the cardiovascular
system, and, as such, forms a dynamic interface between circulating blood and all other
tissues and organs. Therefore, it is strategically situated to monitor blood-borne and/or
locally generated stimuli and to adaptively alter its functional state. This physiologic
process typically proceeds without notice, contributing to normal homeostasis'. However,
nonadaptive changes in the functional properties of the vascular endothelium, provoked
by various pathologic stimuli, can result in localized, acute and chronic, alterations in the
interactions of cellular and macromolecular components of circulating blood with the
arterial wall. These include: altered permeability to plasma lipoproteins; increased
cytokine and growth factor production; imbalances in procoagulant and fibrinolytic
activities; and hyperadhesiveness for blood leukocytes. These manifestations, collectively
termed "endothelial dysfunction", play an important role in the initiation, progression and
clinical complications of vascular diseases?.

Various types of pathophysiologically relevant stimuli of endothelial dysfunction
have been identified, including immuno-regulatory cytokines such as tumor necrosis factor
and interleukin-1, viral infection and transformation, bacterial toxins (especially Gram-
negative endotoxin), oxidatively modified lipoproteins, and advanced glycosylation end-
products. At a molecular level, perhaps the best studied paradigm is the "activation" of
endothelial cells by inflammatory cytokines such as TNF and IL-1, and bacterial
lipopolysaccharide (endotoxin)’. This process involves a coordinated sequence of events,
initiated by cell surface receptor activation, that culminates in a pattern of gene expression
that typically is characteristic for a particular cytokine or mixture of cytokines. At the
level of the nucleus, a number of these stimuli appear to converge into final common
pathways of transcriptional regulatory factors, such as the NFkB system®.

In addition to these soluble cytokine stimuli, biochemical forces generated by the
pulsatile flow of blood through the branched arterial tree, such as oscillating wall shear
stresses, and cyclic stretching, can also influence a variety of endothelial functions’.
Certain of these biomechanically induced effects appear to involve the modulation of
endothelial gene expression at the transcriptional level. Recently, a "shear stress response
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element (SSRE)" has been discovered in the platelet-derived growth factor (PDGF) B-
chain gene that appears to be involved in these processes. This cis-acting transcriptional
element has been shown by deletion analysis to be necessary for shear-induced activation
of the PDGF-B chain gene, and also is present in the promoters of several other shear-
inducible endothelial genes®. Interestingly, ICAM-1, an endothelial-leukocyte adhesion
molecule that contains the SSRE in its promoter, shows selective upregulation in response
to physiologic levels of laminar shear stress, compared with E-selectin and VCAM-1, that
do not contain this regulatory element’. This differential pattern of induction of these
endothelial-leukocyte adhesion molecules by a biomechanical force is in contrast to the
coordinate pattern of induction typically observed with other activating stimuli.
Experimental analysis of the transduction mechanisms that link externally applied forces
to genetic regulatory events within the nucleus thus may provide new insights into the
endothelial activation process.

Recent studies suggest that an early manifestation of endothelial dysfunction in the
atherosclerotic process is the expression of inducible mononuclear leukocyte-selective
adhesion molecules, such as VCAM-1 (termed the "ATHERO-ELAM", in the rabbit)®.
This observation has several conceptual as well as practical implications. First, this
provides an objective (and potentially quantitative) index of endothelial activation in a
vascular disease process. Second, this inducible leukocyte adhesion molecule may be a
potential target for "anti-adhesive" therapeutic interventions. Third, characterization of
analogous changes in human atherosclerotic lesions may provide novel markers for the
early stages of this complex disease process, potentially useful for both diagnosis and
therapy. Clearly, the successful application of such diagnostic and therapeutic strategies
will require better understanding of the basic mechanisms of endothelial activation in the
context of human atherosclerotic vascular disease.

In summary, the endothelial lining of the cardiovascular system is a dynamically
mutable interface which can exhibit a spectrum of adaptive changes. Various components
of its vast repertoire of autacoids, growth factors, vasoactive, hemostatic and fibrinolytic
substances often contribute to agonist/antagonist balances that have important implications
for the function of the vascular lining, adjacent vascular cells and interacting blood
constituents. By virtue of its unique anatomical position, the endothelium also plays an
important role in the local transduction and integration of diverse biological stimuli,
including circulating hormones and bacterial products, locally generated cytokines, and
even biomechanical forces. Thus, in an important sense, the phenotype of an endothelial
cell is a reflection of the local pathophysiologic milieu. As our knowledge of the stimuli
and consequences of dysfunctional endothelial phenotypes increases, so will our working
concepts of the pathogenesis of vascular diseases.
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INTRODUCTION

Endothelial cells and smooth muscle cells, the most abundant cell types in the
blood vessel wall, normally have a low replication rate in the adult animal. However,
endothelial cell proliferation and concomitant neovascularization is associated with tumor
growth and the pathogenesis of numerous angiogenesis-dependent diseases.' Also,
accelerated smooth muscle cell replication plays a central role in atherogenesis,” vascular
graft stenosis,® and restenosis of vessels following angioplasty or atherectomy.*
Fibroblast growth factor (FGF)-1 and FGF-2, also commonly known as acidic and basic
FGF, respectively, are two of the polypeptide mitogens that are likely to be important
mediators of vascular cell growth in vivo. They are both potent angiogenic factors™® and
smooth muscle cell mitogens.”® They are expressed by vessel wall cells®'® and by
monocyte-derived macrophages within human atheroma.”!® FGF-2 has also been detected
in human platelets'! and T lymphocytes.'? Direct evidence for the involvement of FGF-2
in rat balloon injury-induced medial smooth muscle cell proliferation was reported by
Lindner and Reidy."” Therefore, it is possible that inhibition of FGF expression or action
may be of therapeutic benefit in the treatment of human cardiovascular disease. One
strategy that may prove effective for inhibition of FGF mitogenic activity is to interrupt
the FGF intracellular signaling pathway. In this review, we describe our approach to
identify proteins that are involved in FGF-1 mitogenic signal transduction and thus
potential targets for therapeutic intervention.

FGF-1 MITOGENIC SIGNAL TRANSDUCTION

The majority of studies investigating the molecular mechanisms of FGF signaling
have not used human vascular cells, but instead immortalized murine cell lines such as
NIH 3T3 fibroblasts. These cells are relatively easy to maintain, express cell surface
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FGF receptors, can be arrested in G, by serum-starvation, and display a strong mitogenic
response to FGF-1 stimulation.™ It is known that FGF-1 binding to responsive cells
stimulates receptor autophosphorylation and the tyrosine phosphorylation of specific
proteins, including phospholipase C-y,'* Shc,' raf-1," ERK-1,'* ERK-2,'® and
cortactin.’® The phosphorylation-mediated activation of phospholipase C-y promotes
phosphatidylinositol hydrolysis, which in turn results in protein kinase C activation and
Ca’* mobilization. The role of these intracellular events in FGF signaling is unclear;
two groups have reported that phosphatidylinositol turnover is not necessary for FGF-
induced mitogenesis.'*?

Another cellular response to FGF-1 stimulation is the enhanced expression of
specific genes. Growth-regulated genes are generally classified into one of two groups:
immediate-early or delayed-early. Immediate-early genes are rapidly and transiently
expressed following mitogenic stimulation.?  Their transcriptional activation is
independent of de novo protein synthesis; therefore, the cellular factors necessary for
gene induction pre-exist in quiescent cells and need only to be modified following
stimulation. Examples of FGF-1-inducible immediate-early genes in NIH 3T3 cells
include those encoding c-Fos,” c-Jun,”? c-Myc,? early growth response gene-1
(unpublished results) and thrombospondin-1 (unpublished results). The rapid induction
of early growth response gene-1 mRNA is illustrated in Figure 1.

Delayed-early genes are first expressed a few hours after mitogen addition and
transcript levels can remain elevated for relatively long periods of time.?! These genes
are not activated if protein synthesis is inhibited; indeed, there is evidence that at least
some delayed-early genes are regulated by newly synthesized immediate-early
transcription factors. For example, the addition of antisense c-myb and c-myc
oligonucleotides inhibits cdc2 expression? and antisense c-fos oligonucleotides prevent
transin gene activation.”® The FGF-1-regulated (FR)-1 gene, which encodes an aldose
reductase-related protein, is an example of an FGF-1-inducible delayed-early gene in NIH
3T3 cells.” We have noted that four additional FGF-1-inducible mRNAs, encoding
phosphofructokinase,? ornithine decarboxylase (unpublished results), glyceraldehyde 3-
phosphate dehydrogenase (Figure 1) and proliferin (Figure 1), are expressed with kinetics
typical of delayed-early genes but the effect of protein synthesis inhibition has not yet
been tested. It is presently unknown whether any of the FGF-1-inducible immediate-
early or delayed-early proteins described above are required for FGF-1-stimulated cell
proliferation.

Figure 1. Effect of FGF-1 on early FGF-1
growth response gene-1 (Egr-1), [ e |
glyceraldehyde 3-phosphate 0’ 30’ 12h

dehydrogenase (GAPDH) and proliferin
(PLF) mRNA levels in NIH 3T3
fibroblasts.  Serum-starved cells were
either left untreated or treated with 10
ng/ml human recombinant FGF-1 and 5
U/ml heparin for 30 min or 12 h. RNA
was isolated and equivalent amounts of
each sample analyzed by Northern blot
hybridization” using *P-labeled Egr-1,
GAPDH or PLF cDNA probes. The
upper and lower tick marks on the left ~<— GAPDH
side indicate the positions of 28S and 18S

tRNA, respectively. -<— PLF

-— EGR-1
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GROWTH FACTOR-RESPONSIVE GENES AND CELLULAR PROLIFERATION

Previous reports have indicated that some growth factor-inducible genes encode
proteins that perform functions critical for cellular proliferation. In most of these
studies, the expression or activity of a specific gene product was inhibited by either
adding antisense oligonucleotides to cell culture media, transfecting cells with antisense
expression constructs, or microinjecting specific monoclonal antibodies into the cell
nucleus or cytoplasm. The effect of these treatments on cell cycle progression in vitro
was then monitored. These studies have indicated that the mitogen-inducible proteins c-
Fos,”? c-Jun,®¥® ¢-Myc,"* ¢-Myb,* c-Ras,* p53,% and proliferating cell nuclear
antigen,**® are important for the proliferative response of mitogen-treated cells. In the
context of vascular biology, recent studies applying the antisense oligonucleotide
approach in vivo have indicated that c-Myc,* ¢-Myb* and the mitogen-inducible cdc2
protein kinase® are involved in the smooth muscle cell hyperplasia associated with
balloon catheter-induced injury of the rat carotid artery.

IDENTIFICATION OF NOVEL FGF-1-INDUCIBLE GENES

In consideration of the results described above, it is reasonable to conclude that
one approach that may prove successful for identifying proteins involved in FGF-
stimulated mitogenesis is to isolate and characterize cDNA clones representing FGF-1-
inducible mRNAs. Genes regulated by serum,**” PDGF,® EGF,* IGF-1,* TGF-31,
TNF-o,% IL-1,% IL-25%% or CSF-1** have been successfully identified by subtracted
c¢DNA probe hybridization or differential screening of cDNA libraries. However, these
two strategies are technically challenging, laborious, require significant amounts of
cellular mRNA, and may not identify genes encoding relatively rare transcripts. We
have used an alternative method, based on the reverse transcription-polymerase chain
reaction (RT-PCR) technique, to identify FGF-1-inducible genes.”® As this work was in
progress, similar approaches to identify differentially-expressed mRNA species were
described by Liang and Pardee,”” Welsh et al.,”* and Bauer et al.,* and termed
"differential display (DD)", "RNA fingerprinting using arbitrarily primed PCR (RAP)",
or "differential display reverse transcription PCR (DDRT-PCR)", respectively.

In our experiments, RNA is isolated from quiescent or FGF-1-treated NIH 3T3
cells and converted into cDNA using random primers and reverse transcriptase. This
cDNA is then used in PCR assays containing various combinations of degenerate
oligonucleotide primers designed to recognize protein domains conserved in different
classes of signaling proteins; for example, zinc finger, leucine zipper, protein tyrosine
kinase and Src homology 2 domains. Amplification products are separated by
electrophoresis on agarose gels and visualized by ethidium bromide staining. Two
examples of differential display gels are shown in Figure 2. In these experiments, three
cDNA fragments, of ~700-, ~230-, or ~790-basepairs (bands #1, #2, or #3,
respectively), were specifically amplified in the reactions using RNA isolated from FGF-
1-treated cells.

The cDNA fragments isolated by this approach can then be purified, re-amplified
and subcloned into an appropriate plasmid vector. Typically, the cDNA inserts are then
isolated, radiolabeled and used as probes in Northern blot hybridization experiments to
confirm that the respective clone actually represents an FGF-1-inducible mRNA. Also,
nucleotide sequence data is obtained and assessed for homology to sequences deposited
in the various databases. Depending on the Northern blot and DNA sequencing results,
a particular RT-PCR-derived cDNA may then be used as a probe to isolate larger cDNA
clones from a murine cDNA library.
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Figure 2. Identification of three FGF-1-
inducible mRNAs by differential display.
Serum-starved NIH 3T3 cells were either left
untreated or treated with FGF-1 and heparin
for 2 or 12 h. RNA was isolated, random-
primed cDNA was synthesized, and PCR
2FIPTK performed as described.® For PCR, either
Primers sense zinc finger (ZF)/antisense protein
tyrosine kinase (PTK) (top panel), antisense
PTK/sense ZF (middle panel), or sense and
antisense FGF receptor-1 (bottom panel)
oligonucleotide primers were used. PCR was
performed with these latter primers to
demonstrate the integrity of the three cDNA
templates.  Amplification products were

PTK/ZF separated by agarose gel electrophoresis and

prmers visualized by ethidium bromide staining.
DNA size markers (M) are present in the first
lane. The cDNA fragments representing the
three differentially-expressed transcripts are
indicated with arrows.

FGFR-1

Primers

We have identified numerous distinct FGF-1-inducible genes using our differential
display technique. Both immediate-early and delayed-early kinetics of mRNA expression
have been observed. Three different temporal expression patterns are illustrated in
Figure 3. FR-1 mRNA expression was detected in both quiescent and FGF-1-stimulated
cells; however, FR-1 mRNA levels were elevated at 4, 8 and 12 h after growth factor
addition. FR-1 mRNA induction does not occur if protein synthesis is inhibited using
cycloheximide.”® FR-2 mRNA was not detected in quiescent cells but was expressed in
response to FGF-1 addition. The expression level was maximal at 1 h post-stimulation
and then returned to near basal levels by 12 h. FR-2 mRNA induction can still occur in
cycloheximide-treated cells (unpublished results). FR-3 transcripts were also only
expressed in FGF-1-stimulated cells; in this case, maximal levels of mRNA expression
were evident at 8 and 12 h post-stimulation.

Although our interest was to isolate genes encoding proteins with particular
structural motifs, it is clear from the DNA sequence information obtained to date that
many of the cDNA clones represent proteins devoid of these domains. Since many of
the oligonucleotide primers were degenerate, a relatively low PCR annealing temperature
was used. Consequently, the primers were able to anneal to cDNA sequence coding
regions of modest homology. This is how the Src homology 2/zinc finger primer
combination amplified fatty acid synthetase cDNA and the Src homology 2/leucine zipper
primer combination amplified sarco(endo)plasmic reticulum Ca?>*-ATPase cDNA.?* In
addition, some primers hybridized to partially homologous sequences within 5’- or 3’-
untranslated regions. This is how the zinc finger/ protein tyrosine kinase primer
combination amplified the aldose reductase-related FR-1 cDNA.? Nevertheless, a subset
of the genes identified to date do appear to encode proteins containing the targeted
structural domains.
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Figure 3. Effect of FGF-1 on FR-1, FGF-1
FR-2 and FR-3 mRNA levels in NIH r 1
3T3 fibroblasts. Serum-starved cells O 30 1th 2h 4h 8h 12h
were either left untreated or treated

with FGF-1 and heparin for the

indicated time periods. RNA was FR-1

isolated and equivalent amounts of

each sample analyzed by Northern

blot hybridization as described.”

The *P-labeled cDNA probes used

are indicated on the left. FR-2

FR-3

ARE THERE FGF-SPECIFIC CELLULAR RESPONSES?

In general, many immediate-early or delayed-early genes are activated to a similar
extent when quiescent cells are stimulated with different growth-promoting agents. Most
of the FGF-1-inducible genes we have examined to date are also expressed following
FGF-2 or serum treatment of quiescent NIH 3T3 cells. = Whole blood serum is a
complex mixture containing plasma constituents as well as factors released from platelets
during the process of coagulation. It contains numerous polypeptide mitogens, including
PDGF, TGF-8, EGF and IGF-I but relatively low amounts of FGF-1% and FGF-2 (< 10
pg/ml).®*$! Interestingly, the FR-1 gene is differentially expressed in response to FGF
or serum stimulation. This result is shown in Figure 4, where the temporal expression
pattern of FR-1 mRNA is compared to that of FR-2 mRNA, a typical immediate-early
transcript induced by serum as well as various purified polypeptide growth factors. It
is evident from this experiment that serum treatment actually reduces the basal level of
FR-1 mRNA expression detected in unstimulated cells.

FGF-1 SERUM

I 1 — 1
0 30' th 2h 4h 8h 12h 0 30" th 2h 4h 8h 12h

FR-1

FR-2

Figure 4. Effect of FGF-1 or serum treatment on FR-1 and FR-2 mRNA levels in NIH 3T3 fibroblasts.
Serum-starved cells were either left untreated or treated with either 10 ng/ml FGF-1 and 5 U/ml heparin
or 10% calf serum for the indicated time periods. RNA was isolated and equivalent amounts of each
sample analyzed by Northern blot hybridization as described.” The **P-labeled cDNA probes used are
indicated on the left.
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An experiment was also performed to determine the effect of combined mitogenic
stimulation with serum and FGF-1. As illustrated in Figure 5, FGF-1 could still elevate
FR-1 mRNA levels even in the presence of 10% calf serum. This indicates that the
positive effect on FR-1 gene activity by FGF-1 is dominant over the negative effect
exerted by serum. Taken together, these results demonstrate that alternative growth
promoters, in this case FGF-1 or serum, can induce distinct genomic responses in a
common cell type.

Figure 5. Effect of FGF-1 and serum
treatment on FR-1 mRNA levels in NIH
3T3 fibroblasts. Serum-starved cells
were either left untreated or treated with
10% calf serum (CS) in the absence or
presence of 10 ng/ml FGF-1 and 5 U/ml
heparin for the indicated time periods.
RNA was isolated and equivalent amounts
of each sample analyzed by Northern blot
hybridization® using a ¥P-labeled FR-1
cDNA probe. The bottom panel is a
photograph of the 28S rRNA band as
visualized by ethidium bromide staining.
This demonstrates equivalent amounts of
RNA were present in each gel lane.

FGF-1 SIGNALING IN VASCULAR CELLS

It is likely that the molecular mechanism of FGF-1 mitogenic signal transduction
is similar, but perhaps not identical, in different cell types. Thus, we reasoned that the
NIH 3T3 cell system could be used to identify genes encoding proteins important for
FGF-1 stimulation of vascular endothelial or smooth muscle cell growth. At the present
time we do know that at least some of the genes we have identified are also activated in
FGF-1-stimulated vascular cells. For example, FR-12 mRNA is expressed with similar
kinetics in FGF-1-treated NIH 3T3 cells or rat aortic smooth muscle cells (Figure 6).
Although it appears that the degree of induction is significantly less in the smooth muscle
cells, this may reflect poor cross-hybridization between the murine cDNA clone and the
rat transcripts. We conclude that at least some aspects of the FGF-1 mitogenic signaling
program are shared between non-vascular and vascular cell types.

SUMMARY

A group of genes encoding proteins with diverse functions are transcriptionally
activated following the addition of serum or purified polypeptide growth factors to
quiescent cell cultures. There is good evidence that the expression of at least some of
these proteins is critical for cell cycle progression. We have used a differential display
technique to identify FGF-1-inducible genes in NIH 3T3 cells. In comparison to
alternative approaches, such as differential screening of a cDNA library or subtracted
cDNA probe hybridization, the differential display method is relatively simple and
candidate genes can be quickly identified. The characterization of numerous novel FGF-
1-inducible genes is presently underway. Future experiments will investigate whether
the newly identified FGF-1-inducible proteins perform functions important for FGF-1-
stimulated cell proliferation.

114



Figure 6. Effect of FGF-1 on FR-12 mRNA levels in
NIH 3T3 fibroblasts or rat aortic smooth muscle cells.
Serum-starved cells were either left untreated or
treated with 10 ng/ml human recombinant FGF-1 and
5 U/ml heparin (fibroblasts) or 10 ng/ml bovine brain-
derived FGF-1 (smooth muscle cells) for the indicated
time periods. RNA was isolated and equivalent
amounts of each sample analyzed by Northern blot
hybridization® using a *P-labeled FR-12 cDNA probe.
FR-12 mRNA expression in murine NIH 3T3 cells
(panel A) or rat aortic smooth muscle cells (panel B)
is shown. The upper and lower tick marks on the left
side of each blot indicate the positions of 28S and 18S
rRNA, respectively.
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INTRODUCTION

Atherosclerosis is a complex, multisystem disease whose underlying molecular
and cellular mechanisms are poorly understood. Recent insights into the etiology and
pathogenesis of this disease suggest that atherosclerosis may be viewed as an
inflammatory disease linked to an abnormality in oxidation-mediated signals in the
vasculature. The purpose of this brief review is to extend this notion to the molecular level
by viewing oxidation-mediated signals as physiological regulators of vascular gene
expression that function through specific oxidation-reduction (redox)-sensitive signal
transduction pathways and transcriptional regulatory networks. Redox-sensitive regulation
of vascular gene expression, especially of genes involved in vascular inflammatory and
growth responses, represents an intriguing paradigm for understanding atherogenesis as
well as for the development of novel therapeutic treatment regimens, drug design and
diagnostic assessment of disease state.

INFLAMMATION AND ATHEROSCLEROSIS

Atherosclerosis is a chronic disease of the arterial intima characterized by the focal
accumulation of leukocytes, smooth muscle cells, lipids and extracellular matrix 1. A
central feature, and one of the earliest detectable events in the pathogenesis of the
atherosclerotic plaque, is the adherence of mononuclear leukocytes to discrete segments of
the arterial endothelium, followed by transformation into lipid-laden macrophages, or
"foam cells." In this inflammatory response, leukocyte recruitment to the endothelium is
mediated by the interaction of adhesion molecule receptors expressed on the surface of
endothelial cells with counter-receptors expressed on immune cells. Endothelial cells play a
major role in defining the types of leukocytes recruited (e.g., monocytes, lymphocytes or
neutrophils) by selectively expressing specific adhesion molecules (e.g., vascular cell
adhesion molecule-1 (VCAM-1), intracellular cell adhesion molecule-1 (ICAM-1) or E-
selectin) in response to various inflammatory stimuli 2: 3. In the earliest atherogenic
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lesions, this involves the localized endothelial expression of VCAM-1 and selective
recruitment of mononuclear leukocytes 4.

VCAM-1, a member of the immunoglobulin gene superfamily, mediates
leukocyte binding to the endothelial cell through its interaction with its integrin counter-
receptor, very late activation antigen-4 (VLA-4) 3. Due to the selective expression of VLA-
4 on monocytes and lymphocytes, but not neutrophils, VCAM-1 plays an important role in
mediating mononuclear leukocyte selective adhesion 5-10, In addition to endothelial-
leukocyte interactions, adherence to the endothelium by certain metastatic tumors may be
mediated by VCAM-1 11, Additional, perhaps novel, roles for VCAM-1 in the immune
response as well as in tissue development and differentiation are suggested by its
expression in stromal cells of the bone marrow 12 and macrophages 13. Recently, VCAM-
1 and its counter-receptor, VLA-4, were shown to be expressed on both skeletal myoblasts
and myotubes in culture and at sites of secondary myogenesis in vivo 14. Intriguingly, this
study suggested a functional role for VCAM-1/VLA-4 in myogenesis by blocking
myotube formation in vitro with antibodies to VLA-4 or VCAM-1.

OXIDATIVE MODIFICATION OF LDL HYPOTHESIS

To explain these earliest events in the pathogenesis of atherosclerosis, an oxidative
modification hypothesis was proposed 15. This hypothesis focuses on the modification of
low density lipoprotein (LDL) by reactive oxygen species into oxidatively-modified LDL
(ox-LDL) as the central initiating and propagating event in atherosclerosis 16. Monocytes
avidly take up ox-LDL through a "scavenger" receptor and are thus transformed into lipid-
engorged macrophage-foam cells that are the cellular components of the fatty streak. Ox-
LDL may also subsequently participate in other components of atherogenesis such as
additional monocyte recruitment, smooth muscle proliferation and vascular injury.
Although this "oxidative stress" hypothesis is appealing and serves as a scientific rationale
for therapeutic trials of antioxidants in experimental and human atherosclerosis, it should
be noted that the regulatory mechanisms by which "oxidation" initiates and propagates the
atherogenic lesion are unknown and may involve factors and cellular components in
addition to, or other than, LDL 17 18,

OXIDATIVE SIGNALS AND ENDOTHELJIAL EXPRESSION OF VCAM-1

Oxidative stress may play an important role in regulating VCAM-1 gene
expression in the vasculature and thus we hypothesize that it may serve as an integrative
link between the "oxidative" signals predisposing the vessel wall to atherosclerosis and the
early mononuclear leukocyte immune responses characteristic of this earliest stage of the
disease. In the early atherogenic lesion, oxidative stress is manifested by the elevated
production of reactive oxygen species by endothelial and smooth muscle cells that results
in the oxidative modification of LDL 19,20, This is likely due in part to both paracrine and
autocrine mechanisms by which the cytokines, interleukin-1p (IL-1) and tumor necrosis
factor a (TNFa), derived from both inflammatory and endothelial cells, induce the cellular
synthesis of reactive oxygen species 21> 22, It is in this oxidative milieu that endothelial
expression of VCAM-1, but not E-selectin or ICAM-1, and consequent monocyte
accumulation are observed in the early atherogenic lesion 4. These observations suggest
that the activation of VCAM-1 gene expression might be distinguished from that of
ICAM-1 or E-selectin by its sensitivity to modulation by oxidation-mediated signals.
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REDOX-SENSITIVE TRANSCRIPTIONAL REGULATION THROUGH NF-xB

Recent studies of the human VCAM-1 promoter demonstrate that TNFa activation
of VCAM-1 transcription in human umbilical vein endothelial (HUVE) cells is dependent
on the activation of an NF-xB-like transcriptional regulatory protein 23. NF-xB is a
ubiquitously expressed multisubunit transcription factor whose activation in several cell
types by a large and diverse group of agents such as TNFa, IL-1B, bacterial endotoxin
lipopolysaccharide (LPS), double-stranded RNA, poly(I:C) (PIC) as well as the oxidant
H»0» can be specifically inhibited by antioxidants such as N-acetylcysteine (NAC) and
pyrrolidine dithiocarbamate (PDTC) 24-26, This has led to the hypothesis that oxygen
radicals play an important role in the activation of NF-xB through an as-yet undefined
reduction-oxidation (redox) mechanism 26, By extrapolation, oxidative stress in the
atherosclerotic lesion may play a role in regulating VCAM-1 gene expression through an
NF-xB-like redox-sensitive transcriptional regulatory protein.

VCAM-1 IS A MOLECULAR MARKER OF REDOX-SENSITIVE
ENDOTHELIAL CELL GENE EXPRESSION

We have established that the activation of VCAM-1 gene expression in vascular
endothelial cells is indeed regulated by a common oxidation-sensitive mechanism 27. In
cultured HUVE cells, the cytokine IL-1p activated VCAM-1 gene expression through a
mechanism that is repressed ~90% by the antioxidants PDTC and NAC. Furthermore,
PDTC selectively inhibited the induction of VCAM-1, but not ICAM-1, mRNA and protein
accumulation by the cytokine TNFo as well as the non-cytokines, LPS and PIC. PDTC also
markedly attenuated TNFo induction of VCAM-1-mediated cellular adhesion. PDTC
partially inhibited E-selectin gene expression in response to TNFa: but not to LPS, IL-18 or
PIC. TNFo- and LPS-mediated transcriptional activation of the human VCAM-1 promoter
through NF-xB-like DNA enhancer elements and associated NF-kB-like DNA binding
proteins was inhibited by PDTC.

In the above studies, we have established that the activation of endothelial cell
VCAM-1 gene expression is regulated by a signal transduction pathway that contains a
transcriptional NF-kB-like regulatory element sensitive to inhibition by antioxidants.
Furthermore, this factor is necessary but not sufficient to activate VCAM-1 gene expression
in HUVE cells in response to diverse inducing stimuli. As shown in Figure 1, this redox-
sensitive signal transduction pathway does not appear to regulate ICAM-1 and E-selectin
gene expression. Thus, we have identified at least two distinct regulatory pathways activated
by inflammatory cytokines and a new mechanism by which adhesion molecule genes may
be selectively regulated in response to otherwise non-discriminating activating signals. Using
the antioxidant PDTC as a molecular probe, we have characterized this new VCAM-1-
specific molecular regulatory pathway from the functional expression of cell adhesion to a
specific DNA binding protein complex.

These studies strongly support the central tenet of our hypothesis linking oxidative
signals to immune responses in the vasculature. Importantly, this places into context our
contention that the molecular regulation of VCAM-1 gene expression serves as a key
paradigm for an integration of oxidative stress signals and the early immune responses of
atherosclerosis. VCAM-1 gene expression in endothelial cells may thus be used as a
comparative mechanism to elucidate the physiological role of oxidative signals regulating
gene expression in other vascular cell types, such as vascular smooth muscle, exposed to
similar pathogenetic signals of atherosclerosis. VCAM-1 expression itself may serve as a
molecular marker for oxidation-mediated signal transduction in the vasculature.
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Figure 1. Schema for redox-sensitive differential regulation of VCAM-1 gene expression.

EVIDENCE FOR A COMMON REDOX-SENSITIVE SIGNAL AS THE
PHYSIOLOGICAL REGULATOR OF VCAM-1 GENE EXPRESSION

As shown in Figure 1, an important predictor of the redox model of VCAM-1
expression is potentially a common signal pathway utilized by biomechanical forces as well
as metabolic factors that influence the pathogenesis of atherosclerosis. The following
preliminary studies performed in our laboratory support this prediction.

Regarding biomechanical forces, atherosclerosis exhibits a predilection for focal sites
on the vessel wall. Due to vessel geometry, laminar shear stress, an important component
of the mechanical force generated by laminar blood flow, is absent at these sites. We
established that chronic exposure to laminar shear stress inhibits cytokine-induced, redox-
sensitive VCAM-1 gene expression, but not that of ICAM-1 or E-selectin, in a manner
similar to that observed for the thiol antioxidant, PDTC 28, These results were strikingly
similar to PDTC and suggest that through a redox-sensitive signal transduction mechanism,
biomechanical forces such as laminar shear stress may control the regional predisposition of
the vessel wall to inflammatory disease processes such as atherosclerosis.

To establish that pro-oxidant signals could selectively augment VCAM-1 gene
expression, we tested whether the naturally occurring pro-oxidant, ox-LDL, augments
activation of VCAM-1 expression by inflammatory signals 29. Dose-response and time-
course studies demonstrated that pre-incubation of HUVE cells with ox-LDL enhanced
VCAM-1 expression by the cytokine TNFo (100U/ml for 6 hours) by 45% (p<.05)
compared with either unmodified LDL or no pretreatment. Ox-LDL had no effect on the
induction of either ICAM-1 or E-selectin. Essentially similar results were obtained with
linoleyl hydroperoxide (13-HPODE, 7.5-30 uM) and lysophosphatidylcholine (lyso-PC, 50
uM), which are significant components of ox-LDL. These results suggest that as long-term
regulatory signals, specific phospholipid and oxidized free fatty acid components of ox-LDL
augment the ability of vascular endothelial cells to express VCAM-1 in response to a
cytokine-mediated inflammatory stimulus. These studies link oxidant signals conferred by
ox-LDL to oxidation-sensitive regulatory mechanisms that control the expression of vascular
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endothelial cell adhesion molecules characteristic of the early inflammatory events in
atherosclerosis.

CONCLUSION

VCAM-1 is a member of a class of genes expressed in atherosclerosis whose
regulation is characterized by a functional linkage between redox-sensitive modulatory
signals and the nuclear regulatory apparatus. A similar mechanism may mediate the
molecular regulatory response of endothelial cells to biomechanical forces in the vasculature.
PDTC antioxidant inhibitable VCAM-1 gene expression was also used as the experimental
paradigm to identify a specific class of free fatty acids that may function as the intracellular
oxidant "second messenger" that regulates redox-sensitive gene expression. This would link
the metabolic abnormalities of atherosclerosis, such as hypercholesterolemia and ox-LDL,
directly with immune-mediated processes through a specific molecular regulatory
mechanism controlling redox-sensitive VCAM-1 gene expression. These studies suggest
that the therapeutically dominant features of antioxidants in atherosclerosis may be due to
alterations in the molecular regulation of gene expression of endothelial, smooth muscle and
inflammatory cells. Redox-sensitive regulation of vascular gene expression represents an
intriguing paradigm for understanding atherogenesis as well as for the development of novel
therapeutic treatment regimens, drug design and diagnostic assessment of disease state.
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Among the many processes that contribute to the development of atherosclerosis, the
migration and proliferation of smooth muscle cells and fibroblasts and the migration and

activation of macrophages are among the most importantll. The responses of normal cells
that lead to atherosclerosis are the consequences of directed signals that are initiated by
cytokines that are upregulated at sites of developing lesions and by circulating plasma factors,
such as oxidized low density lipoproteins (LDLs). Increasingly, evidence suggests that the
initial insult may result from the interaction of partially oxidized LDL and scavenger
receptors, that, in turn, upregulate a number of cytokine genes whose products function as

potent chemoattractants and mitogens for different target cells within the arterial walll.3-9,
The PDGF A-chain gene is among the genes that are regularly upregulated in developing

atheroma2. Its protein product, the homodimeric PDGF A-chain, is a chemoattractant for
monocytes, fibroblasts, and smooth muscle cells and a mitogen for fibroblasts and smooth
muscle cells!-10. In addition, PDGF A upregulates its own transcription (and thus is
autoregularoryl 1) and transcription of a number of other potent cytokine genes.

In this manuscript, we describe three lines of investigation relevant to the role of PDGF
in the pathogenesis of atherosclerosis. The aim of these investigations is to understand
mechanisms by which PDGF activates cells to generate a proliferative response and to
understand the mechanisms by which the PDGF gene(s) is upregulated during the
pathological process of atherosclerosis. The experiments thus are directed to understanding
the bases of the process of atherogenesis, and, with the increase in understanding that may
result from this work, it may be possible to provide rational approaches for therapy.

The autocrine hypothesis suggests that upregulation of expression and secretion of
growth factors and the subsequent interaction of a secreted growth factor with its receptor
establishes the mechanism for the chronic activation of the growth factor receptor, leading to

uncontrolled proliferationlz. However, the reversible upregulation of growth factors that
occurs at sites of inflammation and atheroma establishes locally an equally important
opportunity to stimulate to cell growth that is directly analogous to transformation. The
autocrine mechanism was first shown to be valid in NIH 3T3 cells that overexpress the v-sis
oncogene, the viral counterpart of the B-chain of PDGF!3. It was shown that the secreted
growth factor stimulated the autocrine growth of these cells because culture in the presence of
anti-PDGF antisera reduced DNA synthesis and thus the growth of these cells, supporting an
autocrine growth hypothesis in v-sis (PDGF B). Recently we have shown that the addition
of PDGF B to growing NIH 3T3 cells induces transformation of a subpopulation of NIH
3T3 cells. Transformation is reversed when PDGF B is withdrawn. A genetically stable
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program may thus complement PDGF B within the subpopulation of NIH 3T3 cells to induce
reversible transformation, whereas other non-transformable populations of NIH 3T3 cells
lack this genetic program. Thus, PDGF B treatment alone in the absence of complementation
fails to transform14.

In other experiments, we sought to identify an altered pathway that complemented
PDGF B. We demonstrated that chronic stimulation of growing cells with both PDGF A and
B complements the anti-apoptotic bcl-2 gene to induce transformation. Control cells that lack
overexpression of bcl-2 fail to be transformed by PDGF B or by PDGF A. These results
suggest an important model for why PDGF A or PDGF B, when overexpressed within the
blood vessel wall, may be important in the proliferative response of atherosclerosis. Thus
either growth factor has the potential to complement other gene products that are also
upregulated in response to the inflammatory stimuli, thereby amplifying the proliferative
response locally to that of more aggressive cell growth. Upregulation of PDGF A and PDGF
B therefore may result in the reversible but aggressive growth of the secreting or neighboring
cells. Importantly also, by down-regulating the expression of PDGF A, the aggressive
growth characteristics of the cells may also be reversed. This result suggests an important
and as yet unappreciated mechanism whereby PDGF A or B may contribute directly to
abnormal proliferative response of atherosclerotic lesions and contribute to its progression.

A second mechanism that governs the contribution of PDGF to atherosclerosis is its
transcriptional activation at sites of lesions. In order to understand mechanisms by which the
transcription is regulated, we isolated the PDGF A-chain gene and characterized the
regulatory regions within its promoter!3. Two sites have been identified that appear to be
important in the upregulation of PDGF All. The first site is found -468 relative to the site of
initiation of transcription of the PDGF A-chain gene. This site contains a typical serum
response element (SRE) with the DNA sequence CC(A/T) GG16. This sequence in the
PDGF A-chain gene is sensitive to S1 in supercoiled plasmids and thus has single stranded
character!7. The SRE binds the serum response factor in a sequence specific manner and, in
conjunction with its phosphorylation that is stimulated by serum and by PDGF, thereby
mediates the upregulation of PDGF A. The SRE of the PDGF A-chain gene functions to
upregulate PDGF A-chain promoter activity in response to serum and to PDGF A; deletion of
the PDGF A-chain SRE sequences results in loss of inducibility by serum and PDGF A.
When the SRE is reintroduced into its site within the PDGF A-chain promoter or into the TK
(HSV thymidine kinase) gene, the PDGF A-chain SRE functions equally as the c-fos SRE in
response to PDGF. Mutations within the PDGF A-chain SRE abolish the upregulation of the
PDGF A-chain gene in response to serum or to PDGF itself, thus establishing specificity to
the response of the SRE and establishing the potential of the SRE to mediate the upregulation
of PDGF A through autoregulation by PDGF A itself and perhaps other cytokines as welll8,
This result is important because it establishes one mechanism to increase the levels of
expression of PDGF A within the blood vessel wall. Based on our knowledge of cytokines
expressed in the blood vessel wall, this mechanism is likely to be the important site of
regulation of PDGF A.

The second regulatory element that we have analyzed within the A-chain promoter is a
GC rich region within the proximal PDGF A-chain gene that contains three contiguous
binding sites for the transcription factor SP1. We observed that this region within the PDGF
A-chain gene also binds to the Wilms’ tumor gene product WT119. Plasmids that express
high levels of WT1 were then analyzed in transient co-transfection assays with the PDGF A-
chain promoter-driven chloramphenicol acyl transferase (CAT) reporter plasmid repress the
PDGF A-chain promoter activity by 10-fold, suggesting that WT1 functions as a repressor of
transcription of the PDGF A-chain gene!~. However, when the SP1 recognition sites were
deleted from the A-chain promoter, a sharp activation of promoter activity was observed
when it was co-expressed with WT120. This result led to the identification of a novel WT1
binding sequence ("TCC" motif) 3’ to the site of initiation of transcription of the PDGF A-
chain gene2! and that WT1 functions either to activate or to repress PDGF A-chain gene
promoter activity, depending upon the number and the position of binding sites. When two
sites are present within the promoter region of the PDGF A-chain gene, one 3’ and the other
5’ to the site of initiation of transcription, WT1 represses promoter function. When either
site is present alone, either in the 5° or in the 3’ position, WT1 functions as a transcriptional
activator. In order to seek reagents that ultimately might be of use in regulating expression of
the PDGF A-chain gene, we identified and fine mapped the activation and repression
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domains within the WT1 protein itself. These domains function independently as long as the
DNA binding domain is retained within the WT1 protein itself. Thus, WT1 has the potential
to function as a therapeutic approach to control the upregulation of the PDGF A-chain gene at
the transcriptional level21 if issues of its regulatory DNA sequences.

In a second series of experiments directed to understanding how the PDGF A-chain
gene is regulated, we have shown that methylation of the PDGF A-chain gene promoter
region in vitro blocks transcriptional activity of the PDGF A-chain gene promoter tested in
vivo22. The repression of promoter function is methylation sequence specific and cell type
specific, requires only a single site for suppression of promoter activity, and functions more
effectively when in proximity to the TATA box. We also demonstrated methyl DNA binding
protein-2 (MeCP-2)23 can suppress the methylated A-chain gene and activate the
unmethylated gene (Lin, et al., unpublished). Finally, by use the methylation inhibitor 5-
azacytidine, we established that the endogenous PDGF A-chain gene is methylated in HeLa
cells but not into S-44 cells, cells that express low and high levels of the PDGF A-chain gene
respectively (Lin, et al., unpublished). These results have established that methylation may
be another mechanism to maintain the low level of expression of the PDGF A-chain gene in
developing atheromata (Lin, et al., unpublished).

PDGF A not only regulates its own level of transcription but it also induces a number
of other cytokine §enes, including a recently described growth promoting polypeptide
pleiotrophin (PTN) 4, Pleiotrophin is a chemoattractant for fibroblasts and a weak mitogen
for NIH 3T3 cells. It induces process outgrowth from glial progenitor cells and from
neurons in primary cultures, suggesting a role in differentiation. Because PTN is
upregulated by PDGF, and thus is likely to be upregulated at sites of atherosclerosis, PTN
also may be important in the development of atherosclerosis. Its in vitro properties suggest
that it may function similarly in vivo. The studies that identified and characterized PTN thus
also suggest a site at which the PDGF A-chain gene may be regulated at the level of
transcription, and thus sites for new therapeutics.

The studies discussed in this manuscript were performed in order to further understand
the basic factors that contribute to atherosclerosis. PDGF is an important cytokine that has
been shown regularly to be upregulated at sites of developing atheroma. It is thus implicated
because of “guilt by association”. It also is implicated because the properties of PDGF
described by in vitro experiments are those anticipated for a signaling molecule that is
involved in directing cell migration and cell proliferation. Our studies have attempted to
further understand how PDGF amplifies the proliferative response, how it is upregulated to
the high levels of expression that are regularly secn in developing lesions, and what genes it
regulates in order to broaden the range of responses in PDGF stimulated cells. Importantly,
these results have broadened the range and added to the specificity of therapeutic approaches
to modulate atherogenesis.
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A fundamental property of vascular endothelial cells is the ability to proliferate and
form a network of capillaries (1, 2). This process, known as "angiogenesis", is prominent
during embryonic development and somatic growth but in a normal adult it only takes
place following injury or, in a cyclical fashion, in the endometrium and in the ovary (1,
2). Angiogenesis plays a significant role in the pathogenesis of a variety of disorders
including cancer, proliferative retinopathies, rheumatoid arthritis or psoriasis. Therefore,
inhibition of angiogenesis may constitute an attractive strategy for the treatment of such
disorders. Conversely, disorders characterized by inadequate tissue perfusion such as
obstructive atherosclerosis and diabetes are expected to benefit from agents able to
promote endothelial cell growth and neovascularization

A variety of factors have been identified as potential positive regulators of
angiogenesis: aFGF, bFGF, EGF, TGF -a, TGF -, PGE;, monobutyrin, TNF-o, PD-
ECGF, angiogenin and interleukin-8 (1, 2).

In this article we will attempt to summarize our present knowledge of a recently
identified family of directly-acting endothelial cell mitogens and angiogenic factors
known as vascular endothelial growth factor (VEGF) or vascular permeability factor
(VPF) (reviewed in 3, 4). These factors are products of the same gene and, by alternative
exon splicing, may exist in four different isoforms. These isoforms have similar
biological activities but differ markedly in their secretion pattern, suggesting that this
family of proteins may play multiple roles in the regulation of angiogenesis (5-8). Recent
studies point to VEGF as a major regulator of physiological and pathological
angiogenesis.
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BIOLOGICAL PROPERTIES OF VEGF

A peculiar aspect of the biology of VEGEF is its narrow target cell specificity (9).
VEGEF is a potent mitogen (ED5( 2-10 pM) for endothelial cells derived from small or
large vessels but it is apparently devoid of mitogenic activity for other cell types (9-11).
VEGEF is also able to induce a marked angiogenic response in the chick chorioallantoic
membrane (10, 12). VEGF also promotes angiogenesis in a tridimensional in vitro model,
inducing confluent microvascular endothelial cells to invade a collagen gel and form
tube-like structures (13). These findings support the hypothesis that the angiogenic
effects of VEGF are direct and do not require the involvement of paracrine mediator(s).
These studies also provide evidence for a potent synergism between VEGF and bFGF in
the induction of such in vitro angiogenic effects (13).

VEGEF has the same sequence as VPF, a tumor-derived protein so named because of
its ability to promote Evans blue extravasation when injected in the guinea pig skin (14,
15) and proposed to be a specific mediator of the hyperpermeability properties of tumor
vessels. It has been suggested that extravasation of fibrinogen and other plasma proteins
results in the formation of a fibrin gel that serves as a substrate for endothelial ant tumor
growth (16).

VEGF induces expression of the serine proteases urokinase-type and tissue -type
plasminogen activators (PA) and also PA inhibitor 1 (PAI-1) in cultured bovine
microvascular endothelial cells (17). Furthermore, rhVEGF induces expression of the
metalloproteinase interstitial collagenase in human umbilical vein endothelial cells but
not in dermal fibroblasts (18). The expression of PAI-1 may serve to regulate and
balance the process (17).

VEGF has also been shown to have vasodilator properties, which are mediated by
endothelial cell-derived NO (19). This translates in a transient hypotensive effect when

the protein is injected in vivo.

STRUCTURAL AND GENETIC PROPERTIES OF VEGF

VEGEF purified from a variety of species and sources is a basic, heparin-binding,
homodimeric glycoprotein of 45,000 daltons (3, 4). These properties are similar to those
of the 165-amino acid isoform (see below). VEGF is inactivated by reducing agents, but
it is heat-stable and acid-stable. By alternative splicing of mRNA, of a single gene,
VEGF may exist as one of four different molecular species, having respectively 121, 165,
189 and 206 amino acids (VEGF;21, VEGF;65, VEGF189, VEGF206) (5, 8, 10).
VEGF s is the predominant isoform secreted by a variety of normal and transformed
cells. Transcripts encoding VEGF121 and VEGF g9 are detected in the majority of cells
and tissues expressing the VEGF gene (5, 10). In contrast, VEGFyg is a very rare form,
so far identified only in a human fetal liver cDNA library (5). Compared to VEGF¢s,
VEGF{77 lacks 44 amino acids; VEGF;g9 has an insertion of 24 amino acids highly
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enriched in basic residues and VEGF (g has an additional insertion of 17 amino acids.
The amino acid sequence of VEGF has limited homology (15-18%) to the A and B chains
of platelet-derived growth factor (Leung et al., 1989). The organization of the human
VEGEF gene has been recently elucidated (5, 8). The VEGF gene is organized in eight
exons and the size of its coding region has been estimated to be approximately 14 kb (8).
VEGF¢5 lacks the residues encoded by exon 6, while VEGF/;; lacks the residues
encoded by exons 6 and 7.

Hypoxia has been recently identified as an important regulatory mechanism leading
to enhanced expression of the VEGF gene, both in vivo and in vitro (20, 21). Recent
studies have shown that similarities exist between the oxygen-sensing mechanisms
regulating the expression of the VEGF and the erythropoyetin genes (21). In both cases,
gene expression is significantly enhanced by cobalt chloride. Furthermore, the hypoxic
induction of both genes is inhibited by carbon monoxide, suggesting the involvement of a

heme protein in the process of sensing oxygen levels (21).

THE VEGF ISOFORMS

VEGF|3 is a weakly acidic polypeptide that does not bind to heparin. In contrast,
VEGF g5 is a basic (isoelectric point. ~8.5), heparin-binding protein . VEGF g9 and
VEGF;¢ are more basic and bind to heparin with even greater affinity (5, 6, 9). Such
differences in the isoelectric point have been shown to profoundly affect the targeting of
the translated proteins following secretion from the cell (5, 6). VEGF || is secreted as a
freely diffusible protein in the conditioned medium of transfected cells. VEGF¢s is also
secreted but a significant fraction remains bound to the cell surface or the extracellular
matrix (ECM). The longer isoforms, VEGFg9 and VEGF(g, are almost completely
sequestered in the ECM (5-7). However, they may be released from the bound state by a
variety of agents such as suramin, heparin or heparinase (6). The observation that heparin
releases these forms of VEGF suggests that their binding site is represented by heparin-
containing proteoglycans, similar to that for bFGF. Furthermore, the long forms may be
released by plasmin (6). This physiologically relevant protease is able to cleave VEGF|gg
or VEGFy(g at the COOH terminus and generate a proteolytic fragment having molecular
weight of ~34,000 daltons which is active as an endothelial cell mitogen and as a vascular
permeability agent (6). Plasminogen activation and generation of plasmin have been
shown to play an important role in the angiogenesis cascade (21). It is possible that this
property is not confined to plasmin. It may be that cleavage of VEGF may be brought
about by a variety of inflammation-associated proteases. Thus, the VEGF proteins may
be made available to endothelial cells by at least two different mechanisms: as freely
soluble proteins (VEGF12], VEGF]¢5) or following protease activation and cleavage of
the ECM-bound isoforms.
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THE VEGF RECEPTORS

Characteristics of VEGF binding to endothelial cells: Two classes of high
affinity VEGF binding sites have been identified on the cell surface of cultured
endothelial cells, having Kg values of 10 -12 and 10-11 M, respectively (23, 24). The
binding of VEGF to endothelial cells is stimulated by low concentrations of heparin and
is inhibited by removal of cell-surface heparan sulfate by heparinases (25). This
presumably reflects the heparin-binding nature of VEGF and suggests also that a cell-
surface proteoglycan may be required for binding. Lower affinity binding sites on
mononuclear phagocytes (K4 ~300-500 pM) have recently been described (26). The
molecular nature of these sites remains to be elucidated.

Tissue distribution of high affinity binding sites for VEGF. Ligand
autoradiography studies on tissue sections of adult rats revealed that high affinity 125I-
VEGF binding sites are localized to the vascular endothelium of large or small vessels
but not to other cell types (27, 28). Specific binding colocalized with Factor VIII
immunoreactivity and was apparent on both proliferating and quiescent endothelial cells.
Binding of 125]-VEGF during development of rat embryos is first detectable in the blood
islands of the yolk sac, which contain the earliest progenitors of hematopoeitic and
endothelial cells. As the vascular system develops, VEGF binding sites continue to
colocalize with the endothelium of blood vessels (28).

The FIt-1 and Flk-1/KDR tyrosine kinases Two tyrosine kinases have been
recently identified as putative VEGF receptors. The flt-1 (fms-like-tyrosine kinase) and
KDR (kinase domain region) proteins have been shown to bind VEGF with high affinity
(29, 30). The overall amino acid sequence identity between the two proteins is 44 %.
The murine homologue of KDR is known as flk-1 and shares 85% sequence identity with
human KDR (31). Flt-1 and KDR/flk-1 have a single hydrophobic leader peptide, a
single transmembrane domain, seven immunoglobulin-like domains in its extracellular
domain, and a consensus tyrosine kinase sequence which is interrupted by a kinase-insert
domain.

Recently, an alternatively spliced form of flt-1 lacking the seventh
immunoglobulin-like domain, the cytoplasmic domain, and transmembrane sequence has
been identified in human umbilical vein endothelial cells (32). The encoded protein is
expected to have 687 amino acids and is secreted as a soluble protein. This soluble flt-1
protein is able to inhibit VEGF-induced mitogenesis and has been proposed to be a
physiological negative regulator of VEGF action.

Characteristics of VEGF binding to flt-1 and KDR/flk-1: Flt-1 has the highest
affinity for rhVEGFi¢s5, with a K4 of approximately 10-20 pM (29). KDR has a
somewhat lower affinity for VEGF: the K4 has been estimated to be approximately 75
pM (30). The Kq for binding of rhVEGFj¢5 to Flk-1 is 500-600 pM (33, 34). Therefore,
it is likely the binding of KDR/Flk-1 to VEGF is partially species-specific. VEGF
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binding to these receptors was not competed by a structurally related peptide such as
PDGEF (29, 30).

Affinity cross linking of 125I-thVEGF s to transfected COS cells expressing KDR/FIk-1
revealed bands of 190-230 kDa (30, 33).

VEGF AS A REGULATOR OF PHYSIOLOGICAL ANGIOGENESIS

The proliferation of blood vessels is crucial for a wide variety of physiological
processes such as embryonic development, normal growth and differentiation, wound
healing and reproductive functions. The VEGF mRNA is expressed within the first few
days following implantation in the giant cells of the trophoblast (28, 35), suggesting a
role for VEGF in the induction of vascular growth in the decidua, placenta and vascular
membranes. At later developmental stages in the mouse or rat embryos, the VEGF
mRNA is expressed in several organs, including heart, vertebral column, kidney, and
along the surface of the spinal cord and brain (28, 35). In the developing mouse brain, the
highest levels of mRNA expression are associated with the choroid plexus and the
ventricular epithelium (35), arguing for a spatial relation between VEGF mRNA
expression and angiogenesis (36).

Strong evidence supporting the hypothesis that VEGF may be a physiological
regulator of angiogenesis was provided by in situ hybridization studies on the ovary (37).
Invasion of blood vessels is a prominent aspect of the cyclical development of the corpus
luteum. (38). Expression of the VEGF mRNA in the rat ovary is temporally and spatially
related to the proliferation of microvessels. Minimal hybridization is detectable in the
avascular granulosa cells of preovulatory follicles while a strong hybridization signal is
present in the corpus luteum where 50-60% of the total cell population is represented by
capillary endothelial cells and pericytes. A similar expression pattern has been recently
described in the primate ovary (39).

Interestingly, recent studies provide evidence for the expression of VEGF mRNA in
keratinocytes in a healing wound, suggesting the involvement of VEGF in a major
pathophysiological process such as wound healing (40).

THE ROLE OF VEGF IN PATHOLOGICAL ANGIOGENESIS

A variety of transformed cell lines express the VEGF mRNA and secrete a VEGF-
like protein (12, 41, 42), suggesting that VEGF may facilitate tumor growth through its
direct angiogenic effects. Also, recent in situ hybridization studies that have shown that
the VEGF mRNA is expressed at high level by a variety of human tumors, including
renal cell carcinoma, colon carcinoma and several intracranial tumors (20, 43-46). A
strong correlation exists between degree of vascularization of the malignancy and VEGF
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mRNA expression (44-46). The hypothesis that VEGF-expressing cells may have a
growth advantage in vivo due to stimulation of angiogenesis is supported by previous
studies that show that expression of VEGF¢5 or VEGF]2] confers on a nontumorigenic
clone of Chinese hamster ovary cells the ability to proliferate in vivo and form
vascularized tumors in nude mice (47). However, VEGF expression did not result in a
growth advantage in vitro for such cells, indicating that their ability to grow in vivo was
due to paracrine rather than autocrine mechanisms. More direct evidence for a role of
VEGF in tumor angiogenesis has been recently made possible by the availability of
specific monoclonal antibodies capable of inhibiting VEGF-induced angiogenesis in vivo
and in vitro. Such antibodies exert a dramatic inhibitory effect on the growth of several
human tumor cell lines in nude mice (48). However, the antibodies (or VEGF) have no
effect on the in vitro growth of tumor cells, confirming that VEGF does not act as an
autocrine factor for the tumor cells. The density of vessels was markedly decreased in the
antibody-treated tumors. More recent studies provide evidence for the involvement of
VEGEF in the in vivo growth of colon carcinoma cells in a nude mouse model of liver
metastasis (49) . Treatment with anti-VEGF monoclonal antibodies resulted in a dramatic
decrease in the size of liver metastases following injection of tumor cells into the spleen,
again confirming that angiogenesis is a critical rate limiting step in tumorigenesis and that
VEGEF is a major mediator of this process.

Recent studies (50) argue for a role played by VEGF in the pathogenesis of another
important angiogenic disease, rheumatoid arthritis (RA). Levels of immunoreactive
VEGF were very high (100-1600 ng/ml) in the synovial fluid of RA patients while they
were very low or undetectable in the synovial fluid of patients affected by other forms of
arthritis or by degenerative joint disease. Furthermore, 50-60% of the endothelial cell
chemotactic activity of the RA synovial fluid was blocked by an anti-VEGF antibody,
indicating that immunoreactive VEGF was bioactive.

Further disorders where VEGF-induced angiogenesis is expected to play a
pathogenic role are proliferative retinopathies. Intraocular neovascularization associated
with conditions such as diabetes, occlusion of central retinal veins or prematurity and
exposure to oxygen can lead to vitreous hemorrhage, retinal detachment and blindness (1,
2). It is believed that an event common to all of these conditions is the release of
diffusible factor(s) from the ischemic retina. VEGF, by its diffusible nature and hypoxia-
inducibility, is an attractive candidate. Recent studies where VEGF levels were measured
in the ocular fluids of over 150 patients demonstrate a strong correlation between levels
of immunoreactive VEGF in the aqueous and vitreous humors and active proliferative
retinopathy (51). VEGF levels were undetectable or very low (<0.5 ng/ml) in the eyes of
individuals affected by non-neovascular disorders, background diabetic retinopathy or
even proliferative diabetic retinopathy in a quiescent stage. In contrast, the VEGF levels
were in the range of 3-10 ng/ml in the presence of active proliferative retinopathy

associated with diabetes, occlusion of the central retinal vein or prematurity. These
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findings suggest that ischemia in the retina, regardless of its etiology, may lead to
release of VEGF followed by neovascularization.

VEGF AND THERAPEUTIC ANGIOGENESIS

An attractive possibility is that the VEGF protein or gene therapy with a VEGF
cDNA may be used to promote revascularization in conditions of insufficient tissue
perfusion. For example, chronic limb ischemia, most frequently caused by obstructive
atherosclerosis affecting the superficial femoral artery, is associated with a high rate of
morbidity and mortality and treatment is currently limited to surgical revascularization or
endovascular interventional therapy (52-54). Previous studies where bFGF was
administered suggest that an angiogenic therapy may be effective in restoring perfusion
following vascular injury (55). Very recent studies indicate that intra-arterial or intra-
muscular administration of thVEGF¢5 may significantly augment perfusion and
development of collateral vessels in a rabbit model of hindlimb ischemia (56, 57). These
studies provided angiographic evidence of neovascularization in the ischemic limbs.
More recently, the hypothesis was tested that the angiogenesis initiated by the
administration of thVEGF¢5 improved muscle function in limbs rendered ischemic by
surgical removal of the femoral artery (58). Remarkably, a single intra-arterial injection
of rhVEGF¢5 augmented muscle function in this model of peripheral limb ischemia. It is
also a characteristic of this model that the ischemic limb cannot augment blood flow in
response to oxygen demand during exercise. We found that this exercise-induced
hyperemia was significantly improved in ischemic limbs treated with rhVEGFjg5. This -
improvement in perfusion was however, not seen in resting muscle nor was it apparent in
other non ischemic tissues including the contralateral limb. We conclude that the
neovascularization and the angiogenesis seen in response to thVEGF;g5 results in
improvements in physiological parameters that indicate that this type of therapy may
represent a significant advancement in the treatment of peripheral vascular disease.

Furthermore, it has been suggested that VEGF administration may result in increase
in coronary blood flow in a dog model of coronary insufficiency (59). Following
occlusion of the left circumflex coronary artery, daily injections of rhVEGF distal to the
occlusion resulted in a significant enhancement in collateral blood flow over a period of
four weeks.

A further potential therapeutic application of VEGF is the prevention of restenosis
following PTA. Between 15% and 75% of patients undergoing PTA for occlusive arterial
disease develop restenosis within six months. The frequency of clinical stenosis depends
on the size and location of the artery and the definition of stenosis (54). It has been
proposed that damage to the endothelium is the crucial event triggering fibrocellular
intimal proliferation (54, 60). Therefore, it is tempting to speculate that rapid re-
endothelialization promoted by VEGF may prevent the cascade of events leading to
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neointima formation and restenosis. The specificity of VEGF for endothelial cells may be

especially useful for this application.
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INTRODUCTION

The basic process of blood vessel development is not well understood. It is
known that vessel formation is initiated by the aggregation of endothelial precursors
(angioblasts) as well as by the invasion of endothelial cells into existing tissue.!
Subsequently, there is recruitment of cells from the surrounding mesenchyme that give
rise to smooth muscle cells (SMCs).>* Additionally, in medium and large vessels, there
is first continued proliferation of SMCs, organization of these cells into distinct layers
separated by elastic laminae, and eventual cessation of growth.**>¢ This last phase of
blood vessel development, which we have termed "developmental maturation," defines
the transition of SMCs from a proliferative to a contractile phenotype. Research interest
in this phase of vascular development arise from the morphological and biochemical
similarities that have been noted between fetal SMCs and SMCs in atherosclerotic
plaques.”#*101L12 Thege similarities have led to the suggestion that SMCs in
atherosclerosis and hypertension may recapitulate certain aspects of earlier developmental
events.”® To permit a critical analysis of this possibility, it is crucial that we obtain a
better understanding of the developmental events associated with the transition of SMCs
from a proliferative to a quiescent phenotype. As a first step toward this goal, we have
compared these two populations of SMCs and have identified genes that are specifically
expressed in the fetal SMC population and not in the adult SMCs.

Cardiovascular Disease 2
Edited by L.L. Gallo, Plenum Press, New York, 1995 145



MORPHOLOGICAL CHANGES ASSOCIATED WITH AORTIC SMOOTH
MUSCLE MATURATION

A complete quantitative histological analysis of late stage prenatal blood vessel
development in the rat has been performed by Nakamura.®* He performed electron
microscopic analysis of prenatal development of the thoracic aorta from gestational days
12 to 21. At phase I (gestational day 12), the dorsal aorta consisted of a single layer of
endothelial cells loosely surrounded by mesenchymal cells. At phase II (gestational days
13-16), multiple layers of compact SMCs are observed surrounding the endothelium and
some of these cells begin to acquire small clusters of myofilaments with dense bodies,
rough endoplasmic reticulum, and a discontinuous basal lamina. At phase III (gestational
days 17-19), there are 5-8 layers of SMCs and the three major divisions of the vessel
wall; intima, media, and adventitia are clearly distinguishable. These SMCs begin to
exhibit mature features including, well-developed rough endoplasmic reticulum, massive
bundles of myofilaments with dense bodies, and discontinuous basal lamina. At phase
IV (gestational days 20 until parturition), elastic lamellae appeared in the lumenal side
of the media, and SMCs appear as contractile cells rich in myofilaments. A recent
assessment of rat vascular SMC replication rates by BrdU immunocytochemistry is fully
consistent with these morphological studies with peak replication occurring between
gestational days 13-17.5 We have been studying blood vessel developmental maturation
in the rabbit which has a gestational period of 30 days and the period from days 19-30
is generally equivalent to gestational days 13-21 in the rat. In vivo proliferating cell
nuclear antigen staining of rabbit aortic SMCs from gestational days 20-29 and at birth
indicated that a dramatic reduction in cellular proliferation was observed during this
period (Han and Liau, manuscript in preparation). This reduction in growth paralleled
an increase in vessel wall elastic fiber content (Fig. 1). At gestational day 20, only
weakly-stained, diffuse elastic fibers were present in the aorta. However, by gestational
day 29, the elastic fiber content of the vessel wall was greatly increased and well
organized. These results clearly illustrate the dramatic tissue remodeling that occurs
during this period of blood vessel development.

ISOLATION AND CHARACTERIZATION OF DEVELOPMENTALLY
REGULATED GENES IN VASCULAR SMOOTH MUSCLE

The identification of genes specifically down-regulated during the developmental
maturation of SMCs may provide additional insights into this important process. We
used differential cDNA screening to attempt to identify such genes. Differential
screening involves the construction of cDNA libraries from two distinct sources and the
subsequent identification of cDNAs encoding mRNAs that are in higher abundance in one
source. This is accomplished by hybridization of the cDNA library with **P-labeled
cDNA probes generated from the source of interest. However, one potential problem
with such an approach, is that since a major difference between these two SMC
populations is their proliferative state, it is likely that many of the known SMC
proliferation inducible genes such as c-fos, c-myc, and thrombospondin will be identified
by this technique.'* We, therefore, chose a strategy that involved initial comparison of
fetal aortic smooth muscle with proliferating adult cultured SMCs and subsequent
confirmation that the identified clones are also not expressed in adult smooth muscle.
A schematic representation of this strategy is shown in Fig. 2. We initially identified a
405 bp cDNA that preferentially hybridized to a 2.3 Kb mRNA in fetal smooth muscle
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Fig. 1. Verhoeff’s Elastic Staining of the Developing Aortae - Paraffin-
embedded aortic rings from gestational day 20 and 29 animals were stained
by Verhoeff’s technique which stains elastin dark-blue to black. Bar = 15
pm.

but not in adult SMCs."” In addition, we also identified insulin-like growth factor-II
(IGF-II) as a gene preferentially expressed in fetal smooth muscle.” The expression of
F-31, IGF-II, and actin in fetal, newborn and adult aortic smooth muscle is shown in
Fig. 3. Expression of F-31 is high in fetal rabbit, somewhat diminished in newborn
animals and not detectable in 4-week-old animals. By contrast, the expression of IGF-II
is only detected in fetal animals. Actin mRNA level was unchanged during this period.
Comparison of the expression of these genes in cultured cells isolated from fetal,
newborn, and adult smooth muscle revealed that similar to the in vivo situation, F-31 is
highly expressed in both fetal and newborn SMCs but not in adult cells whereas IGF-II
was expressed only in cultured fetal cells.”® We used the initial 405 bp cDNA fragment
to isolate two larger, overlapping F-31 cDNA fragments of 1.2 and 1.8 Kb. Complete
DNA sequencing of 1.9 Kb of this gene and comparison with the GENBANK database
revealed that the sequence exhibits a 74% identity with the human H19 gene and is likely
its rabbit homologue. Consistent with this, is the finding that the tissue distribution of
F-31 and H19 are generally similar. However, there are some discrepancies in the tissue
distribution of F-31 mRNA expression in the rabbit and that reported for H19 in the
mouse. In particular, expression of F-31 was more prominent in the rabbit adult lung
than the skeletal muscle and was undetectable by Northern analysis in the heart.’® This
is in contrast to that reported for H19 in the mouse where expression was detected in the
heart and skeletal muscle H19 mRNA level was clearly higher than in the lung.'® We
conclude that the IGF-1T and F-31/H19 genes are both developmentally regulated in aortic
smooth muscle and that this differential expression is maintained in cultured SMCs
isolated from fetal and adult tissue.

POSSIBLE FUNCTION OF F-31/H19 IN VASCULAR SMOOTH MUSCLE
DEVELOPMENT

The H19 gene was first isolated as a gene expressed in fetal but not adult mouse
liver."” Interestingly, H19 expression is also induced during embryonic stem cell
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PROTOCOL TO IDENTIFY cDNAs EXPRESSED HIGHER IN FETAL VS
ADULT SMOOTH MUSCLE

cDNA was synthesized from fetal smooth muscle poly A+ mRNA and
cloned Into lambda gt10.

After plating, duplicate nitrocellulose plaque lifts were made.

bridize with idi; h
¥p cDNA from * ‘ ;"{’b(’:gNz: ‘1:2m
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Adult Cultured SMC

Fig. 2. Schematic Representation of Differential Library Screening.
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Fig. 3. Analysis of mRNA Levels of F-31, IGF-II, and Actin in Rabbit Vascular Smooth Muscle in
vivo - Rabbit aortic RNA from fetal (gestational day 25), newborn, and adult (4-weeks-old) were isolated
and analyzed by Northern blotting. Actin probe recognizes all actin isoforms.

differentiation and C3H10T1/2 conversion to myoblasts.”'® The H19 gene is
transcribed by polymerase II, and exhibit classical properties of a translated mRNA such
as RNA splicing and polyadenylation.'”” However, H19 does not contain an open reading
frame that is conserved between species, and the H19 RNA is not associated with
polyribosomes, suggesting that the active H19 molecule is not a translated protein but
rather the RNA itself.!*2%1613  Although the function of H19 is unknown, two studies
provide direct evidence that H19 may have an important, direct role in cell growth and
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differentiation. First, it was found that overexpression of the H19 gene in transgenic
mice caused prenatal lethality at day 15.2' Second, H19 overexpression in two
embryonal tumour cell lines abrogated the ability of these cells to exhibit anchorage-
independent growth and form tumours in vivo.”? Based on its developmentally regulated
expression, induction during in vitro differentiation, and tumour-suppressor activity, we
postulate that F-31/H19 may play an important role in the developmental maturation of
SMCs. Interestingly, we have examined the expression of F-31/H19 RNA by in situ
hybridization and found that F-31/H19 expression was spatially restricted in the prenatal
aortic smooth muscle (Han and Liau, manuscript in preparation). In gestational age 25
day aortae, F-31/H19 expression was clearly higher in SMC layers that are more distal
to the lumen. Indeed, in newborn animals, expression of F-31/H19 was mostly restricted
to the two or three outermost layers of the smooth muscle. This spatial restriction during
development is interesting since it is known that SMCs adjacent to the endothelial cell
layer are the first cells to acquire a morphologically differentiated phenotype.®> Our data
suggests that loss of F-31/H19 expression correlates with the development of the
contractile phenotype. Consistent with this idea, is the recent demonstration that H19,
is reexpressed by rat intimal SMCs after vascular injury.”

CONCLUSION

We believe these studies, along with parallel studies by others, have defined a
new paradigm and present new opportunities in vascular biology research.'!5%
Specifically, these studies demonstrate that developmentally immature SMCs share a set
of molecular markers with intimal SMCs associated with vascular diseases and that a
better understanding of events associated with the developmental maturation of vascular
smooth muscle may provide important insights for diseases such as atherosclerosis and
restenosis. Further characterization of the regulation and function of the F-31/H19 gene
will enhance our understanding of the developmental maturation of aortic smooth muscle.

KEY WORDS: Developmental maturation, smooth muscle, gene expression, H19,
insulin-like growth factor-II
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MOLECULAR BASIS OF PHAGOCYTE EMIGRATION

The recruitment of leukocytes from the blood stream to extravascular tissue is a
critical event in host defense against microbial invasion and in the repair of tissue damage.
Studies by intravital microscopy have established a sequence of events involved in
phagocyte emigration at sites of inflammation (1). In response to extravascular stimuli
such as bacterial-derived chemoattractants or endogenous lipid and peptide mediators,
signals that activate both the leukocyte and the endothelial cell are generated. As a
consequence of activation, one or both cell types become adhesive leading to transient
adhesion of the leukocyte to the vessel wall. The combination of these initial adhesive
interactions and the shear forces caused by blood flow results in leukocyte “rolling” along
the vessel wall. With further stimulation some of the rolling leukocytes adhere firmly or
“stick”, and then diapedese between endothelial cells to emigrate to tissue in response to
chemoattractants. These adhesive interactions - rolling, sticking, and diapedesis - are
mediated by cell surface molecules expressed on the leukocytes and endothelial cells
(reviewed in 2 and 3). The majority of surface molecules involved in leukocyte-
endothelial adherence can be placed in two categories: leukocyte integrin receptors that
interact with ligands on the endothelial cell that are members of the immunoglobulin
supergene family, and selectin receptors expressed on both the leukocyte and the
endothelial cell that recognize specific carbohydrate counter-structures.  Known
integrin/immunoglobulin  family interactions include: the f; integrin VLA-4
(CD49d/CD29) with vascular cell adhesion molecule-1 (VCAM-1, CD106); the B,
integrins, CD11a/CD18 (LFA-1) with intercellular adhesion molecule-1 (ICAM-1, CD54)
or ICAM-2 (CD102); CD11b/CDI8 (Mac-1, Mol, CR3) with ICAM-1, and ouB with
MAdCAM-1. Endothelial E-selectin (CD62E, ELAM-1), endothelial P-selectin (CD62P,
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GMP-140, PADGEM) and leukocyte L-selectin (CD62L, LAM-1, LECAM-1) all
recognize sialyl Lewis® (SLe") and other sialylated, fucosylated counter-structures
(reviewed in 4 and 5), although the full spectrum of carbohydrate moieties recognized by
the various selectins has not been defined. The proteins that bear the carbohydrate ligands
for the selectins include the vascular mucins (6) such as PSGL-1 which presents
carbohydrates to P- and E-selectin (7) and CD34 (8) and MAdCAM-1 (9) on high
endothelial venules which bear an as yet incompletely characterized carbohydrate moiety
recognized by murine lymphocyte L-selectin.

Studies in vitro and in vivo indicate that rolling is mediated by the interaction of
selectins with their carbohydrate counter-structures, whereas the interaction of the B,
integrin receptor complex, CD11/CD18, with ICAM-1 or other endothelial ligands is
responsible for neutrophil sticking (reviewed in 1-3). However, there are several
important caveats to consider in regards to this current model of neutrophil interaction
with endothelium. First, selectin-mediated rolling is not a prerequisite for emigration
under conditions of reduced shear forces, i.e., when there is stasis or reduced flow (10).
Second, this model was developed for the systemic microcirculation, and its validity in the
systemic arterial circulation or the pulmonary microcirculation is untested. In the lung, for
example, emigration occurs in the capillaries where neutrophils are in contact with the
vessel wall (11), and selectins may therefore not be necessary for initial tethering in this
vascular bed.

The final phase of neutrophil-endothelial adhesive interactions during emigration is
migration of the neutrophil between endothelial cells. This process of diapedesis involves
the B, integrins and ICAM-1 (or other ligands), and, particularly, the immunoglobulin
superfamily member, PECAM-1 (CD31), which is expressed on phagocytes as well as on
the endothelial cell (12, 13).

The surface expression of adhesion proteins on endothelium is induced by diverse
inflammatory stimuli (reviewed in 3). In cultured human endothelial cells P-selectin is
rapidly mobilized from subcellular stores in Weibel-Palade bodies to the luminal surface in
response to thrombin, histamine, LTC4/LTD4, and H,O,. E-selectin, VCAM-I1, and
ICAM-1 are induced over a period of hours following stimulation of endothelium by
interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF), and lipopolysaccharide. In the
mouse P-selectin is also induced over several hours by LPS and cytokines. Interleukin-4
induces VCAM-1 but not E-selectin or ICAM-1, and interferon-gamma induces ICAM-1
and potentiates the induction of E-selectin by other agonists. Stimulation of endothelial
cells by a variety of agonists induces surface expression of platelet-activating factor
(PAF), a lipid mediator that activates CD11/CD18.

Adhesivity of leukocytes is determined by both quantitative and qualitative changes
(reviewed in 3). Activation of neutrophils by chemoattractants (e.g., C5a, bacterial
peptide, leukotriene B4, PAF) or by some cytokines (e.g., TNF, granulocyte-macrophage
colony stimulating factor, and IL-8) causes shedding of L-selectin, translocation of
CDI11b/CD18 from secondary or tertiary granules to the plasma membrane, and an
increase in the avidity of CD11a/CD18 and CD11b/CD18 for their ligands. Endothelial-
derived surface molecules such as PAF and E-selectin may also activate neutrophil
CD11b/CD18. The increase in avidity of CD11a/CD18 and CD11b/CD18 heterodimers
on neutrophils may be mediated in part by an intracellular lipid mediator (14). Factors
regulating the avidity of VLA-4 on mononuclear phagocytes have not been defined.

Selective recruitment of leukocytes subpopulations, e.g., eosinophils to the lung in
asthma, results from a combinatorial process involving primary adhesion receptors
(selectins), activation-dependent adhesion receptors (leukocyte integrins), and activating
agents (e.g., chemoattractants, cytokines, and chemokines) (15, 16).
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LEUKOCYTE ADHESION DEFICIENCY SYNDROMES

Studies of genetic deficiency syndromes have provided important insights into the
molecular basis and biology of leukocyte emigration. Deficiency of P, integrins--
leukocyte adhesion deficiency (LAD) type 1--results from heterogeneous mutations in the
common PBy-subunit (CD18) (for review see 17). In LAD type 1 neutrophils are unable to
stick to endothelium at sites of inflammation, resulting in a profound defect in neutrophil
emigration. As a consequence, the severely affected patients suffer from life-threatening
bacterial and fungal infections. Mononuclear leukocyte traffic and cell-mediated immune
responses are minimally affected in LAD type 1 as circulating leukocytes other than
neutrophils express the P integrin receptor VLA-4 that allows firm adhesion to its
endothelial ligand, VCAM-1. The phenotype of the LAD type 1 thus results from the
unique absence of VLA-4, the alternative integrin receptor, on circulating neutrophils.

Recently, a second LAD syndrome has been identified (18). LAD type 2 results from
a defect in fucose metabolism, and the resultant failure to synthesize the fucosylated
ligands for the selectin receptors. Neutrophils from the LAD type 2 patients express
normal levels of the B, integrins and L-selectin, but lack SLe" or other fucose-containing
surface antigens. Neutrophils from these patients do not bind to E-selectin expressed on
cytokine-activated cultured endothelial cells (10) or to purified E- or P-selectin, and
exhibit a marked decrease in migration to skin chambers or skin windows in vivo (19).
Consistent with the current paradigm of leukocyte-endothelial adhesive interactions,
studies by intravital microscopy demonstrated that under conditions of flow, fluorescein-
labeled LAD type 2 neutrophils showed a marked reduction in neutrophil rolling along and
subsequent sticking to the venular wall of inflamed rabbit mesentery, but were able to stick
and emigrate when flow, i.e., shear force, was reduced (10). Interestingly, the LAD type
2 syndrome appears to have a milder phenotype than LAD type 1, perhaps reflecting
selectin-independent mechanisms of adherence under conditions of diminished flow or
stasis at sites of inflammation.

PATHOLOGIC CONSEQUENCES OF NEUTROPHIL ADHESION TO
ENDOTHELIUM

As clearly illustrated by the LAD syndromes, neutrophil adherence to endothelium is
an essential component of host response against bacterial infection and in the repair of
tissue damage. Under some circumstances, however, neutrophil-endothelial interactions
may contribute to vascular and tissue injury. During the process of adherence and
transendothelial migration, neutrophils may release toxic products, e.g., proteases or
oxidants, that damage adjacent endothelium, provoking local edema and/or thrombosis.
Once emigrated, neutrophils may damage tissue and organs by a similar mechanism. By
preventing neutrophil adherence to endothelium and subsequent emigration to tissue, it
may be possible to prevent vascular and tissue injury in inflammatory conditions. This
approach--“anti-adhesion” therapy--has now been tested in a wide variety of animal
models, and has often demonstrated striking protective effects (reviewed in 1, 3). Of
particular interest are studies of anti-adhesion therapy in models of ischemia/reperfusion
(I/R) injury. While prolonged ischemia clearly induces tissue damage and ultimately death,
paradoxically, reperfusion of ischemic tissue may exacerbate damage by triggering an
inflammatory response. A number of mediators have been implicated as initiators of
reperfusion-associated inflammation, including PAF, IL-8, activated complement, TNF,
and leukotrienes. Regardless of the initial stimulus, neutrophils are likely the final
mediators of the effector phase of reperfusion injury. This proposal is based upon
observation that inhibition of neutrophil adherence to endothelium significantly attenuates
vascular tissue injury in models of I/R ranging from myocardial infarction and stroke to
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digit or limb replantation and frostbite (reviewed in 1). Importantly, blockade of selectins
by monoclonal antibodies (20, 21) or oligosaccharides (22) in models of I/R appears to be
equally effective as blockade of integrins, consistent with a prerequisite for selectin-
mediated rolling for subsequent neutrophil adhesion and emigration in this setting.
Interestingly, although a monoclonal antibody to P-selectin prevented ischemia/reperfusion
injury in the rabbit ear (21), it failed to prevent neutrophil emigration into the peritoneum
in response to instillation of bacterial organisms (23), a setting in which monoclonal
antibody to B, integrin is fully blocking. It is possible that I/R represents a mild to
moderate inflammatory stimulus in which selectin-dependent rolling is necessary, whereas
peritoneal inflammation is a more severe inflammatory challenge in which reduced flow or
stasis permits selectin-independent emigration.  The ability of an anti-P selectin
monoclonal antibody to inhibit I/R without impairing neutrophil emigration in response to
bacterial infection is consistent with the milder clinical phenotype of LAD type 2 vs LAD
type 1. Alternatively, neutrophil emigration into the inflamed peritoneum may involve E-
selectin as well as P-selectin. Nevertheless, these results suggest that selectin blockade
may be preferable to integrin blockade in settings where infectious complications are a
concern, e.g., traumatic shock.

Anti-adhesion therapy can be achieved with agents that block receptor-ligand
interaction such as monoclonal antibodies, peptides, oligosaccharides, or, potentially,
small molecules. Adhesion can also be inhibited by drugs that target the signaling
pathways involved in the regulation of endothelial cell adhesion molecule surface
expression or the modulation of leukocyte integrin avidity. Clinical trials testing the safety
and efficacy of several of these approaches to anti-adhesion therapy are planned or in
progress. Anti-adhesion therapy is clearly a powerful experimental tool to determine the
contribution of neutrophils to vascular and tissue injury. Whether it represents a novel
approach to the therapy of inflammatory and immune disorders remains to be determined.
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INTRODUCTION

Atherosclerosis is accompanied by lipid accumulation, cellular proliferation and
intimal inflammation. T lymphocytes and macrophages, many of which are activated, are
present in the fatty streak, the fibrofatty plaque and the complicated or advanced plaque, and
have therefore been implicated in atherogenesis. !-

In advanced atherosclerosis, however, in association with medial disruption and
neovascularization, chronic inflammation is also present in the adventitia and media of the
vessel wall.6-9 Chronic periaortitis is the term used to describe this triad of advanced
atherosclerosis, medial disruption and adventitial chronic inflammation which is particularly
common in atherosclerotic abdominal aortic aneurysm walls. It involves a spectrum of
chronic inflammation, which in its most severe clinical form includes 'inflammatory
aneurysm' or if the aorta is not dilated, 'idiopathic retroperitoneal fibrosis'.8

Chronic periaortitis consists of a predominance of B lymphocytes, including plasma
cells, which are surrounded by T lymphocytes (mostly CD4-positive) and scattered
macrophages. Many of the lymphocytes are present in aggregates or lymphoid follicles with
germinal centres. HLA DR expression is abundant, and inflammatory cells are activated and
proliferating.9-10 These findings indicate that this is a local, on-going inflammatory
response. Recently, other workers have shown similar inflammatory cell types in adventitial
lesions in dilated and undilated aortas.11

Adhesion molecules are fundamental in regulating inflammation. They are required
for initial leukocyte adhesion to endothelial cells, for specific cellular recruitment into
inflammatory tissue sites, for cell-cell interaction and signalling, and for lymphoid
0rganizati0n.12'14

E-Selectin (formerly, endothelial leukocyte adhesion molecule-1 (ELAM-1)),
intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-
1) can be upregulated by cytokines during activation, and synthesized de novo during
inflammation.15-17 E-Selectin was originally identified as a neutrophil adhesion molecule
and was thought to be primarily a mediator of acute inflammatory adhesion.13-18 It also
plays a role in adhesion of memory T cells in vitro, and homing in vivo in skin
inflammation.19-20 The cell type which binds to E-Selectin may be dependent on the local
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microenvironment under the influence of various cytokines.21,22 ICAM-1 has been shown
to be upregulated in inflammatory responses although it is also present in non-inflamed

tissue.12:23 ICAM-1's co-receptor includes leukocyte function antigen-1 (LFA-1, alB2
integrin), which is constitutively expressed on all leukocytes, although it can also be
upregulated.15’24 The ability of LFA-1 to bind ICAM-1, however, also depends upon
qualitative changes resulting from its molecular conformation within the cell membrane.25
VCAM-1 (also known as INCAM-110) primarily regulates mononuclear cell adhesion, and
its co-receptor, very late activation antigen-4 (VLA-4, a481 integrin), is expressed by these
cells.17,20,27

A greater understanding of adhesion molecules is revealing their immense complexity
and importance in inflammatory processes.14’28’29 Much of our current knowledge of the
structure and functions of these molecules derives from in vitro work using binding assays,
antibody-blocking studies and expression cloning, while the use of monoclonal antibodies in
immunohistochemistry has helped to reveal the in situ spatial and temporal adhesion molecule
expression patterns and has helped in understanding their potential roles in vivo.

We have recently shown that E-Selectin and ICAM-1 are expressed by intimal
endothelial cells in normal coronary arteries and overlying aortic fatty streaks; that as aortic
atherosclerosis develops, ICAM-1 expression is associated with intimal lymphocyte and
macrophage populations; that E-Selectin and VCAM-1 expression in the aortic adventitia
increases with the severity of the atheromatous plaque and with the development of
adventitial inflammatory cell infiltrates.31 At present, the role of adhesion molecules in the
aortic adventitial chronic inflammation associated with advanced atherosclerotic plaques
(chronic periaortitis) has not been described.

The objectives of this study were to determine the distribution of cell adhesion
molecules ICAM-1, E-Selectin and VCAM-1 in a spectrum of aortic and coronary artery
atherosclerotic lesions and normal vessels, in a range of age groups, from fetuses to elderly
patients, in order to determine the relationship between adhesion molecule expression and
inflammatory cell recruitment in the progression of atherosclerosis.

MATERIALS AND METHODS

Surgical and fresh autopsy (within 24 hours of death) specimens were examined
including 105 aortas (17 normal, 26 fatty streaks; 19 diffuse intimal thickening; 8 fibro-fatty
plaques and 35 advanced plaques which included 11 cases of chronic periaortitis) and 65
coronary arteries (3 normal; 16 fatty streaks; 12 diffuse intimal thickening; 14 fibro-fatty
plaques; 20 advanced plaques) from 47 patients including 5 fetuses (14-19 weeks gestation)
and 5 infants (aged 1 day to 7 months) with the remaining cases ranging from 18 to 95 years.

Representative areas of each sample of aortic wall (including the atherosclerotic
plaque/intima, media and adventitia) were taken for paraffin embedding and for freezing.
Routine histology was carried out on paraffin sections with Haematoxylin and Eosin (H&E)
staining to determine the degree of inflammation in the aortic wall and Elastic van Gieson
(EVG) staining to assess medial disruption.Immunohistochemistry was carried out on frozen
sections from tissue samples which were snap frozen in liquid nitrogen. 8jtm cryostat
sections were cut, air dried overnight, and fixed in acetone for 10 minutes before
immunostaining.

The monoclonal antibodies used in this study are described in Table 1. The adhesion
molecule specific monoclonal antibodies 13D5 (E-Selectin)33, 14C11 (ICAM-1)23 and 4B2
(VCAM-1)26 were obtained from British Bio-technology Ltd, Oxford, U.K. These
antibodies were used at 1 pg/ml as assessed by titration assays on control tonsil sections. The
specificity of these antibodies was previousely determined by differential binding of activated
endothelial cells, by binding to COS cells transfected with the appropriate adhesion molecule
cDNA without cross reactions, and by immunoprecipitation. 36 These antibodies have also
been used in immunohistochemistry in reactive human lymph nodes.48 B-5G10 (CD49d,
VLA-4-a-chain), and TMD3-1 (CD11a, LFA-1-a-chain) were obtained from the Fourth
Workshop on Human Leukocyte Differentiation Antigens.37 The remaining antibodies which

160



included: T cell markers 3D4 (CD3)38, T3-10 (CD4)39, Tii102 (CD8)39, and UCHLI
(CD45R0)40; B cell markers HD37 (CD19)41, and 4KB128 (CD22)*!; macrophage marker
EBMII (CD68)42; follicular dendritic cell marker R4/2343; a marker for MHC Class II
molecule (HLA DR a) (TAL.1B5)44; endothelial markers to von Willebrand Factor
(vWF)(F8/86)45 and JC70 (CD31)46, and the basement membrane marker CIV 22 (type IV

collagen)47 were obtained as and used as neat cell culture supernatent from the Nuffield
Department of Pathology, Oxford, U.K.

Table 1

Panel of Monoclonal Antibodies

Antibody  Specificity ~ Association Reference

13D5 E-Selectin activated endothelial cells Wellicome et al

BB19-E6 (1990)

14C11 ICAM-1,CD54  activated endothelial cells, mononuclear cells Dustin et al (1986)

BB19-11

4B2 VCAM-1 activated endothelium, follicular dendritic cells Elices et al (1990)

BB19-V1

TMD3-1  LFA-1-a,CD11a leukocytes IVth Workshop on
Human Leukocyte Diffn. Antigens

(1989)

B-5G10 VLA-4-a,CD49d  mononuclear cells "

F8/86 Factor VIII most endothelial cells Naiem et al (1982)

JC70 PECAM, CD31 endothelial cells, platelets, some lymphocytes Parums et al (1990)

CIV 22 collagen type IV basement membrane Odermatt et al (1984)

EBM II CD68 macrophages Kelly et al (1988)

34 CD3 T cells Kung et al (1989)

T3-10 CD4 T helper cells Erber et al (1984)

Tiil02 CD8 T cytotoxic/suppressor cells Erber et al (1984)

UCHL1 CD45RO T memory cells Smith et al (1986)

HD37 CD19 B cells Stein et al (1982)

4KB128 CD22 B cells Stein et al (1982)

R4/23 follicular dendritic cells, B cells Naiem et al (1983)

Y2/51 CD61 platelet glycoprotein I1la Gatter et al (1988)

1A4 a-smooth muscle actin - smooth muscle cells Skalli et al (1986)
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Single immunostaining was carried out on frozen sections using the alkaline

phosphatase anti-alkaline phosphatase (APAAP) method.49 Double immunostaining was
performed in order to observe the cell types associated with specific cell adhesion molecule
expression. This was carried out using the three-stage indirect immunoperoxidase technique
with nickel enhancement, for the first monoclonal antibody followed by APAAP for the
second monoclonal amibody,50 and by the double immunofluorescent technique using
APAAP with Fast-Red followed by indirect immunofluorescence with fluorescein
isothiocyanate.51 (Fast-Red and FITC fluoresce under the same excitation wavelength
permitting simultaneous detection of two different antigens.) All sections were
counterstained with haematoxylin. Negative controls were carried out by replacing the
primary and/or the secondary monoclonal antibody with tris-buffered saline, tissue culture
supernatant, or mouse anti-rabbit immunoglobulin (DAKOpatts U.K.) as an irrelevant
antibody. Tonsil was used as positive control tissue.

RESULTS

The results are summarised in Tables 2,3 and 4.

ICAM-1 was found on both intimal and adventitial vascular endothelium of the
normal aorta in all age groups (Figures 1 and 5). E-Selectin and ICAM-1 were expressed
by intimal endothelial cells in normal coronary arteries and overlying aortic fatty streaks
(Figures 1 and 2); as aortic atherosclerosis developed, ICAM-1 expression was
associated with intimal lymphocyte and macrophage populations (Figures 3 and 6);
E-Selectin and VCAM-1 expression in the aortic adventitia increased with the severity of the
atheromatous plaque and with the development of adventitial inflammatory cell infiltrates
(chronic periaortitis) (Figure 4).

A consistent finding was the presence of E-Selectin on endothelial cells of up to half
the vessels throughout the aortic wall and at the base of the atheroma independent of the
severity of inflammation. ICAM-1 expression was abundant on many cell types and
increased with the severity of chronic inflammation, being the strongest in the germinal
centres. VCAM-1 expression was predominant on follicular dendritic cells and also increased
with severity of adventitial inflammation (Figure 4). VCAM-1 expression was also detected
on endothelial cells within lymphoid follicles.

Figure 1 Figure 2

Intimal endothelium of a coronary artery Coronary artery fatty streak showing ICAM-1
with diffuse intimal thickening staining staining of cells within the lesion and of the
positively for E-Selectin overlying endothelium

162



Figure 3

Macrophages and foam cells adjacent to
necrotic core of fibro-fatty plaque in a
coronary artery stain positively for [CAM-1

Figure §

Intimal endothelium of a normal coronary artery
shows focal staining for ICAM-1. The staining
can be seen to be localised to intact endothelial
cells.

Figure 4

Intense VCAM-1 staining of an aortic adventitial
lymphoid aggregate associated with an advanced
intimal leasion (not shown)

Figure 6

Low power view of a coronary artery fibro-fatty

plaque showing ICAM-1 staining in the intima

(bottom of the photograph) and in the macrophage-rich
areas beneth the fibrous cap (top of the photograph).
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Table 2
The Distribution of Adhesion Molecules in
Normal Fetal, Infant and Adult Aortas

Patients;

5 aborted fetuses (14 to 19 weeks gestation);
5 infants (age range 1 day to 7 months) and

5 young adults (age range 18 to 32 yrs).

30 aortic specimens were obtained from the abdominal aorta 1) above the bifurcation
and 2) from the thoracic aorta adjacent to the origin of the right subclavian artery.
22 aortic specimens containing intact endothelial cells (as determined by

CD 31 staining) were studied which included;

13 normal specimens of aortic bifurcation; 9 normal specimens of aortic root and 5
‘early’ atherosclerotic lesions:

Lesion Number Distribution of adhesion molecules
of
Specimens E-Selectin ICAM-1 VCAM-1

FETUSES 9

Normal 9 3 - focal intimal & 9 - diffuse No staining.

aorta diffuse vasa staining of intima &
vasorum staining.  vasa vasorum.

INFANTS 7

Normal 6 4 - focal intimal & 6 - diffuse No staining.

aorta diffuse vasa staining of intima &
vasorum staining.  vasa vasorum.

Fatty streak 1 1 - strong staining 1 - diffuse No staining.
of intimal cells & staining of intima &
vasa vasorum. vasa vasorum.

YOUNG 6

ADULTS

Normal 2 2 -focalintimal & 2 - diffuse No staining.

aorta diffuse vasa staining of intima &
vasorum staining.  vasa vasorum.

Fatty streak 3 3 - strong staining 3 - diffuse 1- focal, weak
ofintimal cells&  staining of intima &  staining of vasa
vasa vasorum. vasa vasorum. vasorum.

Diffuse 1 1 - strong staining  1- diffuse 1 - focal, weak

intimal ofintimal cells&  staining of intima &  staining of vasa

thickening vasa vasorum. vasa vasorum. vasorum.
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Table 3

The Distribution of Adhesion Molecules in Aortic and Coronary Artery

Atherosclerosis

21 patients; 16 M and 5 F; age range 20 - 95 yrs.
65 coronary artery and 72 aortic specimens.

Lesion Number Distribution of adhesion molecules
of
Specimens E-SELECTIN ICAM-1 VCAM-1

Normal 3 No staining. Focal, weak intimal ~ No staining.

aorta endothelial cell
staining.

Diffuse 30 Staining of vasa Staining of vasa No staining.

intimal vasorum. Coronary vasorum. Coronary

thickening artery: staining of  artery: staining of
intimal endothelium. intimal endothelium.

Fatty streak 38 Staining of vasa Staining of intimal Focal,weak staining
vasorum. Aorta: endothelial and of vasa vasorum.
focal staining of mononuclear cells.
intimal endothelium. Staining of vasa
Coronary artery: vasorum.
diffuse staining of
intimal endothelium.

Fibro-fatty 22 Staining of vasa Staining of intimal Focal,weak staining

plaque vasorum. Coronary endothelial and of vasa vasorum and
artery: staining of  mononuclear cells. of occasional intimal
intimal endothelium. Staining of vasa mononuclear cells.

vasorum.

Advanced 44 Staining of vessels ~ Strong staining in Weak staining of

plaque in adventitia and macrophage-rich adventitial and

of vessels in the
media and intima of
inflamed sections.

areas. Staining of
adventitial, medial
and intimal vessels.
Staining of adventitial
lymphoid aggregates.

medial vessels,
stronger in inflamed
sections. Strong
staining of adventitial
lymphoid aggregates.
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Table 4
Adhesion Molecule Expression in the Aortic Wall

in Chronic Periaortitis

11 cases. All were male patients aged between 63 and 83 years (mean 70.2 + 12.8 yrs).

E-SELECTIN ICAM-1 VCAM-1
'Normal' Aorta a few weakly positive moderate staining very few weakly positive
vessels in vasa vasorum  on cells of vasa endothelial cells in vasa
and focally on intimal vasorum; superficial ~ vasorum
endothelial cells staining in the intima
Atherosclerotic
Aorta
Non-Inflamed ~one third positive positive endothelial ~ few moderate to weakly
(Case 1) vessels, confined cells, stronger in positive focal endothelial cells
to the outer wall outermost adventitia  on targer vessels in adventitia
and at base of atheroma
Inflamed ~half vessels strongly ~  increase with severity ~ strong staining reaction from
(Cases 2-10) positive; no increase of inflammation smallest to largest lymphoid
with severity of aggregates; increase with severity
inflammation of inflammation, and with
size of lymphoid aggregate
cell types restricted to endothelial  broad but variable moderate on some vessels
cells of capillaries and degree of expression:  surrounded by mononuclear cells,
venules on endothelial cells, and weak staining on a few other
mononuclear cells, vessels without surrounding
and other cell types mononuclear cells; strong
staining on follicular dendritic
cells in the centre of B cell
aggregates
associated associated with associated with most  close proximity to B cells
cell types macrophages and cell types in the aortic
T cells, not B cells wall
in lymphoid | no preferential strong germinal preferential association with
follicles association with centre expression lymphoid aggregates, strong
lymphoid aggregates _germinal centre expression
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CONCLUSION

Adhesion molecule expression by coronary artery and aortic endothelium may
represent a physiological property of the endothelium which is up-regulated in atherogenesis.
The pattern of expression of the adhesion molecules suggests a role in the initiation and
progression of chronic inflammation associated with human atherosclerosis.

THE CYTOKINE NETWORK IN HUMAN ATHEROSCLEROSIS

LEGEND:

Antigen presenting cells (APCs): me -macrophage; EC -endothellal cell;
smc -smooth muscle cell. §»-antigen (oxidised LDL/ceroid); 11 -Class IT
MHC molecule; PFC-plasma cell; —< -immunoglobulin molecule (i1gG);
-—{—T lymphocyte receptor; T" =T helper lymphocyte; IFNy —-interferon;
MC -memory cell; IL-1(2) -interleukin 1(2).

Figure 7
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INTRODUCTION

The recruitment of leukocytes from the blood and lymphatic vascular systems and their
extravasation into tissues is critical for host defense against pathogens and response to
tissue injury and also contributes to the pathophysiology of many inflammatory diseases.
This process is regulated in part by specific leukocyte-endothelial cell interactions with
several families of cell adhesion molecules participating in recognition, adhesion, and
extravasation!. The selectin family of adhesion molecules mediates the initial interactions
of leukocytes with endothelium that allows leukocytes to roll along the venular wall23.
The selectins bind to sialomucins which serve as scaffolds for the proper presentation of
carbohydrate ligands to the selectins. Subsequently, integrins and immunoglobulin
superfamily members interact to arrest leukocyte rolling and mediate "firm" attachment to
the vascular endothelium. Multiple leukocyte integrins are known to be involved including
LFA-1 (CD11a/CD18), Mo-1/Mac-1 (CD11b/CD18), VLA-4 (CD49d/CD29) and perhaps
p150/95 (CD11c/CD18). Several members of the Ig superfamily such as Vascular Cell
Adhesion Molecule-1 (VCAM-1, CD106), Intercellular Adhesion Molecule-1 (ICAM-1,
CD54), ICAM-2 (CD102) and ICAM-3 (CD50) serve as integrin ligands. The utilization of
different selectin, integrin, and immunoglobulin superfamily members by various leukocyte
subclasses as they pass through distinct beds of vascular endothelium allows for
considerable diversity and specificity in leukocyte migration*. L-selectin is a member of
the selectin family of adhesion receptors and plays a central role in governing the migration

patterns of different leukocyte classes>.

L-SELECTIN STRUCTURE

The selectin family consists of three closely related cell-surface molecules, L-
(CD62L), E- (CD62E) and P-selectin (CD62P). Each selectin has a characteristic
extracellular region that includes a calcium-dependent lectin domain, an epidermal growth
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factor (EGF)-like domain, and two to nine short consensus repeat (SCR) units homologous
to domains found in complement binding proteins’-11. L-selectin has two SCR domains, a
transmembrane region, and a short cytoplasmic tail”®. The gene for L-selectin is
assembled from individual exons encoding distinct structural units!2. Each of the selectin
genes are organized identically, and are arranged in tandem along chromosome 1 in both
mice and humans’>'?15, The amino-terminal lectin domain is essential for recognition of
specific carbohydrate determinants present on the appropriate sialomucin ligands'¢22, The
human L-selectin protein isolated from lymphocytes has a My of ~74,000 after reduction
and 68,000 under non-reducing conditions??, whereas that from neutrophils is 90-100,000
after reduction?*. However, only a single L-selectin cDNA species exists, indicating that
cell surface L-selectin undergoes considerable posttranslational processing to become
heavily glycosylated!%2!,

L-SELECTIN EXPRESSION

Although structurally similar, the selectins have distinct patterns of expression. L-
selectin is constitutively expressed by all classes of leukocytes?42”. In contrast, P-selectin
is rapidly mobilized to the surface of activated venular endothelium or activated platelets?®
30, E-selectin is expressed primarily on endothelium following activation with
inflammatory cytokines®!-32,

L-selectin was first identified in mice by the MEL-14 mAb%. In humans, L-selectin
was first identified by cDNA cloning’. Existing mAb with unknown target structures, TQ1
and Leu-8, were later shown to reacted with L-selectin cDNA transfected cells?’.
Subsequently, panels of mAb reactive with L-selectin have been generated?!. All of these
mAb demonstrate that L-selectin expression is limited to hematopoietic cells. L-selectin is
expressed by a significant proportion of mature thymocytes and a subset of the least mature
thymic lymphocytes?’. In peripheral blood, L-selectin expression correlates with the
activation or differentiation status of lymphocytes. The majority of virgin T cells and a
subpopulation of memory T cells express L-selectin, but distinct subpopulations of both
CD4+ and CD8* cells lack L-selectin?’. L-selectin is also expressed by a subpopulation of
NK cells although its function on this cell lineage remains unknown. L-selectin is
expressed late in B cell ontogeny, but most circulating B cells express L-selectin®®. T and
B lymphocytes exhibit a reversible loss of L-selectin expression after mitogenic
stimulation?’. Concomitant with the decrease in L-selectin expression is an increase in
expression of CD2, LFA-1, VLA-4 and LFA-3?7. L-selectin is expressed at higher
frequencies and levels by blood lymphocytes when compared with tissue lymphocytes
suggesting that entry into lymphoid tissues may result in the partial or total loss of L-
selectin from the cell surface?’. The regulated expression of L-selectin by distinct
subpopulations of lymphocytes may explain why different lymphocyte subsets show
marked differences in their migration patterns.

L-selectin is expressed by nearly all blood neutrophils, monocytes, and
eosinophils?#?”-3* Monocytes and neutrophils express similar levels of cell-surface L-
selectin as lymphocytes, but activation of these cell types during their isolation usually
results in some loss of the molecule®®. L-selectin is expressed more or less continuously
throughout myeloid differentiation in the bone marrow and myeloid progenitor cells at all
levels of maturation express L-selectin?#3%, Early erythroid progenitor cells (BFU-E) also
express L-selectin, although mature erythrocytes do not express L-selectin. Thus, L-
selectin may play a broad role in the trafficking of various leukocyte lineages.
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L-SELECTIN FUNCTION

Stamper and Woodruff first demonstrated that the binding of mouse lymphocytes to
specialized high endothelial cells present in postcapillary venules (HEV) of lymph nodes
was a specific event’”. In this in vitro assay, frozen sections of lymph nodes were placed
on glass slides and overlayered with lymphocytes while the slides were rotating.
Lymphocytes attached to the HEV, but not to other portions of the tissue. L-selectin was
then structurally identified by the MEL-14 mAb which blocks the binding of mouse
lymphocytes to HEV of peripheral lymph nodes in vitro and inhibits lymphocyte homing to
peripheral lymph nodes in vivo®. These studies also revealed that L-selectin primarily
mediated lymphocyte attachment to peripheral and mesenteric lymph nodes, but not to
Peyer's patch HEV. Lymphocyte binding to Peyer's patch HEV was subsequently shown to
be controlled by the 437 integrin®®. This has lead to the hypothesis that lymphocyte entry
into secondary lymphoid organs is initiated by the binding of specific lymphocyte
"homing" receptors with their appropriate "vascular addressin” ligands located on the
luminal surface of lymph nodes and Peyer's patch HEV3°. More recent studies have
confirmed that human L-selectin also mediates lymphocyte binding to peripheral lymph
node HEV#0-42. Further, a recombinant L-selectin/IgG heavy chain chimera protein binds
to peripheral lymph node HEV43:44,

L-selectin also mediates the binding of leukocytes at sites of tissue injury and
inflammation. Neutrophil binding to HEV from inflamed peripheral lymph nodes is
inhibited by the MEL-14 mAb, and activated neutrophils which have lost L-selectin
expression do not bind to HEV and do not home to inflammatory sites in vivo?645. In
addition, intravenous administration of the MEL-14 mAb inhibits accumulation of
neutrophils in inflammatory lesions*>. When neutrophil, monocyte, lymphocyte and
eosinophil binding to cytokine-treated human umbilical cord endothelial cells is assessed
under non-static or rotating conditions to recapitulate blood flow, anti-L-selectin mAb
significantly inhibit cell attachment®*3346:47  Similarly, transfection of L-selectin negative
cell lines with L-selectin cDNA confers the ability to bind to activated endothelial cells*”.
These data directly demonstrate the presence of an L-selectin ligand on the surface of
activated endothelium. Since L-selectin binding in this assay is completely dependent on
the prior activation of the endothelial cells with proinflammatory mediators, the L-selectin
ligand must be inducibly expressed on endothelial cells. In contrast to L-selectin, P-
selectin expressed by activated endothelial cells and platelets binds myeloid cells and a
subset of T cells!7-2930 E-selectin also mediates adhesion of myeloid cells and a subset of
memory T cells to activated endothelium3!-32:48.49,

LYMPHOCYTE HOMING AND L-SELECTIN DEFICIENT MICE

Mice lacking detectable expression of cell surface L-selectin have been generated by
homologous recombination using embryonic stem cells>®. Two striking features of the L-
selectin deficient mice are the significant reduction in the number of resident lymphocytes
in peripheral lymph nodes and that lymphocytes from these mice are completely inhibited
in their ability to attach to peripheral lymph node-HEYV in in vitro assays. Both short term
and long term in vivo trafficking experiments also revealed that lymphocytes from L-
selectin deficient mice are unable to home into peripheral lymph nodes of normal mice.
There is also a significant reduction in the number of histologically distinct HEV observed
in peripheral lymph nodes of L-selectin-deficient mice. This phenomenon mimics the rapid
decrease in lymphocyte adherence to HEV in lymph nodes deprived of afferent lymphatic
vessels’!33. These studies clearly demonstrate the essential role that L-selectin plays in
lymphocyte binding to HEV and subsequent entry into peripheral lymph nodes.
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The recirculation and homing of L-selectin deficient lymphocytes into mesenteric
lymph nodes of normal mice is also significantly inhibited, but not as completely as with
peripheral lymph nodes. A dual homing specificity for mesenteric lymph nodes involving
L-selectin and additional receptors confirms previous in vitro studies®*>6. HEV of
mesenteric lymph nodes have also been found to express high levels of both the peripheral
lymph node addressin recognized by the MECA-79 antibody®’ and the mucosal addressin
MadCAM-1 (mucosal addressin cell adhesion molecule 1)that is preferentially expressed
by Peyer's patch HEV>®. MadCAM-1 contains immunoglobulin-like domains and a mucin-
like domain®® and is a ligand for the a.4B7 integrin®®. MadCAM-1 isolated from
mesenteric lymph nodes can also serve as a ligand for L-selectin in vitro®. The presence
of MadCAM-1 in mesenteric lymph nodes may explain why lymphocyte migration to
mesenteric lymph nodes in L-selectin deficient mice was less severely inhibited than
migration to peripheral lymph nodes which lack this ligand.

LYMPHOCYTES
¢MPH NODE PEYER'S PATCH NOT SPECIFIC
SPECIFIC BI-SPECIFIC SPECIFIC (SPLEEN

Q0 QO

CD62L Negative
UNKNOWN

cD62L CD62L / adfi7 w47/ CD62L
Gly-CAM Gly-CAM / MadCAM-1 MadCAM-1

PERIPHERAL MESENTERIC PEYER'S PATCH SPLEEN
LYMPH NODE LYMPH NODE

HIGH ENDOTHELIAL VENULES ~ VENULES?

Figure 1. Role of L-selectin in the homing of lymphocytes to peripheral and mesenteric lymph nodes, Peyer's
patch and spleen. L-selectin (CD62L) mediates all lymphocyte attachment to peripheral lymph node HEV by
binding to a cell surface ligand termed Gly-CAM. In combination with other adhesion receptors, L-selectin
contributes to lymphocyte homing to mesenterid nodes. L-selectin also contributes to Peyer's patch homing,
perhaps by binding to the MadCAM-1 vascular addressin. In contrast, spleen does not have HEV and a loss
of L-selectin expression appears to result in a preferential recruitment of lymphocytes to that tissue.

L-selectin has not been regarded as important for lymphocyte homing to gut-associated
lymphoid tissues since the MEL-14 antibody does not block lymphocyte binding to Peyer's
patch HEV or inhibit lymphocyte migration into Peyer's patches?3:3#61  Similarly,
treatment of HEV with sialidase inactivates peripheral lymph node HEV adhesive ligands,
but has no effect on lymphocyte attachment to Peyer's patch HEV33:62, Further, an L-
selectin-IgG chimera fails to stain Peyer's patch HEV in most instances or block
lymphocyte binding to Peyer's patch endothelium**. In addition, lymphocyte attachment to
Peyer's patch HEV is specifically and completely blocked by antibodies against o4 or B7
integrin chains®® demonstrating a major role for this integrin in directing leukocyte
trafficking to the gut. However, mouse Peyer's patch HEVs express low but functional

176



levels of the addressin recognized by the MECA-79 antibody’’ and mouse lymphocyte
homing into Peyer's patches can be partially inhibited by Fab fragments of the MEL-14
antibody®*. Short term (1 h) in vivo homing experiments in L-selectin deficient mice
demonstrated a reduction in the ability of lymphocytes to migrate into Peyer's patches,
clearly revealing that L-selectin is involved in lymphocyte homing to the gut (Fig. 1).
Appropriate carbohydrates decorating the mucin-like domain of MadCAM-1 may serve as
binding sites for L-selectin on Peyer's patch HEV as previously suggested™?.

A deficiency in L-selectin expression also results in an increased number of resident
lymphocytes in the spleen and a greater tendency of cells to migrate to the spleen.
Although the spleen is one of the most important organs for lymphocyte recirculation and
more lymphocytes pass through the spleen than recirculate through all lymph nodes, little is
known about the molecular mechanisms involved in lymphocyte homing to and entry into
the spleen®. Specific "homing" receptors or vascular "addressins" for spleen have not been
defined, but they clearly differ from those by regulate lymphocyte migration to lymph
nodes, Peyer's patch or tonsil. Thus, the spleen may serve as a reservoir for cells that are
not able to specifically localize in other secondary lymphoid tissues (Fig. 1). This suggests
that lymphocyte migration can also be regulated by the specific loss of adhesion receptors
such as L-selectin, rather than just by the expression or acquisition of adhesion receptors
specific for particular lymphoid tissues. The rapid down regulation of L-selectin may thus
be an effective mechanism for increasing the number of lymphocytes that enter the spleen
and perhaps Peyer's patches.

LEUKOCYTE ROLLING IS MEDIATED BY L-SELECTIN

Minutes after a tissue is injured circulating leukocytes begin to interact with the
vascular endothelium by rolling along the vessel wall®. In mesenteric venules, leukocyte
rolling reaches a peak 20-40 min after exteriorization of the tissue and remains fairly
constant over at least 2 hours®”. The finding that the adhesion of leukocytes to cytokine-
activated endothelial cells is reduced by L-selectin blocking antibodies under non-static
conditions334647:68 'sugoests that L-selectin is involved in the earliest adhesive interactions
that permit leukocyte rolling. In agreement with this, leukocyte rolling in vivo is reduced
by intravascular infusion of an antibody against L-selectin or L-selectin-IgG®%-70. In
addition, transfection of the human L-selectin cDNA into a cell line that does not express
P- or E-selectin ligands demonstrated that L-selectin alone can mediate leukocyte rolling
independent of P- or E-selectin’!. These in vivo experiments also demonstrated that rolling
at the earliest time points is likely to be mediated by P-selectin and at later time points by
the induction of E-selectin expression. However, L -selectin is the major component of
rolling at intermediate time points in this system. The frequency of rolling leukocytes in L-
selectin deficient mice is reduced by ~70%°, clearly demonstrating that L-selectin is
involved in this process. However, the defect is incomplete suggesting that other adhesion
molecules participate in this process. Leukocyte rolling is also almost completely absent in
the venules of the exposed mesentery of P-selectin deficient mice’2. Both L- and P-
selectin function are therefore necessary to promote normal levels of rolling, with each
receptor interacting with its own ligand on the opposing cell to help guarantee sufficient
adhesive interactions to resist shear stress. Since P-selectin can be mobilized from
intracellular storage granules to the cell surface within minutes following endothelial
activation it is likely to be involved in the early phases of rolling. Subsequent rolling (20 to
120 min) is likely to be dominated by L-selectin. The requirement for intact L- and P-
selectin function for optimal neutrophil rolling and the fact that most lymphocytes do not
express functional ligands for P-selectin may at least partially explain why a much higher
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fraction of normal neutrophils roll in comparison with lymphocytes, and why lymphocytes
but not neutrophils leave the circulation via HEV of lymph nodes.

Consistent with the decrease in leukocyte rolling in L-selectin deficient mice, there is a
severe reduction in the ability of leukocytes to migrate into the peritoneal cavity subsequent
to administration of an inflammatory agent’°. L-selectin neutralizing antibodies or a
soluble L-selectin-IgG chimera also inhibit neutrophil entry into the peritoneal cavity with
a time course of neutrophil extravasation very similar to that obtained in the L-selectin
deficient mice*3. A similar defect with almost identical kinetics is observed in P-selectin
deficient mice’2. Additionally, recruitment of neutrophils into an inflamed peritoneum at 4
h is partially blocked by an E-selectin neutralizing antibody’3, suggesting that neutrophil
influx at later time points is influenced by an E-selectin dependent pathway. These kinetic
differences which result from the differential use of selectin family members may at least
partially explain why neutrophils emigrate into inflammatory sites prior to the entry of
monocytes and lymphocytes. The finding that leukocyte rolling and neutrophil
extravasation at sites of inflammation are impaired in L-selectin deficient mice supports the
multi-step model of leukocyte transmigration in which firm leukocyte-endothelial cell
interactions are preceded by weak rolling interactions mediated by the selectins.

Figure 2. Neutrophil interactions with endothelial cells at sites of inflammation. Neutrophil entry into
tissues is preceded first by rolling along the endothelial surface, a process mediated by the selectins. L-
selectin (CD62L) binds to a ligand designated as GlyCAM while E-selectin (CD62E) and P-selectin (CD62P)
bind to CD15s-related ligands on the surface of the neutrophil. This is followed by firm adhesion mediated
through the integrins binding to immunoglobulin superfamily members. This is followed by diapedesis
between endothelial cells.

The above data suggest the following model of leukocyte recruitment during
inflammation (Fig. 2). Proinflammatory cytokines released by cells within inflamed tissues
induce changes in the surrounding endothelium, including the de novo expression of
ligands for leukocyte adhesion molecules: P-selectin, E-selectin, VCAM-1, and the L-
selectin ligand. Adhesion of circulating leukocytes to activated endothelium is initiated by
L-selectin binding to its ligand, and this initial interaction is stabilized by interaction of
VLA-4 with VCAM-1 (for lymphocytes) or P- and E-selectin with sialylated CD15-related
ligands (for neutrophils). Once firm attachment of the leukocyte to the luminal surface of
the endothelial cell is stabilized, the cells migrate to intercellular junctions between
adjacent endothelial cells. This movement probably relies on combinations of L-selectin,
the CD11/CD18 proteins and VLA-4. Monocyte rolling, arrest and spreading on activated
vascular endothelium under flow is mediated via sequential action of L-selectin, B;-
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integrins, and By-integrins’®. A role for L-selectin in leukocyte migration across the
endothelial cell surface towards junctional borders is suggested by the finding of a specific
L-selectin epitope associated with cell motility is concentrated along the leading tip of
extended processes on pseudopods and ruffles’. Additionally, L-selectin reorganizes into
extending processes at sites of lymphocyte contact with endothelium6.

REGULATION OF L-SELECTIN FUNCTION

Leukocyte rolling and adhesion to endothelium are dynamic processes that involve
multiple adhesion processes and the active participation of the cells involved. L-selectin
does not merely mediate the passive "adsorption” of leukocytes to receptors on the
endothelial surface since L-selectin function involves a change in receptor affinity
following cellular activation*! and requires an intact cytoplasmic domain?”. The increase
in ligand binding activity for lymphocytes and neutrophils results directly from an increase
in the affinity of the receptor for ligand which peaks at ~5 min and rapidly declines to
baseline levels thereafter. The lectin domain alone of L-selectin primarily appears to
mediate ligand binding!®. However, some studies suggest that the EGF-like domain may
be involved in regulating the affinity of the lectin domain?!!. Cooperativity between the
lectin and EGF-like domains would lead to a higher avidity interaction, an important
consideration given the assumption that L-selectin in its native conformation on
unactivated leukocytes may have a low affinity for ligand. It is likely that the cytoplasmic
domain of L-selectin mediates cytoskeletal associations which regulate the affinity change
in the receptor that occurs with cellular activation. Affinity regulation of L-selectin by
lineage-specific signals may account, at least in part, for why a much higher fraction of
normal neutrophils than lymphocytes utilize L-selectin for rolling, and conversely, why
lymphocytes but not neutrophils leave the circulation via HEV of lymph nodes.

L-selectin can also be rapidly shed from the leukocyte surface following cellular
activation*?787% This may serve as a mechanism for the rapid modulation of leukocyte
recirculation patterns and may regulate the migration of specific lymphocyte
subpopulations?®. Although the precise mechanism of shedding is unknown, it appears to
result from activation-induced changes in the conformation of the L-selectin protein which
exposes nascent sites on L-selectin that are then susceptible to cleavage by proteases*?.
Shed L-selectin (sL-selectin) from both lymphocytes and neutrophils is present at high
levels (1.6 = 0.8 pg/ml) in human plasma3081 sL-selectin from plasma inhibits L-selectin-
specific attachment of lymphocytes to endothelium in a dose dependent manner with
leukocyte attachment completely inhibited at sL-selectin concentrations of 8 to 15 pg/ml.
Elevated levels of serum sL-selectin have been observed in some clinical situations such as
AIDS and leukemia®’. Immunohistochemical staining of endothelium in lymph nodes and
at sites of inflammation with L-selectin-directed mAb suggests that sL-selectin may bind to
the luminal surface of vascular endothelium in vivo. The presence of serum sL-selectin
with functional activity indicates a potential role for sL-selectin in the regulation of
leukocyte attachment to endothelium. In this case, circulating sL-selectin may serve as a
buffer system preventing leukocyte rolling at sites of sub-acute inflammation. However,
once a threshold of inflammation is achieved leukocytes entering the site of inflammation
may be able to effectively displace the sL-selectin present on the endothelial surface and
bind specifically. Consistent with the observation that sL-selectin may bind activated
endothelium, significantly decreased levels of sL-selectin have been observed in serum of
patients with adult respiratory distress syndrome?2. In fact, reduced levels of sL-selectin is
the best available prognostic indicator for the development of adult respiratory distress
syndrome in at-risk patient groups. It is important to note that the cellular activation
signals which lead to the increase in affinity of L-selectin, in most cases, are the same
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signals which lead to the shedding of the molecule. The two processes, however, exhibit
different kinetics. The upregulation of L-selectin affinity occurs rapidly (seconds to
minutes), whereas the shedding requires minutes to hours*!. The combination of regulated
receptor function along with regulated levels of soluble receptor in the circulation are likely
to play major roles in directing leukocyte migration.

CONCLUSIONS AND L-SELECTIN-DIRECTED THERAPIES

L-selectin serves an important role in leukocyte-endothelial attachment at sites of
inflammation as clearly illustrated in L-selectin deficient mice. These studies provide a
platform for further characterization of the molecular mechanisms of inflammation and
provide a rational for use of antagonists of L-selectin function as therapeutic agents.
Inhibition of L-selectin function is likely to have a dramatic effect on the progression of
inflammatory responses. As an example of this, blocking L-selectin function completely
inhibits ischemia-reperfusion injury in an animal model®3. An understanding of the events
that regulate inflammation will take considerable further effort, but should provide ample
opportunities for therapeutic intervention.
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L-SELECTIN, A LECTIN-LIKE RECEPTOR INVOLVED IN
NORMAL LYMPHOCYTE RECIRCULATION AND
INFLAMMATORY LEUKOCYTE TRAFFICKING

Steven D. Rosen

Department of Anatomy and Program in Immunology
University of California
San Francisco, CA 94143-0452

L-selectin is a calcium-dependent lectin-like receptor!.2 that is widely
distributed on all leukocytes in the blood and belongs to the newly emerging
selectin family of cell-cell adhesion proteins, which includes E-selectin and
P-selectin3. Each selectin contains an amino-terminal C-type lectin domain,
followed by an EGF-like motif, short consensus repeats (SCR) similar to
those found in complement-regulatory proteins, a transmembrane domain,
and a short cytoplasmic tail. These three proteins functions as lectins by
virtue of a calcium-type lectin domain# at the amino terminus of each. The
selectins are involved in a wide array of leukocyte-endothelial and leukocyte-
platelet interactions in the blood vascular compartment (Table 1).

L-selectin was discovered as a lymphocyte homing receptor?, which is
involved in the organ-specific adherence of blood-borne lymphocytes to high
endothelial venules (HEV) in lymph nodes. This adhesive interaction
initiates the movement of lymphocytes into lymph nodes during the
constitutive process of lymphocyte recirculation. However, the widespread
distribution of L-selectin on all classes of leukocytes underlies a broader role
for L-selectin in inflammatory leukocyte trafficking in a variety of acute and
chronic sites2. With respect to cardiovascular disease, it has recently been
shown that either an L-selectin antibody or a specific carbohydrate that
binds to L-selectin provides substantial protection to myocardium in
reperfusion-injury models®7. ThIS protection is attributable to the
inhibition of neutrophil binding to the endothelium in ischemic blood vessels.
A role for L-selectin in chronic indications has been most clearly
demonstrated in the nonobese diabetic mouse (NOD) model of diabetes?.
HEV-like vessels are induced in the inflamed islets of these mice and ligands
for L-selectin are detectable on these vessels. Moreover, an antibody to
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L-selectin substantially prevents both leukocyte infiltration and the
development of diabetes®.

Table 1.Distribution and Regulation of Selectins10

Designations Distribution Regulation
L-selectin, CD62L, on all circulating subject to complex
LECAM-1, LAM-1, leukocytes, including  regulation upon
gp90MEL subpopulations of activation of leukocytes

lymphocytes
P-selectin, CD62P, a-granules of platelets, rapidly elicited to
GMP-140, PADGEM  megakaryocytes, surface of platelets and
endothelial cells endothelial cells by
(Weibel-Palade thrombin, histamine
granules) etc,
E-selectin, CD62E, on activated endothelial trancriptionally
ELAM-1 cells induced by IL-1,
TNF-o, LPS

Considerable attention has been devoted to the identification of the
endothelial ligands for L-selectin. In the mouse, the HEV-associated ligands
have been identified as sulfated, sialylated, and fucosylated glycoproteins of
=50 kDa and =90 kDa (originally called Sgp50 and Sgp90)!l. These
glycoproteins were identified by precipitation of a lysate of metabolically-
labeled mouse lymph nodes with a recombinant form of L-selectin. The
50 kDa ligand, now designated as GlyCAM-1, has been cloned and revealed
to be a mucin-like glycoprotein containing =70% of its mass as O-linked
carbohydrate chainsl2. GlyCAM-1 is present in serum in high
concentrations!3 but also may have a peripheral membrane association with
the apical plasma membrane of endothelial cells. This high serum level
raises the possibility that GlyCAM-1 can serve as a modulator of L-selectin
dependent leukocyte adhesion. It is suggested that the polypeptide core of
this ligand functions in the presentation of clustered carbohydrate chains to
the lectin domain of L-selectin. More recently, Sgp90 has also been shown
to have a mucin-like organization with the demonstration that it corresponds
to the previously identified sialomucin known as CD3414. This
glycoprotein, unlike GlyCAM-1, has a classical transmembrane domain and
is believed to function strictly as a pro-adhesive ligand for L-selectin.

Sialylation and probably fucosylation of HEV-ligands are required for
their avid interaction with L-selectinl5. Furthermore, the sulfation of
GlyCAM-1 and CD34 is extensive. Recent work, based on the use of
chlorate as a metabolic inhibitor of sulfation, has established that sulfation is
required for ligand activityl6., A monoclonal antibody, known as MECA 79,
has been described!7, which stains HEV in lymph nodes and HEV-like
vessels that are induced in a large number of inflammatory sites in both
mouse and human3.18, The epitope for this function-blocking antibody is
present on both GlyCAM-1 and CD3411. Sialylation is not necessary for the
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epitope. However, the inhibition of sulfation results in a complete loss of the
epitope (S. Hemmerich and S. Rosen, unpublished observations). Sulfation,
therefore represents a key modification of HEV-ligands and that is necessary
for recognition by both L-selectin and MECA 79. Given the staining pattern
of MECA 79 at many sites of chronic inflammation, the sulfation
requirement may also extend to extralymphoid endothelial ligands for L-
selectin.

Early studies! of the carbohydrate specificity of E- and P-selectin
uncovered a recognition motif common to both receptors, the sialylated and
fucosylated tetrasaccharide known as sialyl Lewis x or sLex:

Siac2—3Galpf1—4(Fucol —3)GIcNAc

Later, L-selectin was also shown to bind sLeX-containing
oligosaccharides!5:19, and it is now suspected that the biological ligands for
the selectins present variants of sLeX. In support of this possibility,
structural analysis of the actual carbohydrate chains of GlyCAM-120,21 hag
revealed the presence of a 6'-sulfated modification of sLeX as a major

capping group:
Siao2—3(S04-6)GalBf1—4(Fucol —»3)GlcNAc

This structure would accommodate the requirements for sialic acid, sulfate,
and fucose. It is predicted that this compound will be superior to sLeX as a
carbohydrate ligand for L-selectin. If so, the design of anti-inflammatory
therapeutics may be facilitated.
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INTRODUCTION

P-selectin is a cell adhesion molecule that is an integral membrane protein of the
alpha granules of resting platelets '> and the Weibel-Palade bodies of endothelial
cells**.  Stimulation of these cells results in translocation of P-selectin to the plasma
membrane where it serves as a receptor for leukocytes™. P-selectin is a member of the
selectin family of adhesion molecules. It shares a common domain structure with other
family members, E-selectin and L-selectin. These proteins contain a lectin domain, an
EGF domain, a variable number of concensus repeats, a transmembrane domain, and a
cytoplasmic tail” %10,

The selectins play an important role as receptors in cell-cell interaction binding
neutrophils and monocytes to the activated endothelium and activated platelets. Following
an inflammatory stimulus, leukocytes are known to roll along the vessel wall in a selectin
mediated process''*'**. This phenomenon indicates that the selectins play a role
in inflammation by mediating rolling as a first step in firm attachment of leukocytes to the
vessel wall and their emigration out of the vasculature>'*. Our studies have focused more
on the role that, P-selectin, in particular, may play in thrombogenesis'®. This brief
summary will discuss our current results regarding this function of P-selectin as well as
several other areas of P-selectin biology.

ROLE OF P-SELECTIN IN THROMBOSIS

We have previously shown, using an arteriovenous shunt model in baboons, that
leukocytes accumulate within an experimental thrombus in a P-selectin mediated process'.
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When anti-P-selectin antibodies are used to block leukocyte accumulation in the graft,
deposition of fibrin within the thrombus is similarly inhibited. Platelets have long been
known to induce procoagulant activity on mononuclear cells’”, a finding which we
confirmed. We investigated whether the induction of tissue factor in the mononuclear cell
population upon contact with activated platelets was a P-selectin mediated event. The
induction of tissue factor activity was inhibited with antibodies directed against tissue
factor or blocking antibodies against P-selectin’®. Purified P-selectin stimulated tissue
factor expression in a dose-dependent manner. Although monocytes are the only members
of the mononuclear cell population known to synthesize tissue factor, we confirmed that
they were the cells responsible for the activity by using isolated unstimulated monocytes'®
to demonstrate that CHO cells expressing P-selectin but not untransfected CHO cells or
E-selectin expressing CHO cells stimulated tissue factor expression in the monocytes.
Using reverse transcriptase/PCR, we demonstrated that unstimulated monocytes had no
detectable tissue factor mRNA while monocytes stimulated with CHO-P-selectin contained
tissue factor mRNA. Thus the binding of monocytes to P-selectin bearing cells at sites of
inflammation or vascular injury may be important for the initiation of thrombogenesis.
We have continued to explore the nature of the P-selectin ligand on mononuclear cells
which fosters this interaction.

THE P-SELECTIN LIGAND

The list of cells bearing a P-selectin ligand includes neutrophils and monocytes®, a
small subpopulation of T-lymphocytes ', and a number of malignant cells®. Lex
(Lewis x)*', and sialic acid®? have been described as components of the P-selectin ligand.
However, SLex, though required for P-selectin interaction on cell surfaces, is not
sufficient for high affinity binding. A protein component also appears to be
required”®?*. A putative P-selectin ligand of 120,000 molecular weight has been identified
from myeloid cells by blotting techniques®. Sulfatides have been implicated as P-selectin
ligands® as has L-selectin”. More recently, a cDNA has been isolated that encodes the
protein component of the P-selectin ligand. This protein, identified as PSGL-1 (P-Selectin
Glycoprotein Ligand-1), has a large number of sites for O-linked glycosylation and is
indeed heavily glycosylated®. PSGL-1, a mucin-like, integral membrane protein, has a
monomeric molecular weight of 110,00 and is homodimeric. The protein contains an
extracellular domain made up of 15 repeating units that are rich in threonine, a
transmembrane domain and a cytoplasmic domain. Cotranfection of COS cells with the
cDNAs for PSGL-1 and 1/3,4 fucosyltransferases yields a biologically active ligand.
Polyclonal antibodies raised against PSGL-1 inhibit P-selectin mediated binding to HL60
cells.

To ascertain the importance of PSGL-1 as an in vivo ligand for P-selectin we have
intiated efforts to develop a murine model of PSGL-1 defiency. A murine homolog of
human PSGL-1 has been cloned. The deduced amino acid sequence of the murine PSGL-1
has an open reading frame encoding a protein of 397 amino acids, 5 residues shorter than
human PSGL-1 %, The murine and human PSGL-1 show an overall homology of 67%
and identity of 50% and contain similar domain structures including a signal peptide,
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propeptide, homologous repeat units, transmembrane region and cytoplasmic tail. There
are 15 threonine-rich decameric repeats in the human PSGL-1, but only ten such repeats
in murine PSGL-1. Instead of threonines as potential O-linked glycosylation sites in the
repeat region as in human PSGL-1, the murine PSGL-1 repeat sequence contains threonine
and serine residues. Compared to the three potential N-glycosylation sites in human
PSGL-1, the murine PSGL-1 carries only one conserved site and an additional unique site.
The murine PSGL-1 functions as a ligand for human P-selectin in a cell binding assay.
Furthermore, we have established by Northern analysis that WEHI-3 cells, a murine
myeloid leukemia cell line, synthesize the PSGL-1 mRNA and that these cells express the
P-selectin ligand in a functional form that interacts with human P-selectin. PU-5 cells,
also contains the PSGL-1 mRNA but do not bind P-selectin; the defect in this PSGL-1
function may be the absence of a co-receptor or incomplete posttranslational processing.

Other mucins have been described on the surface of leukocytes, and their relationship
to selectin ligands remains unknown. CD68 is a 110,000 molecular weight transmembrane
protein that is expressed on monocytes and macrophages®. The cDNA for human CD68
predicts a heavily glycosylated extracellular domain with numerous potential N-linked and
O-linked glycosylation sites; it is distinct from PSGL-1. The function of this protein is
unknown. To test the hypothesis that CD68 may be an E-selectin or P-selectin ligand, the
CD68 cDNA was cloned and cotransfected into COS cells with ¢cDNA for a 1/3,4
fucosyltransferase. COS cells expressing CD68 alone or co-expressing CD68 and SLex did
not acquire an enhanced ability to bind to CHO cells expressing P-selectin or E-selectin
as compared to COS cells expressing SLex only. Cotransfection of COS cells with PSGL-
1 and fucosyltransferase, in contrast, enhanced COS cell binding to CHO-P-selectin.
These experiments suggest that CD68 is not a ligand for either E-selectin or P-selectin.
In addition to exploring the nature of the P-selectin ligand we have continued to explore
the ligand binding site of P-selectin itself.

STRUCTURE-FUNCTION RELATIONSHIPS IN P-SELECTIN

The P-selectin literature is fraught with contradictions regarding the nature of potential
ligands. We believe that the basis for these differences has to do, at least in part, with the
density of P-selectin and P-selectin ligand used in the various assay systems. To determine
the relationship of P-selectin density on the membrane surface to the cell adhesion
properties of a cell, we have performed quantitative experiments. Purified P-selectin was
incorporated, at known concentrations, into lipospheres, uniform micro-glass beads
encapsulated with phospholipid containing P-selectin®’.  The binding of lipospheres
containing varying concentrations of P-selectin to HL60 cells was analyzed. A critical P-
selectin density of about 50 molecules per um’ is required to sustain cell adhesion;
maximal cell adhesion is observed at 100-150 molecules per um?. A similar analysis of
the surface density of P-selectin on CHO cell clones indicates optimal HL60 cell adhesion
at about 150-200 molecules per pm’.

While the role of the lectin domain of P-selectin in ligand binding appears clear the
role of the EGF domain remains ambiguous. We have tried in a series of experiments to
clarify the role of the EFG domain in ligand binding. In collaboration with Dr. Tom
Tedder and Geoffrey Kansas, we have prepared chimeras of P-selectin and L-selectin to
determine the specific functions of the domains of these selectins. P2L contains the P-
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selectin lectin domain on an L-selectin background; P3L contains the lectin and EGF
domain of P-selectin on an L-selectin background; P4L contains the lectin, EGF and
consensus repeats of P-selectin on an L-selectin background. Stably transfected CHO cell
lines expressing these chimeras as well as wild type P-selectin and L-selectin were
established and methatrexate amplified clones selected to provide cell lines expressing
similar selectin surface density. The ability of the chimeras and wild type proteins to bind
to HL60 cells was assessed at a surface density of selectin or selectin chimera of 150
molecules per um?®. P-selectin but not L-selectin expressing CHO cells bound to HL60
cells. The CHO cells expressing the selectin chimeras P3L and P4L bound to HL60 cells
well while the P2L chimera expressing CHO cells bound HL60 cells much less well. We
conclude that, although the lectin domain is sufficient to support cell adhesion, the lectin-
EGF domain represents the cell recognition unit on P-selectin.

The 40 amino acid P-selectin EGF domain was prepared by solid phase synthesis,
folded and its structure verified by sequence analyses. We have solved the three
dimensional structure of the P-selectin EGF domain by 2D NMR spectroscopy (unpubl.
data, D. Sanford, B.C. Furie, B. Furie). The EGF structure is homologous to the murine
EGF, the single most unique feature of the P-selectin EGF being the close spatial
relationship of the N- and C-termini of the polypeptide, in contrast to other, larger EGF
domains.

We have expressed the lectin domain of P-selectin in E. coli, isolated the peptide and
folded it in the presence of CaCl,. The oxidized lectin domain, purified by HPLC yields
a single band on SDS gel. The role of P-selectin domains in cell adhesion was evaluated
by using the isolated EGF domain and lectin domain as competitors in a cell adhesion
assay based upon the binding of P-selectin expressing CHO cells to HL60 cells. The P-
selectin lectin domain was a potent inhibitor of cell adhesion; half-maximal inhibition was
observed at 200 nM*. In contrast, the P-selectin EGF domain showed no inhibition even
at concentrations up to 2 mM. These results taken with our results that the chimera of L-
selectin containing the P-selectin EGF domain is capable of binding HL60 cells®, unlike
L-selectin, and that the recognition unit on P-selectin is the lectin-EGF domain, suggest
that the P-selectin EGF domain does not make direct contact with the P-selectin ligand but

rather influences the structure of the adjacent lectin domain, whether from P-selectin or
L-selectin, to enable it to bind to the P-selectin ligand.

PHOSPHORYLATION OF P-SELECTIN

P-selectin is phosphorylated upon platelet activation with athrombin, the thrombin
receptor peptide (SFLLR), epinephrine, ADP or collagen*. As a lower limit, the molar
ratio of phosphate to P-selectin in activated platelets is 6:10 at 15 seconds, indicating the
very significant rapid phosphorylation of P-selectin. P-selectin phosphorylation following
thrombin stimulation is detectable at 5 sec, with maximum incorporation observed at 15-30
seconds. Phosphoamino acid analysis of the phosphorylated P-selectin revealed the
presence of phosphoserine, phosphothreonine and phosphotyrosine. Phosphotyrosine and
phosphothreonine rapidly disappeared 60 sec following platelet activation. The C-terminal
peptide consisting of the cytoplasmic domain contained the phosphoamino acids. We have
recently extended these studies to show that P-selectin in unstirred thrombin-activated
platelets undergoes phosphorylation but not dephosphorylation. The rapid phosphorylation
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and selective dephosphorylation of tyrosine and threonine on the cytoplasmic domain of
P-selectin following platelet activation may be important for P-selectin function; e.g.
inside-out signalling and signal transduction within platelets.

Stimulation of primary cultures of human umbilical vein endothelial cells with
thrombin similarly leads to rapid phosphorylation of P-selectin. P-selectin undergoes
phosphorylation and dephosphorylation, with peak phosphorylation at about 1-2 minutes.
A second phosphorylation event occurs at about 8-10 minutes. This is also followed by
dephosphorylation.
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RAT P-SELECTIN MEDIATES NEUTROPHIL-PLATELET INTERACTIONS
VIA TWO SITES (23-30, 76-90) LOCATED ON ITS LECTIN-LIKE DOMAIN.

E. Chignier!, Marie-Héléne Sparagano!, Lilian McGregor!, Annie Thillier2,
Dorothée Pellecchia2, Marie-Pierre Reck? and John McGregor?

IINSERM U 331, Faculté de Médecine Alexis Carrel and 2Institut Pasteur de
Lyon, France

INTRODUCTION

P-selectin, (GMP-140/PADGEM, or CD62-P),1 23 4 has been shown to mediate
adhesion of human leukocytes to activated platelets or endothelial cells.5 6,7 This adhesive
receptor is a member of the selectin family which includes E-selectin (ELAM-1) and L-selectin
(LAM-1, LECAM).8 The three members of the selectin family share extensive homologies in
their lectin-, EGF- and complement-like domains. The lectin-like domain in human P-selectin
appears to play a major role in mediating P-selectin interaction with leukocytes. Peptides
derived from the lectin-like domain have been shown to block neutrophil interaction to
thrombin-activated platelets?, endothelial cells or isolated P-selectin. We have previously
shown 10 that LYP-20, an anti P-Selectin monoclonal antibody (MAD), inhibits human platelet
aggregation and platelet-monocyte interactions. Moreover, LYP-20 recognises P-Selectin
expressed by thrombin-activated rat platelets.! 1 Rats are extensively used as in vivo models of
vascular injury. However, at this stage, little is known on the distribution and function of rat P-

Selectin.
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The purpose of this study was to identify functional sites on P-Selectin involved in rat
leukocyte-platelet interactions. To perform this work we have cloned rat P-selectin.!? Lectin
and EGF-like regions of human and rat P-Selectin were observed.to share strong
homologies.12 In vitro work, as a prelude to in vivo work, was performed on rat platelets-
leukocyte interactions to identify the rat P-selectin functional sites interacting with neutrophils

using synthetic peptides derived from functional domains.

RESULTS
Rosetting inhibition by anti-P-selectin MoAb

The anti-P-selectin MoAb (LY P20) inhibits thrombin-activated rat platelets binding to rat
neutrophils in very significant manner (58% of inhibition, p<0.001) (Fig. 1).

percentage of rosetted neutrophils

Figure 1

Effect of an anti-P-selectin MoAb (LYP-20) and heparin on platelets-PMN interactions. Resting or thrombin-
activated (0.3U/ml final concentration) washed platelets (2);108 platelets/ml ) were incubated with an anti-P-
selectin monoclonal antibody (LYP-20, 60ug/ml, final concentration) or heparin (40U final concentration)
before incubation with neutrophils (2 to 3x107 cells/ ml). The results, that are representative of 6 experiments,
are expressed as the percentage of neutrophils bearing platelet rosettes. Bars correspond to the percentage
(mean+SD) of neutrophils binding two or more platelets, each count was done in triplicate by different
observers. LyP-20 inhibits the interaction between activated platelets with the neutrophils in a significant

manner (p<0.001). Heparin also inhibits significatively this interaction (p<0.05).
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Human P-selectin has previously been shown to bear a heparin-binding site, so we
investigated the interaction of thrombin-activated rat platelets with rat neutrophils in presence or
absence of heparin. The results show that heparin at a final concentration of 80U/ml inhibits rat
thrombin-stimulated platelet/rat neutrophils rosetting (36% of inhibition, p<0.01), indicating
that also in rats the interaction of P-selectin expressed by activated platelets with neutrophils is
mediated by a sulfated glycan, or that the binding site of the glycan is proximal or identical to
that of CD15 receptor in neutrophils.

Rosetting inhibition by peptides from the lectin-like P-selectin domains.

Toinvestigate whether the lectin-like region of P-selectin molecule is implicated in rat's
cell interactions as in humans, a series of peptides corresponding to the lectin-like domain of the
P-selectin molecule! were tested for their ability to inhibit platelet rosetting to neutrophils.
They were synthesized in the laboratory on an ABI 431 (Applied Biosystem Synthesis, Paris,
France) using Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry. Synthesized peptides were
purified by high performance liquid chromatography (HPLC) and their composition were
confirmed by amino-acid analysis followed by mass spectroscopy (Hewlet PAckard 5989
spectroscope, equipped with an electrospray, Palo Alto, USA). These peptides correspond to
residues 23-30 (YTDLVAIQ, Mw 1046), 51-61 (IGIRKNNKTWT, Mw 1508) and 76-90
(ADNEPNNKRNNEDC, Mw 1870). Control peptides were prepared for the 51-61 and 76-90
residues which were identical to the P-selectin original peptides, but the sequences were
scrambled (RIKNJINTKG for the 51-61 and ANPENCNDKDENRN for the 76-90 modified
peptides), so that no aminoacids were located in the same position or adjacent to the same
residues as in the authentic sequence. At a concentration of 1.3 mM peptides 23-30 (A) and 76-
90 (C), but not 51-61 (B), from the lectin-like domain had an inhibitory effect (A=33% and
C=46%, p<0.05; B=17%, p=0,2) (Fig. 2).

The scambled forms of peptide A had no inhibitory effect in activated platelet/neutrophil
interactions. Using a combination of peptides A+C at 1.3 mM (p<0.001) we increased the
inhibition of platelets binding to neutrophils. The Ic50 of peptides A + C was 0.11mM (results

not shown).

DISCUSSION
Our findings show: I) A MAb (LY P-20) directed against human P-selectin is capable of

inhibiting rat PMN-activated platelets interaction. Moreover, heparin is a potent inhibitor of
such cell-cell interaction. IT) Peptides 23-30 and 76-90 obtained from the lectin-like domain of
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percentage of rosetted neutrophils

Figure 2
Effect of peptides derived from the P-selectin lectin-like domain on platelets-PMN interactions. Neutrophils were
incubated with peptides prior to incubation with platelets. Results shown are representative of 8 experiments
(mean+SD). Lectin-like derived peptides, but not scrambled form from peptide A (23-30), partially inhibited the
platelets/PMN interaction (p<0.05 for isolated peptides A and C). The main effect was obtained when
neutrophils were incubated with two functionnal (A+C) peptides (p<0.001). Peptide A corresponds to 23-30 AA
sequence, peptide A corresponds to B: 51-60 AA sequence, and peptide C corresponds to 76-90 AA sequence of

the human P-selectin molecule.

202



P-selectin inhibit rat activated platelet-neutrophils interactions. The combination of the two
different peptides (23-30, 76-90) increased the inhibitory effects with low concentrations
(0.11mM), suggesting that the whole lectin region could be necessary for cell-cell interaction.

In our Laboratory Sparagano et al (manuscript in preparation) isolated and sequenced
the rat cDNA P-selectin. [t was observed that the lectin-like domain of rat P-selectin has 15 out
of 120 amino acids that are different, when compared to its human counterpart. These results
show an important homology (74%) between rat and human P-selectin lectin-like domains.

The lectin-like domain is known to interact with sialylated CD15.14:15 Moore et al 16
demonstrated that human neutrophils constitutively express a glycoprotein receptor for P-
selectin bearing sialic acid residues. Our results, suggest that rat neutrophil presents a receptor
binding to P-selectin, which is either identical or very similar to the human one.l” The
increased inhibitory effect we obtained by associating the residue 23-30 to the residue 76-90 is
possibly related with the fact that 23-30 may corresponds to one of the Ca2* binding sites in
the P-selectin molecule.® Platelet P-selectin plays a role not only in the recruitment of
neutrophils and monocytes to hemorrhagic and inflammatory sites but, potentially, in the
activation of these leukocytes.18

The inhibition of rat platelet-PMN interactions by synthetic peptides may prove to be
effective in in vivo models leading to new therapies in human inflammatory syndromes. The

effect of these P-selectin peptides are currently tested in vivo in rats .
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INTRODUCTION

Vascular hemostasis results from the regulated interaction of the coagulation and
fibrinolytic systems. Any imbalance in these systems leads to a tendency to develop a
bleeding diathesis or to an increased risk of thrombosis. Thrombotic events have been
implicated in the pathogenesis of cardiovascular disease, including myocardial infarction
and stroke. The recent success of thrombolytic therapy in acute myocardial infarction has
drawn considerable attention to the role of the fibrinolytic system in vascular disease.

FIBRINOLYTIC SYSTEM

Degradation of fibrin, the key step of intravascular fibrinolysis, normally results
from the action of plasmin, a serine protease of broad specificity which circulates in
plasma as the inactive proenzyme plasminogen (1,2). Plasmin can also hydrolyze proteins
of the extracellular matrix, either directly, or indirectly by activation of latent
collagenases (3,4). These later properties of the enzyme are believed to be important in
cellular migration and invasion, key events in the development of vascular lesions (5,6).

Two types of plasminogen activators (PAs) can be distinguished, tissue-type PA
(tPA) and urinary-type PA (uPA) (7). The catalytic efficiency of plasminogen activation
by tPA is drastically increased in the presence of fibrin (8). Thus, tPA appears to be the
primary PA of the intravascular fibrinolytic system (7) and inactivation of the tPA gene
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in mice impairs clot lysis (9). Urinary-PA is believed to be the primary PA of the
extravascular PA system (7). Surprisingly, inactivation of the uPA gene also appears to
promote fibrin deposition (9). This later finding points to an additional role of uPA in
intravascular fibrinolysis. However, fibrin deposition in these uPA-deficient mice could
also result from deficient tissue remodelling rather than from the reduced thrombolytic
potential (9).

In contrast to plasminogen which is present at relatively high and unchanging
concentrations in most body fluids (1,2), PAs are trace proteins and their biosynthesis is
highly regulated (10). Thus, changes in the availability and activity of PAs must
contribute significantly to the dynamic regulation of the fibrinolytic system. The activity
of PAs is controlled by PA inhibitors (PAIs) (11,12). Although four molecules with PAI
activity have been identified, considerations of rate constants, in vivo inhibitor
concentrations, and the presence of naturally occurring PA/PAI-1 complexes, suggest that
PAI-1 is the primary physiological inhibitor of plasminogen activation (12). Indeed,
disruption of the PAI-1 gene in mice appears to induce a mild hyperfibrinolytic state and
a greater resistance to venous thrombosis (13,14), while reduced PAI-1 activity in man
results in a hemorrhagic tendency with delayed rebleeding after surgery or trauma
(15,16).

PAI-1 appears to be synthesized in an active form, but is unstable in solution and
rapidly decays into an inactive form upon secretion (12). The majority of PAI-1 in blood
is active and circulates in complex with the adhesive glycoprotein vitronectin (Vn)
(17,18). The binding of PAI-1 to Vn stabilizes the inhibitor in the active conformation,
thus increasing its biological half-life (17,19). Vn is also the primary PAI-1 binding
protein in the endothelial cell extracellular matrix (20,21). These observations suggest
that Vn serves to stabilize and concentrate PAI-1 in tissues, thereby functioning as a
cofactor of the fibrinolytic system.

EXPRESSION OF PAI-1 AND VN IN NORMAL AND DISEASED VASCULAR
TISSUES

The plasma levels of PAI-1 were increased in some patient groups with
cardiovascular disease, including young survivors of myocardial infarction (22). These
studies suggested that PAI-1 is a "risk factor" for atherosclerotic vascular disease.
However, a number of studies failed to demonstrate any correlation between plasma PAI-
1 levels and vascular disease (22). While such measurements of PAI-1 in plasma are
relatively straight forward and important, they remain incomplete and may not reflect the
actual situation within the vessel wall. We therefore began to analyze PAI-1 gene
expression in both normal and inflamed murine vascular tissue. Nuclease protection
analysis revealed a relatively high concentration of PAI-1 mRNA in the murine aorta
(23). In fact, of eleven different murine organs studied, the aorta contained the highest
concentration of PAI-1 specific mRNA (23). In situ hybridization studies localized PAI-1
mRNA primarily to the medial layer of the muscular wall of murine vessels (24).
Although cultured endothelial cells produce large amounts of PAI-1 (12), endothelial
cells in vivo were entirely negative (24). Interestingly, intraperitoneal injection of
endotoxin seemed to reduce the level of PAI-1 mRNA in the medial layer of the vessel
wall, and induce it in the endothelial cells (24). In contrast, transforming growth factor
beta primarily induced PAI-1 gene expression in the medial layer of the vessel wall (24).
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These results indicate that vascular PAI-1 gene expression is highly regulated, and raise
the possibility that PAI-1 biosynthesis also may be regulated in human vascular disease.

To begin to investigate PAI-1 in vascular disease, we evaluated PAI-1 gene
expression within segments of atherosclerotic human arteries (25). Total RNA was
isolated from eleven severely diseased and five relatively normal human arteries obtained
from patients undergoing reconstructive surgery for aortic occlusive or aneurysmal
disease, and was analyzed for PAI-1 gene expression by Northern blotting. We found that
in severely atherosclerotic vessels, PAI-l mRNA levels were significantly increased
compared with normal or mildly affected arteries, and that in most instances, the level
of PAI-l mRNA was correlated with the degree of atherosclerosis (25). In situ
hybridization analysis revealed an abundance of PAI-1 mRNA-positive cells within the
thickened intima of atherosclerotic arteries, mainly around the base of the plaques, and
in cells scattered within the necrotic material (25). We recently collected specimens from
23 additional patients undergoing reconstructive vascular surgery, and again localized
PAI-1 mRNA to smooth muscle cells in the proximity of the plaque, and to macrophages
scattered around the necrotic core. Moreover, immunohistochemical studies localized
PAI-1 antigen to smooth muscle cells in the media close to the plaque, and it was
detected diffusely distributed throughout the necrotic core (van Aken et al., unpublished
observation). These observations have been confirmed recently (26). The actual PAI-1
binding structures/proteins in the vessel wall have not yet been identified, although Vn
would seem to be a likely candidate.

The expression of Vn in the vessel wall has not yet been studied in great detail.
Vn staining was noted in intimal thickenings and fibrous plaques of atherosclerotic
arteries in association with collagen bundles, elastic fibers, and cell debris in the vicinity
of elastin (27,28). Moreover, a monoclonal antibody raised against extracts of
atherosclerotic lesions, was shown to detect Vn (29). In a recent study, Vn was found to
co-localize with PAI-1 in extracellular areas of early atherosclerotic lesions (26). In
general, we were unable to detect Vn mRNA in the atherosclerotic vessel wall, although
in control experiments, a strong signal was demonstrable in normal human liver sections.
In contrast, Vn antigen was present in necrotic plaque material, and in the extracellular
matrix of the media and elastic fibers of the adventitia. Taken together, these results raise
the possibility that Vn present in the plaque is derived from the plasma rather than from
local synthesis by cells of the vessel wall. PAI-1 and Vn antigen appear to co-localize
in some areas of the extracellular matrix and acellular plaque (van Aken et al.,
unpublished observation). However, in other areas (e.g., the luminal part of the plaque),
PAI-1 and Vn were detected in distinctly different patterns. These observations raise the
possibility that PAI-1 may also bind to structures distinct from Vn in the diseased
vascular tissue.

SUMMARY

In summary, studies of the expression of PAI-1 in vascular tissues suggest that
the level of PAI-1 gene expression is correlated with the severity of the atherosclerotic
lesions. This finding raises the possibility that local increased expression of PAI-1 leads
to an imbalance of the fibrinolytic system. The resulting fibrinolytic shut-down would
be expected to promote local fibrin deposition and may be causally related to the
pathogenesis of atherosclerotic vascular disease.
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INTRODUCTION

Fibrin deposistion is a feature of inflammatory diseases including atherosclerosis.
Fibrin is a component of the atherosclerotic plaque and it is thought to act as a
chemoattractant for infiltrating cells, as a scaffold for migrating cells and as a lipid binding
surface, therefore promoting accumulation in the artery wall. (reviewed in!) Thrombus
formation at the atherosclerotic plaque leading to myocardial infarction is a major cause of
death. The balance of the fibrinolytic and coagulation systems is therefore important in the
local environment of the artery wall . Tissue factor (TF) is present in the atherosclerotic
plaque? and decreased fibrinolytic activity may be attributed to increased levels of
plasminogen activator inhibitor types 1 (PAI-1) and/or 2 (PAI-2) leading to persistence of
fibrin already deposited as a result of TF activity.

The monocyte is a central cell type in atherogenesis and has the ability to affect both
coagulation and fibrinolytic systems. Activated monocytes have been shown to produce
urokinase (u-PA)3+4, tissue-type plasminogen activator (t-PA)°, PAI-16, PAI-2 and TF’:8,
depending on the stimulus. Lipopolysaccharide (LPS) has been shown to increase levels of
PAI-2 and to induce TF expression in monocytes’-8. Cytokines such as tumour necrosis
factor-o. and interleukin-18, both important cytokines implicated in inflammation, also
increase synthesis of PAI-2 by monocytes%:10, whereas PAI-1 synthesis can be stimulated
by transforming growth factor 811. PAI-2 is the major PAI produced by monocytes and
u-PA the major PA3.

Modified low density lipoprotein (LDL) has a key role in the development of the
atherosclerotic plaque, where uptake of modified LDL, primarily by the monocyte but also
by the smooth muscle cell, leads to foam cell formation. Oxidised LDL has also been
found have many properties different from native LDL and can act as a chemoattractant for
circulating monocytes and yet inhibits migration of macrophages from the atherosclerotic
plaque!2. In addition modified LDL can stimulate production of cytokines!3 and adhesion
of monocytes to endothelial cells!4. Modified LDL has also been found to affect
fibrinolysis and coagulation by inducing TF in monocytes!5.16 and endothelial cells!? in
addition to increasing PAI-1 synthesis from endothelial cells18.
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We demonstrate that stimulation of peripheral blood monocytes with LDL modified by
acetylation, copper oxidation and minimal modification leads to an increased secretion of
PAI-2 above control levels. This increase in PAI-2 is specific as PAI-1 levels show no
change and u-PA is undetectable in both control and stimulated monocytes.

METHODS
Monocyte Isolation and Culture

Peripheral blood from healthy individuals was collected into tri-sodium citrate.
Mononuclear cells were isolated by centrifugation on Ficoll-Paque (Pharmacia).
Monocytes were further purified by adherence to 24-well tissue culture plates (Nunc) by
incubation at 37°C for lhour in a 5% CO; environment before aspiration of non-adherent
cells. Monocytes were found to constitute > 90% of the population using the non specific
esterase stain!® (Sigma). Monocytes (5 x 105/ml) were incubated in RPMI (Gibco),
supplemented with 4 mM glutamine, 50pg/ml gentamycin and treated as appropriate with
50pg/ml LDL, 10ng/ml LPS or 1pug/ml tunicamycin for specified times. Supernatant was
removed and stored at -70°C. Monocyte cell extracts were made by scraping cells from the
plate into phosphate buffered saline and stored at -70°C for assay. All medium was sterile
and all plasticware used was pyrogen-free.

LDL Isolation and Preparation

LDL (d=1.019 to 1.063g/ml) was isolated from normal human plasma by sequential
ultracentrifugation. LDL was then acetylated using acetic anhydride as described?0.
Copper oxidation of LDL was performed by dialysis of LDL against SuM CuSO4, 150mM
NaCl, 10mM Tris, pH7.4 for 24hrs at 4°C. Oxidation was terminated by dialysis into 1mM
EDTA, 150mM NaCl, 10mM Tris, pH7.4 for 24hrs at 4°C . Minimal modification of LDL
using soybean lipoxygenase and phospholipase A; was carried out as described?!. LDL
was sterilised using a 0.2pum filter and checked for endotoxin contamination by the limulus
amoebocyte lysate assay (Sigma). Modification of LDL was verified using a conjugated
diene assay?2 and by agarose gel electrophoresis?3.

Measurement of PAI-1 and PAI-2 Antigen

PAI-124 as in the case of PAI-2, was measured quantiatively using a specific ELISA.
Microtitre plates (96 well, Costar) were coated overnight at 4°C with a monoclonal
antibody to PAI-2 at 2ug/ml (MAI-21, Biopool). Plates were blocked and samples or
standard added to wells for 2 hours at 37°C. Recombinant PAI-2, kindly provided by Delta
Biotechnology, was diluted to give a standard curve of 12.4ng/ml-0.78ng/ml. The IgG
fraction of a rabbit polyclonal antibody to PAI-2 ( 10pg/ml) was incubated for 2 hours at
37°C, followed by a goat anti rabbit IgG linked to alkaline phosphatase (Boehringer
Mannheim, diluted 1/750). Colour was developed using p-nitrophenyl phosphate (2mg/ml,
Sigma) for 30minutes at 37°C. Absorbance of 405nm was read using a Titertek
spectrophotometer.

Measurement of u-PA Antigen

A specific ELISA was used and 96 well plates (Costar) were coated for 3hours at 37°C
with a monoclonal antibody to u-PA (2.5ug/ml Muk-1, Biopool). The plate was blocked
and samples and standard incubated overnight at room temperature. u-PA was diluted to
give a standard curve of 21ng/ml-0.65ng/ml. A rabbit polyclonal antibody to u-PA
conjugated to horseradish peroxidase (1.3p1g/ml) was incubated at room temperature for 3
hours. Colour was developed by incubation at room temperature for 15 minutes with
100mM sodium acetate citrate buffer, pH6.0, urea hydrogen peroxide and TMB. The
reaction was stopped with 2.5M sulphuric acid and absorbance read at 450nm using a
Titertek spectrophotometer.
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RESULTS AND DISCUSSION

Modication of LDL resulted in all forms of modified LDLs migrating further than
native LDL on an agarose gel. Measurement of conjugated dienes showed that AcLDL had
the same level as native, minimally modifed showed a 1-2 fold increase and CuLDL had a
5-6 fold increase over native LDL.

All forms of modified LDL were seen to stimulate production of PAI-2 into the
culture supernatant of monocytes (Figure 1). Acetylated LDL (AcLDL) and copper
oxidised LDL (CuLDL) stimulated similar levels of PAI-2 which were greatly elevated
over control levels, whereas minimally modified LDL (MMLDL) stimulated lower levels
of PAI-2 although still significantly increased above control.

The increase in PAI-2 in culture supernatant was confirmed by zymography following
non-denaturing gel electrophoresis, a semi quantitative techniqueZ3(data not shown). The
inhibitory band was neutralized by an antibody to PAI-2.

PAI-2 is found in an 47kDa non-glycosylated intracellular form and as a 60kDa
glycosylated secreted protein26. LDL has been reported to be cytotoxic to monocytes?’
depending on the oxidation conditions, so increased PAI-2 in the supernatant could Tesult
from release of intracellular PAI-2 rather than de novo synthesis. This explanation was
ruled out by measurement of intracellular PAI-2. It did not fall as supernatant PAI-2 rose.
LDL stimulation of monocytes in the presence of tunicamycin, which blocks protein
glycosylation, did not lead to the increased PAI-2 in the supernatant suggesting that PAI-2
must enter the secretory pathway on LDL stimulation. Northern blotting of total RNA
isolated from control and LDL stimulated monocytes, probed for PAI-2 mRNA, shows an
increase in PAI-2 mRNA over control indicating that upregulation is at the level of
transcription.
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Figure 1. Time course of PAI-2 synthesis following stimulation by modified LDL. Values represent means
*S.E.M. from duplicate wells. Statistical analysis was carried out using student's t-test and p>0.05.

Levels of PAI-2 in culture supernatant of LDL stimulated monocytes varied depending
on the donor used. Variability was noted in both control and LDL stimulated samples.
Thus the differences were not due entirely to different preparations of LDL but also
reflected variability in the monocytes themselves. This was also verified by measuring
levels of PAI-2 in culture supernatant of monocytes stimulated with 10ng/ml
lipopolysaccharide (LPS) and again PAI-2 production was variable in both control and
stimulated samples. However, despite varibility, modified LDLs and LPS did stimulate
PAI-2 production from peripheral blood monocytes significantly above control. Donor
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variability in PAI-2 production is a phenomenon that has been shown by others? and has
been suggested to play a role in differential fibrin persistence in patients2. In addition, the
ratio of intracellular to extracellular PAI-2 has been reported to differ, but we find that, on
L<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>