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Mechanisms of monocyte recruitment and
accumulation

Rishad M Faruqi, Paul E DiCorleto

The involvement of the bloodborne monocyte
in phenomena related to vascular interactions,
including wound healing and atherosclerosis,
has been well recognised for several decades.
As discussed in detail in several articles in this
supplement, the monocyte-derived macro-
phage has been implicated in multiple aspects
of atherosclerotic plaque development (fig-
ure). These cells contribute to the formation
of fatty streak lesions by ingesting massive
amounts of lipid and thus developing into
foam cells. The monocyte-derived macro-
phage is also capable of producing growth
factors for vascular. smooth muscle cells, thus
potentially contributing to the proliferative
stages of plaque development. Third, the
monocyte/macrophage can generate cytotoxic
factors for neighbouring cells, leading to
smooth muscle cell and endothelial cell dam-
age and death. Finally, as discussed in the last
section of this article, lipid-laden macro-
phages may emigrate from the vessel wall,
leading to further physical damage to the
endothelium.
The first step in monocyte recruitment

into the vessel wall is the attachment of this
bloodborne cell to the endothelium. The
adherence of mononuclear cells to the endo-
thelial cells of large vessels during the early
stages of experimentally induced athero-
sclerosis has been seen in several animal
model systems.1-8 In addition, immunohisto-
chemical analysis of human necropsy and
carotid endarterectomy specimens has shown
similar involvement of monocytes in early ath-
erosclerotic disease.9-" Detailed studies have
been performed on hypercholesterolaemic
swine, monkeys, rats, and pigeons.2-8 These
systems have all yielded highly consistent
results-a focal adhesion of monocytes to
lesion-prone regions of the vasculature.
Topics that are currently under investigation
include the nature of the underlying mecha-
nisms regulating the expression of leucocyte
adhesion proteins on the endothelial cell sur-
face after activation, the mechanism underly-
ing the induction of adhesion by
hypercholesterolaemia, the specificity of this
leucocyte adhesion (with little if any involve-
ment of neutrophils), and finally the reason
why monocytes adhere to specific regions of
the vasculature. We discuss below the molec-
ular events that occur during the process of
monocyte adhesion to endothelium, chemo-
taxis of the monocyte into the vessel wall, and
the fate of the arterial macrophage.

Adhesion proteins on monocytes and
endothelium
The activated endothelium expresses several

proteins on its surface that make the endothe-
lium more "sticky" to the cellular compo-
nents of the bloodstream. These cellular
components themselves have counter-
receptors that bind to the proteins expressed
on the endothelium. The adhesion proteins
expressed on the endothelial cell surface are
broadly categorised into two classes: the
selectins, so called because of their structural
similarity to lectins (a class of proteins with
high affinity binding sites for carbohydrate
groups) and adhesion proteins belonging to
the immunoglobulin gene superfamily (table).

ENDOTHELIAL SELECTINS
The selectins are a family of glycoproteins
with specific structural moieties in common:
an amino terminal lectin-like domain, fol-
lowed by an epidermal growth factor (EGF)-
like domain, numerous cysteine-rich tandem
motifs (similar to those found in complement
regulatory proteins), a transmembrane region,
and a short cytoplasmic tail. Hence they have
also been termed LECCAMs (lectin, EGF,
complement regulatory protein, cell adhesion
molecules). These molecules are not present
on unstimulated endothelial cells but appear
on the surface of the endothelium after activa-
tion by several biological response modifiers,
such as interleukin-I (IL-1), bacterial
lipopolysaccharide (LPS), thrombin, phorbol
esters, and tumour necrosis factor (TNF). To
date, two selectins have been found to be
associated with the activated endothelium-
E-selectin (previously known as endothelial
leucocyte adhesion molecule- I or ELAM- 1)
and P-selectin (previously known as platelet
activation-dependent granule to external
membrane protein (PADGEM) or granule
membrane protein- 140 (GMP- 140), first
described in platelets).

Endothelial selectin (E-selectin), a 1 15 kDa
protein, was identified, cloned, and charac-
terised by Bevilacqua and coworkers using
cytokine-activated human endothelial cells.'2
The lectin-like domain was postulated to
recognise carbohydrate ligands on leucocytes.
DiCorleto and de la Motte provided evidence
of a role for carbohydrate moieties in mono-
cytic cell adhesion to endothelial cells by
demonstrating that this interaction could be
inhibited by wheatgerm agglutinin as well as
certain phosphorylated disaccharides.'3 More
recently, work with monoclonal antibodies to
E-selectin mutant proteins, which lacked spe-
cific domains of the molecule, showed that
the lectin-like domain was necessary for the
binding of monocytic cells to endothelial
cells.'4 The putative ligand for E-selectin has
been identified as the carbohydrate structure,
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Endothelial adhesion molecules.

Time of
maximal

EC adhesion Size Ligand expression
protein (kDa) Structure Ligand cell type in vitro

E-selectin or 115 Selectin Sialyl-Lewis X PMN, monocyte 3-4 h
ELAM-1
P-selectin or 140 Selectin LNF III PMN, monocyte 10-30 min
PADGEM or
GMP-140
VCAM-1 or 110 Ig VLA-4 Lymphocyte, 4-10 h
INCAM-110 (/, integrin) monocyte
ICAM-1 or 100 Ig LFA- 1 or Lymphocyte, 12-24 h
(CD 54) CD11a/CD18 monocyte,

(/82 integrin), PMN
Mac-I or
CD1 lb/CD18,
pl50,95 or
CD1 1c/CD18

ICAM-2 46 Ig LFA- 1, Lymphocyte, Constitutive
?Mac-1, monocyte,
?p150,95 PMN

Athero- 118 Ig ?VLA-4 Monocytes 8-12 h post-
ELAM 98 endotoxin
(rabbit) treatment

(in vivo)

ELAM- 1, endothelial leucocyte adhesion molecule; PADGEM/GMP- 140, platelet-activation-
dependent granule to extemal membrane protein/ granule membrane protein-140; VCAM-1/
INCAM 1 10, vascular cell adhesion molecule-1/inducible cell adhesion molecule 1 10; ICAM,
intercellular adhesion molecule; PMN, polymorphonuclear leucocytes; Ig, immunoglobulin;
LNF III, lactose n-fucopentaose III; VLA-4, very late antigen-4; LFA- 1, lymphocyte function
related antigen-1. (For references see text).

sialyl Lewis X(sLeX), which is present on the
surface of leucocytes that bind to endothelial
cells that are expressing E-selectin.'5-'7
Endothelial cells first express E-selectin 30
minutes after cytokine stimulation, with peak
expression between two and four hours, and a
return to basal values in 24 hours. Protein
synthesis is necessary for its expression. E-
selectin has been implicated in the adhesion
of neutrophils, as well as monocytes, to
endothelial cells in various pathophysiological
conditions including atherosclerosis. 121819

Platelet-selectin (P-selectin), first shown to
be present on the surface of activated
platelets,2021 was subsequently demonstrated
on the surface of activated,22 23 endothelial
cells as well as certain human erythro-
leukaemia cell lines.24 P-selectin has a
molecular weight of 140 kDa and contains
numerous intramolecular disulphide bonds
and carbohydrate groups. This molecule
forms an integral part of the membrane of the
a-granule and Weibel-Palade body (WPB) of
the resting platelet and endothelial cell
respectively. Upon activation, P-selectin is
rapidly translocated to the plasma membrane
by exocytosis where the a-granule or the
WPB membrane fuses with the plasma mem-
brane. The ligand for P-selectin has been
identified as an oligosaccharide, associated
with glycolipids, glycoproteins, and proteo-
glycans, termed lacto-n-fucopentaose III
(LNF III).25 LNF III contains as part of
its core the sLeX molecule, thus it has struc-
tural similarity to the E-selectin ligand.
Activated endothelial cells in culture express
P-selectin on their surface within minutes of
activation through a process of redistribution
that does not require protein synthesis.
Maximal expression occurs in 10-30 minutes.
P-selectin has not been demonstrated in ath-
erosclerotic lesions but this- may be because it

is expressed early in the process of lesion
development and does not persist in the later
stages of the disease. In vivo P-selectin may
be involved in the targeting of leucocytes to
areas of inflammation by causing immediate
adherence of leucocytes to the activated
endothelium. This event would slow down
the leucocytes in an environment of flowing
blood, thereby allowing them to become
more tightly adherent for subsequent trans-
migration through the endothelial cell junc-
tions.

IMMUNOGLOBULIN GENE SUPERFAMILY OF
ADHESION RECEPTORS
These receptors have been so named because
they contain several immunoglobulin-like
domains. Three such molecules have been
cloned and characterised in endothelial cells:
vascular cell adhesion molecule-I (VCAM-1)
and intercellular cell adhesion molecule-1
and 2 (ICAM-1 and ICAM-2). Cybulsky and
Gimbrone identified a surface glycoprotein
present on the endothelium overlying athero-
sclerotic lesion areas of hypercholesterolaemic
rabbits.26 They termed this molecule "athero-
ELAM". The N-terminus of this molecule
was sequenced and shown to be identical to
that of VCAM-1. Athero-ELAM is therefore
thought to be the rabbit homologue of
VCAM-1.
VCAM-1 is a glycoprotein initially cloned

and characterised by Osborn et al as an
inducible endothelial cell surface molecule.27
The mature protein contains six potential
N-linked glycosylation sites on its extracellu-
lar domain. Two alternatively spliced forms
have been identified that contain either six
or seven immunoglobulin-like domains.2829
VCAM-1 (molecular weight of 100-1 10 kDa)
is expressed on the surface of activated
endothelial cells within two hours of stimula-
tion, peaking at 6-10 hours and persisting for
about 48-72 hours, (appearing somewhat
later and lasting longer than E-selectin). The
induction requires protein synthesis. Its
counter-receptor on leucocytes has been
shown to be the,B1 integrin, very late antigen-
4 (VLA-4), that is present on lymphocytes
and monocytes but not neutrophils."0
VCAM- 1 is thought to have a role in the
adhesion and recruitment of lymphocytes and
monocytes into areas of inflammation. More
recently it has been shown to act in conjunc-
tion with ICAM-1 in mediating the adhesion
of activated monocytes to resting and
cytokine-stimulated endothelium.3'
ICAM-1 and ICAM-2 also belong to the

immunoglobulin gene superfamily and are
therefore similar to VCAM-1 in structure.
They differ from each other in that ICAM-2
contains only two immunoglobulin-like
domains compared with ICAM-1 which has
five.32" ICAM-1 was first cloned and defined
by Staunton and coworkers, who showed it to
be a member of the immunoglobulin gene
superfamily with a size of 100 kDa in
endothelial cells.32 ICAM-1 is expressed con-
stitutively at low levels on the surface of
endothelial cells. Treatment of the endo-
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Mechanisms of monocyte recruitment and accumulation

(A) Role of the blood
monocyte in atherogenesis.

(B) Scanning electron
micrograph showing
monocyte adhesion to
human endothelium.

(C) Scanning electron
.micrograph showing
monocyte migration across
intact human endothelium.
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thelial cells with IL-1 or TNFa induces an
increase in the surface expression of ICAM-1,
a process that requires de novo protein
mRNA synthesis. The induction of ICAM-1
on endothelial cells in response to cytokines
occurs within 4-6 hours and reaches a
plateau by 24 hours. The counter-receptor
to ICAM-1 has been shown to be a fl2
integrin lymphocyte function related antigen-
1 (LFA-1) that is involved in cell-matrix and
cell-cell recognition.34 Others have demon-
strated the expression of p150,95 and Mac-I
(also members of the fl2 integrin family of
receptors) on the surface of monocytes in
response to several stimuli. Functional stud-
ies have implicated these receptors in mono-
cyte adhesion and diapedesis, and because
they are members of the integrin family they
may, like LFA- 1, mediate their effects via
binding to ICAM-1 receptors on endothelial
cells.35-3 Dustin and Springer have also
demonstrated that the interaction between
LFA-1 and ICAM-1 is temperature and ener-
gy sensitive.'8
ICAM-2 was cloned and characterised

by Staunton et al using LPS-stimulated
endothelial cells from the human umbilical
vein." It was found to be an integral mem-
brane protein expressed constitutively by
endothelial cells. The N-terminal domain of
ICAM-1 and ICAM-2 are 34% homologous.
ICAM-2 also binds to the integrin LFA-1,
and, in view of its N-terminal homology with
ICAM-1, possibly interacts with Mac-i and
p 150,95 as well. Unlike ICAM-1 its surface
expression is not increased by cytokine stimu-
lation of endothelial cells.'940 Both ICAM-1
and ICAM-2 are thought to have a role in the
recruitment and adhesion of lymphocytes and
monocytes in areas of inflammation. The evi-
dence for their mediation of neutrophil adhe-
sion to endothelium remains controversial.

WHICH ADHESION PROTEINS HAVE A ROLE IN
ATHEROGENESIS?
It must be emphasised that much of the infor-
mation cited above has been derived from in
vitro studies. Very little is known about the
actual sequence of events leading to mono-
cyte adhesion in vivo, especially in large ves-
sels. As mentioned earlier, the only study
showing the kinetics of an inducible endothe-
lial cell surface glycoprotein (athero-ELAM)
was performed in a rabbit model.26 Other
investigators have examined human arterial
tissue for the expression of leucocyte adhe-
sion proteins using immunocytochemical
techniques.4' 42 ICAM-1 expression was
observed on various cell types in human
atherosclerotic lesions.

Which, if any, of the above described
endothelial cell leucocyte adhesion proteins
and their counterpart monocyte receptors are
responsible for the adhesion of bloodborne
monocytes to lesion-prone regions of the vas-
culature in human atherogenesis or in any
animal model of atherosclerosis remains to be
rigorously defined. One reason for our lack of
information on the in vivo situation is the
transient expression of these molecules which

could very well lead to negative findings if the
wrong time point is chosen. Secondly, many
of the molecular tools for the study of these
proteins, including monoclonal antibodies,
have been generated against human antigens
and as the probes are often species specific,
their use in animal models is precluded. One
rigorous approach to demonstrating the
involvement of a particular adhesion protein
in monocyte adhesion to large vessel endothe-
lium would be to inhibit specifically the
expression or the binding activity of the adhe-
sion protein by means of either an anti-sense
DNA approach or by blocking antibodies in
an in vivo experiment. Many laboratories are
already conducting such studies.

Modulators ofmonocyte adhesion to
endothelial cells

STIMULATORS OF MONOCYTE ADHESION
In the past decade several stimulators and
inhibitors of leucocyte adhesion to the
endothelium have been identified. The effect
of these compounds may be mediated by
their action on either of the two cell types
alone or both together. The atherosclerotic
lesion is made up of numerous cell types
which may interact with each other in a series
of autocrine and paracrine loops thus con-
tributing to the propagation and regression of
the pathogenic process. Evidence continues
to grow for the presence in arterial tissue of
stimulators and inhibitors of both monocyte
adhesion to the endothelium and chemotaxis
of monocytes into the intima.
The link between hyperlipidaemia and

atherosclerosis has long been established. As
discussed above, in many diet-induced
atherosclerosis models, monocyte adhesion to
focal regions of the vasculature occurs as one
of the earliest readily documented events in
the disease process. Unfortunately, these
types of model systems have limited potential
in delineating the sequence of events at the
cellular and molecular level responsible
for hypercholesterolaemia-induced adhesion:
thus specific mechanistic questions have been
most often investigated in cell culture sys-
tems. Bath et al showed that monocytes from
hypercholesterolaemic patients adhered in
larger numbers to cultured porcine aortic
endothelial cells than did monocytes from
matched controls.43 Oxidised low density
lipoprotein (oxLDL), a molecule strongly
implicated in the atherogenic process,44 has
been shown to enhance the adhesion of cells
of the human monocytic cell line U937 to
cultured endothelium.45 Pritchard and
coworkers showed that native LDL when
added to endothelial cells at "atherogenic"
concentrations also increased monocytic cell
binding to the endothelial cells.46 Minimally
modified LDL (mmLDL),47 a slightly oxi-
dised LDL preparation, as well as fVLDL48 49
(a lipoprotein present in high concentrations
in hyperlipidaemic animals and type III
hypercholesterolaemic humans) have both
been shown to significantly increase mono-
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Mechanisms of monocyte recruitment and accumulation

cyte binding to endothelial cells. Similar stud-
ies to examine the effects of fish oils on
monocyte adhesion remain controversial,
with some studies showing an increase in
monocyte adhesion while others noted an
abrogation of the response.50 51

Several studies have shown an increased
adhesiveness of the endothelium for leuco-
cytes after treatment with various biological
response modifiers including IL-1, TNFa,
and LPS.52-54 IL-1 and TNFa caused a rapid
induction of the adhesion molecules E-
selectin, VCAM- 1, and ICAM- 1; whereas
IFNy upregulated ICAM-1 over a longer
period of time (10-24 h).5556 DiCorleto and
de la Motte showed that the coagulation cas-
cade protease, thrombin, also stimulated
monocyte adhesion to endothelial cells.57
Certain viral infections of endothelial cells
have been shown to increase their adhesive-
ness to monocytes. Herpes simplex virus-I
(HSV- 1) infection of endothelial cells
induced an increase in monocyte adhesion
within three hours of infection without any
noted cytopathic effect.58 Similar effects were
observed with cytomegalovirus.59 Recently,
Etingin et al demonstrated that HSV-1-infect-
ed endothelial cells mediated monocytic
adhesion via P-selectin expression.60 These in
vitro findings support the possibility of a role
for viral infection in the pathogenesis of ath-
erosclerosis as has been proposed by several
investigators.61-63

Increased monocyte adhesion to the vessel
wall may also reflect a change in monocytic
gene expression rather than a change in the
endothelium. Elliott et al recently showed
that monocytes stimulated with IL-3 or gran-
ulocyte macrophage-colony stimulating factor
(GM-CSF) showed an increased adhesion to
endothelial cells with an early (10 min) and
late (9 h) phase. Both phases could be partial-
ly blocked with anti-CD 18 antibodies.64 In
another study, treatment of endothelial cells
with IFNy did not increase their adhesiveness
for leucocytes;65 however, treatment of mono-
cytes with IFNy significantly increased their
binding to resting and IL-1 treated endothe-
lial cells.31 Doherty and coworkers showed
that the chemotactic factors C5adesarg (a com-
plement cascade product) and formyl-
methionyl-leucyl-phenylalanine (FMLP) (a
bacterial product), acted primarily on mono-
cytes and not endothelial cells, increasing
their adhesive interaction.66

INHIBITORS OF MONOCYTE ADHESION
The interactions of lipids, endothelial cells,
and monocytes in initiating the athero-
sclerotic process has led to the search for
inhibitors of monocyte-endothelial cell adhe-
sion. As mentioned above, certain phosphory-
lated disaccharides (lactose-i-phosphate and
maltose- i-phosphate) have been shown to
inhibit monocytic cell adhesion to activated
endothelium in vitro.'3 The same group
demonstrated that octyl glucoside inhibited
this interaction by acting on the monocyte
rather than the endothelial cells. Numerous

other investigators have shown that putative
inhibitors of protein kinase C, such as H-7
and staurosporine, were able to inhibit the
cytokine-stimulated expression of adhesion
molecules by endothelial cells and their abili-
ty to bind monocytes.55 67-70 These drugs may,
however, be exerting their effects by acting
through means other than the inhibition of
protein kinase C.

Wheeler and coworkers found that
endothelial cells stimulated with IL-1, TNFa,
or LPS secreted a leucocyte adhesion
inhibitor that significantly decreased mono-
cyte and neutrophil adhesion to activated
endothelium. This inhibitor was subsequently
shown to be an endothelial form of IL-8.7' 72
Another cytokine, IL-4, was shown to inhibit
monocyte adhesion to endothelial cells.73 This
illustrates the complexity of the interaction
between these cells, where some cytokines
stimulate adhesion whereas others are able to
inhibit the phenomenon, either directly or by
the induction of other inhibitory molecules.

Because atherosclerosis has long been
viewed as a chronic inflammatory process
involving interactions between immune-
competent cells and components of the vessel
wall, several anti-inflammatory compounds
have been tested for their ability to inhibit
leucocyte-endothelial cell binding. Hagihara
and coworkers showed that dexamethasone
and a lipoxygenase inhibitor FR 110302,
but not the cyclooxygenase inhibitor indo-
methacin, inhibited cuff-induced monocyte
adhesion to rabbit carotid arteries.74 The
treatment of endothelial cells with benoxa-
profen, a non-steroidal anti-inflammatory
drug, had no effect on monocyte adhesion;
conversely, however, pretreatment of mono-
cytes for two hours caused a decrease in
their ability to adhere to the endothelium.75
3-Deazaadenosine, another anti-inflammato-
ry compound, has been shown to decrease
ICAM-1 mRNA levels and surface expression
in TNF-treated endothelial cells.76 More
recently Shankar et al also showed the ability
of this drug to block agonist-induced mono-
cyte adhesion to cultured human aortic
endothelial cells.77

In view of the fact that oxidatively modified
LDL and peroxidative stress can increase
endothelial cell-monocyte adhesion,4478 anti-
oxidants have been tested for their ability to
mitigate this response. The studies to date in
various model systems show mixed results.
Shankar et al reported no decrease in mono-
cyte adhesion in rats fed a high cholesterol
diet supplemented with probucol, a lipid
soluble antioxidant.79 Faruqi and DiCorleto,
however, showed that probucol decreases
agonist-induced monocytic cell adhesion to
cultured endothelial cells (manuscript in
preparation) and that a-tocopherol, another
lipid-soluble antioxidant, decreased agonist-
induced monocyte adhesion, E-selectin sur-
face expression, and E-selectin mRNA
concentrations.80 Recently, nitric oxide, also
known as endothelial-derived relaxation
factor, has also been shown to inhibit mono-
cyte adhesion to endothelial cells.8'
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Chemotaxis and diapedesis of
monocytes
It is now well established that the bloodborne
monocyte is involved in the development of
the atherosclerotic lesion. Attraction and
adhesion of the monocyte to lesion-prone
areas is central to this process. In the previous
sections we discussed how endothelial/leuco-
cyte adhesion molecules play a part in this
process. In this section we concentrate on the
chemotactic factors produced by the major
cellular components of the atherosclerotic
lesion (that is, the monocyte/macrophage,
endothelial cell and smooth muscle cell) and
how these factors might affect the localisation
and transmigration of blood monocytes into
atherosclerotic lesion areas.

Endothelial cells, when injured or
activated, are capable of producing several
chemoattractants, which if secreted into the
intima would act to draw the bloodborne
monocytes into the vessel wall.82 Pawlowski
and coworkers showed in culture that mono-
cytes selectively transmigrate via endothelial
cell junctions.8' Schwartz et al were among
the first to show that monocytic migration
into the subendothelial space via cell junc-
tions, may be occurring in response to
chemoattractants present in the intima or
media of the vessel wall.5 Others showed that
aortic tissue extracts from hypercholestero-
laemic swine were chemotactic for monocytes
and that the control of monocyte recruitment
into the lesion was dependent on changes in
both the vascular wall components and func-
tional alterations of the monocytes.84 Similar
results have been found in a pigeon model of
atherosclerosis.85 In another study, baboon
smooth muscle cells were shown to produce a
protein, smooth muscle cell chemotactic fac-
tor (SMC-CF), that is a chemoattractant for
blood monocytes.86 Salvemini et al subse-
quently showed that SMC-CF is in fact
monocyte chemotactic peptide (MCP-1).87

STIMULATORS AND INHIBITORS OF MONOCYTE
CHEMOTAXIS
The relation between hypercholesterolaemia
and atherosclerosis has generated much inter-
est in the effects of various lipoproteins on
monocyte chemotaxis. Monocytes purified
from the blood of hypercholesterolaemic
patients were shown to be more sensitive to
chemoattractants than monocytes from con-
trols,43 thus indicating that these bloodborne
cells exhibit functional differences owing to
their exposure to hyperlipidaemia. Quinn and
coworkers have done much pioneering work
in defining the role of oxLDL in monocyte
chemotaxis. They showed that oxLDL was
chemotactic for monocytes because of the
presence of lysophosphatidylcholine (lyso-
PC). This lipid was found to be highly
chemotactic to blood monocytes, while being
inhibitory to the motility of resident
macrophages88-90; thus it would serve to
promote entry and reduce egress of the
monocyte/macrophage, leading to their
accumulation in the lesion. Berliner and col-
leagues found that mm-LDL treatment of

endothelial cells caused secretion of a mono-
cyte chemoattractant.47 Smooth muscle cells
have also been shown to secrete MCP-1 in
response to mm-LDL.91 Hence, both vessel
wall cell types seem capable of producing
chemoattractants in response to lipoproteins.
fi Migrating very low density lipoproteins (fi-
VLDL), though not chemotactic themselves,
have been shown to stimulate large vessel
endothelial cells to secrete a chemotactic pep-
tide.92 In a conflicting study, Parthasarathy
and coworkers reported that fl-VLDL was in
fact chemotactic for monocytes and con-
tained a significant amount of lyso-PC.9'

Monocyte chemotaxis and diapedesis has
been studied in in vitro co-culture systems.
Navab and coworkers showed that co-
cultures of endothelial cells and SMC (simu-
lating the vessel wall) show increased MCP-1
secretion and monocyte transmigration when
exposed to LDL.94 This effect was not seen
when either cell was incubated independently
with LDL, indicating that cell-cell interac-
tions were necessary for MCP-1 induction.
High density lipoprotein (HDL) was shown
to inhibit monocyte transmigration.
Furthermore, antioxidant pretreatment of
co-cultures decreased the transmigration
induced by LDL, indicating that oxidation of
the LDL was necessary in mediating the
induction of chemotactic activity.
MCP-1 seems to be the major chemotactic

molecule generated in the vessel wall and
has received much attention recently. The
MCP-1 gene is conserved in several primates
and is thought to be the human homologue
of the mouse JE gene.95 Several cytokines,
such as IL-1, TNF, IFNy, and GM-CSF;
macrophage colony stimulating factor, as well
as LPS and phytohaemagglutinin, have been
shown to activate MCP-1 gene transcription
in monocytes.9596 Endothelial cells and SMC
also secrete MCP in response to stimulation
with IL-1, TNF, and LPS.97 MCP-1 there-
fore is secreted by all three cell types in ather-
osclerotic lesions. Besides secreting MCP-1,
monocytes also express high affinity receptors
for MCP-1.98 This therefore sets the stage for
the initiation and amplification of the mono-
cyte recruitment process.

Multiple factors in addition to MCP-1 may
also play a part in stimulating monocyte
chemotaxis in the vessel wall. Besides stimu-
lating the production of chemotactic factors
by different cell types, cytokines such as
TNFa and lymphotoxin (TNF/J), have
themselves been shown to be chemotactic
for monocytes.99-'00 Furthermore, TNF has
been shown to induce GM-CSF in endo-
thelial cells,'0' a molecule implicated in
mediating adhesion and chemotaxis of
monocytes.62 '0' Leukotriene B4, a product
of the arachidonic acid-lipoxygenase pathway,
FMLP (a bacterial product used as the
reference standard for the assay of chemo-
tactic activity), and zymosan-treated human
serum, containing complement fragments,
have all been shown to be chemotactic for
monocytes.'04 105 Published reports have
suggested that serum derived complement
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Mechanisms of monocyte recruitment and accumulation

fragment C5a and its product after car-
boxypeptidase treatment, C5adesarg, may play
a part in vivo in attracting monocytes.'06 107 In
addition, a-thrombin, a coagulation cascade
protease, has been demonstrated to be a
potent chemoattractant for monocytes.'08

Vessel wall components and growth factors
have been implicated in inducing monocyte
chemotaxis. Norris and coworkers showed
that fibronectin fragments, which can be gen-
erated in the vessel wall matrix, were chemo-
tactic for monocytes.109 Recently, advanced
glycosylation end products (AGE), molecules
known to accumulate in the vessel wall of
patients with diabetes have also been shown
to exhibit chemotactic activity for monocytes
(a cell type with AGE specific receptors).'10
The same group also demonstrated that
monocyte interaction with AGE induced
platelet-derived growth factor (PDGF) pro-
duction by the monocytes."°PDGF has itself
been reported to be chemotactic for mono-
cytes, but this subject remains controversial
because others have found this not to be the
case."' 112 Another growth factor found to be
chemotactic for monocytes is transforming
growth factor-fl (TGF-/J).113 In the same
study monocytes were found to express high
affinity receptors for TGF-,B on their surface
and the interaction of TGF-/B with its recep-
tor caused the induction of IL-1 gene expres-
sion in the monocyte.13 IL-1 production
could in turn cause the secretion of other
chemoattractants from surrounding cells in
an autocrine and paracrine fashion, setting up
a positive feedback cycle for the additional
recruitment of monocytes.

In addition to generating chemoattractants,
activated endothelial cells also produce
inhibitors of monocyte recruitment. Wang
and coworkers reported that IL-1-stimulated
endothelial cells produced a protein, anti-
genically similar to a mouse retroviral protein,
p15E, that inhibited monocyte chemotaxis."4
Nitric oxide and prostacyclin, potent
vasodilators produced by endothelial cells,
also inhibited FMLP-induced chemotaxis in
monocytes.8' Fish oil has received much
attention as an anti-atherogenic agent. Blood
monocytes from people on diets supplement-
ed with fish oil were less responsive to
FMLP-induced chemotaxis."5 116 This may be
one mechanism by which fish oil acts to
reduce cardiovascular disease.

Recent studies from several laboratories
have indicated that leucocyte-endothelial cell
adhesion proteins are involved not only in the
initial binding of monocytes to endothelial
cells but also in the transmigration of these
leucocytes into the vessel wall. Hakkert and
coworkers showed that monocyte transmigra-
tion seemed to be CD18 mediated; antibod-
ies to E-selectin and VLA-4 reduced adhesion
to endothelial cells but had no effect on
monocyte migration."7 Well established
chemoattractants were shown to induce
monocytes to express the fl2 integrin counter-
receptors, p150,95 and Mac-I on their sur-
face.35 This involved redistribution of these
glycoproteins from intracellular granules to

the surface, and did not require protein syn-
thesis. Keizer and coworkers demonstrated
that monocyte chemotaxis and chemokinesis
were p150,95-dependent.37 Hence it seems
that monocyte adhesion and chemotaxis
probably act in concert in the recruitment of
blood monocytes into lesion-prone areas of
large vessels.

Recently, Butcher has proposed a three-
step model for the recruitment, attachment
and transmigration of monocytes through the
endothelium."8 The model involves an initial
reversible attachment of circulating mono-
cytes to the endothelium mediated by the
lymphocyte-selectin (L-selectin) receptor
(present on monocytes as well). This slows
the monocyte down in flow conditions, caus-
ing it to "roll" on the endothelial surface and
so allowing more prolonged contact between
the two cells. Step two only occurs if
the endothelial cell has been activated
and is expressing chemoattractants. If so, the
monocyte receptor will bind to the chemo-
attractant molecule, become activated,
and express the counter-receptors (Mac-1)
to the injury-induced receptors (ICAM- 1)
on the endothelial cell surface, allowing stable
monocyte-endothelial cell receptor binding.
Stable binding then allows monocyte trans-
migration into the subendothelial space to
occur. If the monocyte does not encounter
the chemoattractant from an activated endo-
thelial cell its binding is reversed and it
returns to the circulation. Butcher has also
eloquently discussed how the myriad of
adhesion receptors interact in different com-
binations to allow the specificity and diversity
of leucocyte-endothelial cell interactions."'

The monocyte/macrophage in the vessel
wall
The subendothelial transmigration of the
blood monocyte leads to the accumulation of
these cells in the intima. Once in the intima,
the monocyte is exposed to a milieu of
modified lipoproteins, cytokines, chemoat-
tractants, and growth factors, all of which can
cause its activation and differentiation into a
macrophage. When activated, the macro-
phage expresses several biologically active
molecules such as cytokines, growth factors,
and free radicals, which in turn modulate the
activity of surrounding cells"9 Some of these
secretory products may serve as chemoattrac-
tants for the further recruitment of monocytes
from the circulation (setting up an amplifica-
tion system), as well as for vascular smooth
muscle cells from the tunica media. The pro-
gression of the atherosclerotic lesion is depen-
dent on the balance between the positive and
negative feedback loops generated by its cel-
lular components. The free radicals generated
by the macrophage not only act on the cellu-
lar components of the lesion but can also fur-
ther modify the LDL present in the intima.

Besides being a secretory cell, the
macrophage is also an active phagocyte. The
scavenger receptor implicated in the ingestion
of modified LDL'20 is expressed on its sur-
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face. The lipid-laden macrophage seen in
early lesions (fatty streaks) has been termed a
"foam cell" because of its morphological
appearance. Several groups have shown the
transformation of the macrophage into a
foam cell after lipid ingestion.' 4 6 7 10 This
process is discussed in detail elsewhere in this
supplement.
The proliferative nature of the athero-

sclerotic lesion has been known for several
decades, and now the development of more
sophisticated investigative techniques has
allowed us to discern the individual cell types
involved in the proliferative response. Until
recently it was thought that the macrophage
was a terminally differentiated cell, not capa-
ble of proliferative activity. Though several
decades ago foam cells were shown to incor-
porate 3H-thymidine into DNA, they were
thought to originate from phenotypically
modified smooth muscle cells.'2' 122 The
development of more specific cell markers
and monoclonal antibodies against the prolif-
erating cell nuclear antigen (PCNA or cyclin)
has allowed the re-examination of the identity
of these cells. Rosenfeld and Ross, using
3H-thymidine incorporation and monoclonal
antibodies in a rabbit model, showed that
approximately 30% of the proliferative cells
in lesion areas were macrophages.'23 Further-
more, an inverse relation between the thymi-
dine labelling index and lesion size was seen,
suggesting that earlier atherosclerotic lesions
were more proliferative. Using monoclonal
antibodies against different cell types and
PCNA (a more sensitive marker of prolifera-
tion than 3H-thymidine incorporation),
Gordon and coworkers showed that whereas
the rates of cell proliferation were low in
human coronary artery atherosclerotic
plaques (in keeping with a lesion that devel-
ops over years), 27 1% of PCNA positive
cells were macrophages and 15-5% were
smooth muscle cells.'24 Evidently, the macro-
phage continues to proliferate in the intima,
contributing to the growth of the lesion.
The corpulent foam cell tends to stay in

the lesion area, possibly because its motility is
inhibited by lyso-PC.8990 Evidence from
studies on hypercholesterolaemic swine indi-
cate that occasionally the lipid-laden foam
cells do re-enter the circulation.7 Gerrity
hypothesised that egress occurred throughout
the development of the lesion. He proposed
that foam cells from early lesions returned to
the circulation without endothelial damage;
whereas, foam cells from later lesions, being
more lipid-laden and larger, damaged the
endothelium during their egress.7 He also
suggested that the progression of the lesion
was determined by the balance between
monocyte immigration into the lesion and
foam cell emigration into the circulation.
Foam cell egress was also seen in a primate
model of diet-induced atherosclerosis.3 The
most dramatic increase in circulating foam
cells in this model occurred after four months
on a high cholesterol diet. Not much is
known about the final fate of the foam cells
that re-enter the circulation. Gerrity was able
to demonstrate necrotic foam cells in the liver

and spleen of the hypercholesterolaemic
swine.'

Conclusion
In the past decade much new information has
accrued regarding the molecular and cellular
events leading to monocyte infiltration and
accumulation in the vessel wall. Despite this
flurry of research activity many questions
remain unanswered. First, it is unclear why
specific regions of the vasculature exhibit
focal adhesion of monocytes during early
diet-induced atherosclerosis. Secondly, as yet
the molecular reasons for leucocyte specificity
are also unknown. Why is it that neutrophils
do not participate in the atherogenic process
though many other features of plaque devel-
opment are analogous to an inflammatory
response? Thirdly, the fate of most of the
monocytes that enter the lesion remains
unknown. The fraction of foam cells that re-
enter the circulation, causing endothelial cell
damage, still needs to be defined. Finally, the
recent recognition of proliferation of mono-
cyte-derived macrophages in the lesion adds a
new twist to the question of intimal prolifera-
tion, formerly thought to be strictly a smooth
muscle cell phenomenon. The question as to
whether specific macrophage subpopulations
are involved in this proliferative response, and
what their precise role in the atherogenic
process might be, are areas that need further
study. As new molecular probes are devel-
oped many of these questions should be
resolved.
We thank Carol de la Motte and Earl Poptic for their
scientific input and Susan Cothren for her clerical assistance.
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ABSTRACTS IN CARDIOLOGY

Laboratory screening
Laboratories that estimate plasma lipid con-

centrations serve two purposes. One function
is to screen large numbers of symptom free
individuals, the other to provide detailed
lipid profiles on those who already have clini-
cally expressed atherosclerosis. The survey of
United Kingdom laboratories reported in the
Journal of Clinical Pathology shows little
evidence that the service provided is being
tailored to these separate functions.
A pragmatic approach to symptom free

individuals is the estimation of total serum

cholesterol in the non-fasting state. The
assumption that cholesterol concentrations
less than 6-5 mmol/l are acceptable will miss
few important atherogenic lipid abnormali-
ties. Concentrations above 6-5 mmol/l and
individuals with symptoms as defined above,
require fasting samples and the additional
measurement of triglyceride and HDL choles-
terol. The survey, however, showed that half
the laboratories still demanded fasting sam-

ples before undertaking any lipid analysis
whatsoever.
The technical standard of the laboratories

in estimating serum total cholesterol was

high, though interlaboratory variation may
still be too large. This reflects considerable
diversity in calibration procedures. Many lab-
oratories (62%) continue to give gratuitous
advice on the significance of the result. A

reference range based on estimations of lipid
concentrations in supposedly normal individ-
uals is meaningless, given the high serum cho-
lesterol concentration in United Kingdom
populations and the prevalence of occult ath-
erosclerotic disease. Giving a value above
which there is a risk of ischaemic heart disease
is arbitrary because the risk is a continuous
variable.
The provision of more sophisticated lipid

analysis including Lp(a) and apolipoproteins
is far more variable, the quality of the analysis
less controlled, and the clinical significance of
any abnormality found in relation to treat-
ment less certain.

Whatever the pros and cons of treating
hyperlipidaemia in symptom free individuals
by anything more than dietary advice, an

increasing number of individuals wish to
know their cholesterol concentration. This
tendency will be accelerated by the over-the-
counter testing kits that are now available.
Their accuracy is not certain and they are not
subject to formal quality assurance when used
by the population at large.

Doctors requesting lipid analysis should
make clear what level of sophistication they
need to manage their patients clinically.
Laboratories should be prepared to accom-

modate these needs.
MJ DAVIES
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