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Summary

Plaque rupture underlies most myocardial infarctions. Plaques
vulnerable to rupture have thin fibrous caps, an excess of mac-
rophages over vascular smooth muscle cells, large lipid cores,
and depletion of collagen and other matrix proteins form the
cap and lipid core. Production of matrix metalloproteinases
from macrophages is prominent in human plaques,and studies in
genetically modified mice imply a causative role for metallopro-
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teinases in plaque vulnerability. Recent in-vitro studies on
human monocyte-derived macrophages and on foam-cell mac-
rophages generated in vivo suggest the existence of several mac-
rophage phenotypes with distinct patterns of metalloproteinase
expression. These phenotypes could play differing roles in cap,
core and aneurysm formation.
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Vulnerable plaque

There are more than 200,000 cases of myocardial infarction (MI)
in the UK alone each year, and almost half this number of patients
dies (http//:www.heartsats.org). MI results from coronary throm-
bosis at the site of an atherosclerotic plaque caused either by de-
tachment of a large patch of surface endothelial cells or, more
often, from rupture of the plaque cap. The characteristic features
of ruptured plaques are: a thin fibrous cap; a higher ratio of mac-
rophages to vascular smooth muscle cells (VSMCs) in the cap;
less collagen, the main strength-giving component, in the cap;
and a large, lipid-rich, collagen-poor necrotic core (1). The impli-
cation is that production of extracellular proteases from inflam-
matory cells degrades collagen and leads to mechanical weakness
of the cap, particularly in the shoulder regions, which suffer high
strain when the core is large and flexible (2). Intact plaques with
the features of ruptured plaques listed above are believed vulner-
able to subsequent rupture (vulnerable plaques), and patients
with such plaques are thought vulnerable to MI (vulnerable pa-
tients). If so, pharmacological agents that reverse the features of
vulnerable plaque will prevent MIs. So far this concept appears to
hold true at least for statin drugs, which reduce the incidence of
MI in clinical trials (3) and have biological effects such as in-

hibiting macrophage activation and protease production. Statins
also reduce systemic and local plaque inflammation (4), the size
of the lipid-rich necrotic core measured by magnetic resonance
imaging (5), and the frequency of high-strain regions of the
plaque cap measured by palpography in man (6). The present
hope is to identify additional, maybe even more effective treat-
ments to reverse plaque vulnerability and thereby prevent Mls.

Role of matrix metalloproteinases (MMPs)
in plague vulnerability

Loss of collagen and other extracellular matrix (ECM) com-
ponents occurs in the highly-inflamed regions of plaque cap
thereby reducing tensile strength; it also occurs in the lipid core,
which promotes transfer of hydrodynamic forces during the car-
diac cycle to the high-strain, shoulder regions of the plaque. For
this reason much work has concerned the production of extracel-
lular proteases, which occurs from all plaque-resident cells.
However, amongst these, foam cell macrophages seem to be the
predominant source. Serine proteinases, cysteinyl cathepsins,
and MMPs are all present in plaques, and act in concert. How-
ever, MMPs have attracted most attention because they directly
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degrade ECM components and are efficient at neutral pH. The
MMPs are a family of 23 genetically-related proteins that share
several common properties including: a Zn?*-containing cata-
lytic site; production as pro-forms that require proteolytic acti-
vation either inside or outside the cell; and inhibition by one or
more of the four tissue inhibitors of metalloproteinases (TIMPs)
(7). Most MMPs are secreted as pro-proteins and then become
activated proteolytically by other MMPs, serine or cysteine pro-
teinases (7); chemical activation by reactive oxygen species and
nitric oxide is also possible (8). Alternatively the membrane-type
MMPs and a few other MMPs are activated by furins in the endo-
some; the MT-MMPs remain attached to the outer plasma mem-
brane surface. MMPs degrade collagens, elastins, the core pro-
teins of proteoglycans, and ECM glycoproteins such as fibronec-
tin and laminin. However, only MMPs-1, -2, -8, -13 and -14 ac-
tively degrade intact fibrillar collagens and may therefore have a
special role in weakening plaques. Destruction of elastin, es-
pecially by MMPs-9 and -12, appears to have a role in outward
remodelling and aneurysm formation (9). MMPs also cleave
many cell surface molecules and extracellular regulators (7).
They therefore influence not only matrix remodelling but the mi-
gration, proliferation and death of vascular cells (10). Death of
macrophages leads to lipid core formation. Death of vascular
smooth muscle cells (VSMCs) removes the main source of col-
lagen synthesis which prevents vascular repair. Since VSMC are
so important for plaque stability (11), MMPs and other extracel-
lular proteases can have plaque stabilising effects by promoting
migration and proliferation of VSMCs. For example, we and
others showed using low-molecular-weight inhibitors and ade-
novirus-mediated TIMP gene transfer that MMPs are needed for
smooth muscle cell migration and intima formation. Other
studies used knockouts of MMP-2, MMP-9 and MMP-14 to di-
rectly implicate these MMPs in intima formation in mice (10).
Over the recent years gene transfer, transgenic and knockout
studies of MMPs and TIMPs have been conducted in mouse and
rabbit models of atherosclerosis (see Table 1). In these studies,
criteria of plaque vulnerability borrowed from human pathology
included: increased plaque size; fewer VSMC; more macro-
phages; and decreased collagen content. Additional markers of
instability included disruption of elastic fibres in the media at the
base of plaques, intraplaque haemorrhage and the occurrence of

buried fibrous caps, which may be the signature of silent plaque
ruptures, as in man (12).

TIMP-1 knockout caused disruption of medial elastic layers
in two studies (13, 14) (Table 1), which was associated in one
study with increased macrophage content (13, 14). Conversely,
systemic adenovirus-mediated gene transfer of TIMP-1 or
TIMP-2 improved plaque stability (15, 16). Moreover, prolong-
ed overexpression of TIMP-2, but not TIMP-1, prevented pro-
gression of established brachiocephalic artery plaques (15). The
beneficial effects of TIMP-2 were associated with decreased
macrophage invasion and apoptosis, suggesting that at least one
MT-MMP promotes plaque instability, since TIMP-2 but not
TIMP-1 inhibits several MT-MMPs. Interestingly, TIMPs appear
to be more effective than low molecular weight MMP inhibitors
in these models (17) for reasons that we do not yet understand.
Perhaps systemically expressed TIMPs have preferential access
to the vasculature.

Mice do not actively express MMP-1 but mice transgenic for
human MMP-1 in macrophages were found to have smaller
plaques with less collagen (18) (Table 1). Over-expressing a
native pro-form of MMP-9 in macrophages did not affect plaque
stability in ApoE null mice (19). However, over-expressing a mu-
tated form of MMP-9 that becomes fully auto-activated pro-
duced high levels of plaque instability (19). Adenovirus-me-
diated over-expression of MMP-9 produced instability of ad-
vanced plaques caused by collar implantation into ApoE null
mice (20). These studies illustrate an important principle: both
the nature of MMPs expressed and the level of activity are cru-
cial in determining whether controlled remodelling or matrix
destruction and hence instability occurs.

‘When MMP knockouts were studied, both protective and del-
eterious effects were documented (Table 1). MMP-2 knockout
reduced VSMC accumulation in plaques, suggesting less plaque
stability. MMP-3 knockout increased plaque size in two studies.
Macrophage content and elastin breaks were decreased in one
study (21), implying greater stability, but smooth muscle cell
content was decreased and buried fibrous layers increased in the
second, implying less stability (22). Since MMP-3 potentially in-
creases migration of both macrophages and smooth muscle cells
through the ECM, the net effect on plaque composition could
vary depending on the experimental conditions. MMP-7 dele-

Table I: Effects of MMP interventions . .
in atherosclerotic plaque development Number Site Size | SMC | Macro- !ECM ) Over?.ll References
and stability. Results of overexpression (++) phages integrity stability
overexpression of activated enzymes (++a) MMP-| ++ Root/arch N = = N = (18)
and knockout (null) included increases (T), MMP-2 null Root/arch l l = = l (35)
decreases () or no change (=) in the specified MMP-3 null | Ao, BCA H I A I T2 T 21, (22)
parameters. Missing or uncertain data is indi- MMP-7 null BCA = T = ? = (22)
cated as (?). Abbreviations: Ao = aorta, arch = MMP-9 null | Ao, BCA R N I DO A 1= ™1 (23), (22)
aortic arch, BCA = brachiocephalic artery, MMP-9 ++ Arch, BCA | == = = = = == =1 (19), (20)
root = aortic root. MMP-9 ++a Arch, BCA = = N (19)
MMP-I2null | Ao,BCA | =0 | =T [ =1 =2 .1 (23), (22)
MMP-12 ++a | Ao T T T ! ! (36)
MMP-13 null | Root = = = 1 T (37)
MMP-14 null | Root = = = T T (38)
TIMP-I null | RootAorta | =,4 | =,2 | = L N (13), (14)
TIMP-1 ++ | Root,BCA | L,= | 2,= | | = 1 T,= (1), (15)
TIMP-2 ++ | BCA J 1 i 1 T (15)
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tion had little effect except to increase VSMC content in one
study (22). MMP-9 knockout reduced plaque size, macrophage
content and elastin breaks in one study (23), but increased plaque
size, macrophage content and buried fibrous layers in another
(22), which led to opposite conclusions on plaque stability. These
ambiguous findings (Table 1) might be explained by experimen-
tal variables such as the diet, timing or site of plaques chosen for
study influencing the levels of active MMP achieved. MMP-12
knockout (22, 23) decreased both elastin breaks (23) and buried
fibrous layers (22), while active MMP-12 over-expression in
rabbits increased plaque size and inflammation. Hence there is a
consensus that MMP-12 impairs plaque stability. Knockout of
the collagenases, MMP-13 and —14, had little effect on macro-
phage or VSMC content but increased collagen in plaques,
which implies greater stability. Taken together, the results are
consistent with our thinking that some MMPs (particularly nor-
mal levels of MMP-2 and -9) promote plaque stability by pro-
moting VSMC migration and cap formation. Others, including
MMP-12, -13, and -14 and high levels of activated MMP-9 cause
matrix destruction or increase plaque inflammation, which are
associated with plaque rupture.

Recruited
Monocyte

TNFo

LPS

Activated Foam-cell
macrophage (M0a)

M2a Foam-cell
Aneurysms?

M1a Foam-cell
Lipid core formation?

Figure I: A working model for regulation of MMP expression by
different macrophages phenotypes. Recruited monocytes up-regu-
late MMP-9 and TIMPs1-3 during differentiation into macrophages in re-
sponse to M-CSF. MMP-I and -3 are up-regulated by inflammatory medi-
ators or oxidised-LDL through NF-xB. Further differentiation to Ml
cells in response to IFN-y up-regulates MMP-14 and down-regulates
TIMP-3. Differentiation to M2 cells up-regulates MMP-12.

Macrophage phenotypes in atherosclerosis

Apart from scavenging cholesterol to form foam cells, plaque
macrophages participate in an arterial immune-inflammatory
reaction most likely initiated by oxidised phospholipids and cho-
lesterol derivatives derived from low-density lipoprotein (LDL)
(24). Enzymic and oxidative modification of LDL triggers both
innate and acquired immunity (24). Among the lymphocytes,
CD4+ T-helper (Th) cells predominate in plaques. Initially pres-
ent in a ThO ground state, Th cells can differentiate to Th1 cells,
which secrete and respond to interferon (IFN-y) or to Th2 cells,
which secrete and respond to interleukin (IL)-4. Interestingly,
IFN-y blocks Th2 differentiation while IL-4 blocks Th1 differ-
entiation so there is a tendency for the immune response to be-
come polarised. Thl cells activate macrophages to produce
MHC antigens and a host of pro-inflammatory products, while
Th2 cells tend to calm inflammation, but promote humoral im-
munity and allergy. Not surprisingly, therefore, IFN-y promotes
atherosclerosis formation (25). The role of IL-4 is more ambigu-
ous; approximately equal numbers of studies show IL-4 in-
creases or decreases atherosclerosis (25). Other cytokines, par-
ticularly IL-10 and transforming growth factor (TGF)-B have
consistently anti-inflammatory roles. They are preferentially
produced by T regulatory (Treg) lymphocytes (25). These and
other T-cell subtypes maintain stable properties in culture and
when removed and then re-injected into other animals and are
therefore regarded as a lineage of differentiated cells.
Responses to T-cells are not mediated directly but rather
through their influence on macrophages. Macrophages are de-
rived from blood monocytes, which were recently shown to exist
predominantly in two different lineages identifiable by different
expression patterns of cell-surface markers including Ly6C
(function presently unknown) and P-selectin in mice (26), and
CD16 and P-selectin in humans (27). Ly6C"¢" monocytes appear
more inflammatory, accumulate in the circulation in athero-
sclerosis-prone mice, and are recruited preferentially into in-
flammatory foci, including atherosclerotic plaques (27). Adher-
ence of monocytes to the endothelium or ECM up-regulates se-
cretion of a wide range of inflammatory mediators, and also
MMPs, which presumably help monocytes migrate into sites of
inflammation. Prostaglandin production appears to be an impor-
tant trigger for these events (28). Monocytes subsequently differ-
entiate to macrophages under the influence of growth factors,
particularly M-CSF (see Fig. 1). Most inflammatory macro-
phages, including foam cell macrophages (FCM), probably de-
rive from the Ly6C"¢" monocyte population, although this re-
mains a hypothesis (26). During maturation, macrophages be-
come ‘primed’ to respond to pro-inflammatory cytokines,
acutely through transcription factor pathways that include most
prominently nuclear factor (NF)-xB. They can also become
loaded with modified LDL to become FCM, which, in plaques,
contain active, nuclear localised NF-xB (29). Other cytokines in-
cluding IFN-yand IL-4 activate distinct signalling cascades, and
appear to bring about additional changes in cell phenotype. M1
cells generated in response to IFN-y have the ‘classic’ pro-in-
flammatory nature, while so-called M2a cells produced in re-
sponse to IL-4 have an ‘alternative’ activation state (Fig. 1) (30).
FCM carrying M1 or M2 markers have recently been identified
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in mouse atherosclerotic plaques (31). Other M2 types include
M2b resident macrophages (e.g. Kupfer cells), that may derive
selectively from Ly6C'® monocytes (26), and M2¢ macrophages
that have responded to anti-inflammatory cytokines such as
IL-10 (30). Whether these macrophages subtypes represent a lin-
eage of differentiated cells or simply different phenotypes that
can interconvert is currently much less well-defined than for
T-cells and monocytes.

MMP production in macrophages and foam cells

Regulation of MMP production from macrophages has been
widely studied in vitro (28). As summarised in Table 2, positive
mediators include pro-inflammatory cytokines, tumour necrosis
factor (TNF)-ovand IL-1P, ligands for Toll-like receptors (TLRs)
and engagement of the CD40/CD40L complex. Interestingly,
however, the pro-inflammatory Th1 cytokine, IFN-y, inhibits ex-
pression of most MMPs. The Th2 cytokine, IL-4, also inhibits se-
cretion of most MMPs but increases expression of MMP-12.
Anti-inflammatory cytokines, IL-10 and TGF- inhibit MMP
expression. Effects on TIMP expression are generally less pro-
nounced (Table 2).

We study foam cells formed in vivo and relate this to MMP
regulation and functions including migration, invasion, prolifer-
ation and apoptosis measured ex vivo (32—34). Foam cells are ob-
tained from polyurethane sponges implanted under the dorsal
skin of rabbits. The foreign body reaction causes infiltration of
macrophages, all of which are positive for the lineage marker
RAM-11 (32). In rabbits fed normal chow all cells are non-
foamy macrophages (NFM), while in animals fed a cholesterol-
enriched diet all are foam-cell macrophages (FCM). This ap-
proach yields pure, functionally-intact foam cells in much larger
quantities than obtainable by collagenase digestion from
plaques. Unlike NFM, FCM show constitutively active NF-xB,

FCM preparations also contain at least some cells with M1 char-
acter. This is consistent with upregulation of scavenger receptor
LOX-1 in rabbit foam cells (34) and several additional markers
in mouse plaque FCM (31). Interestingly FCM showing either
arginase-1 down-regulation or MMP-12 up-regulation were se-
lectively located in the deep layers of advanced rabbit and human
plaques (34). All this evidence fits with the hypothesis that M0
macrophages subsequently differentiate towards a mixture of
M1 and M2 phenotypes as plaques progress (Fig. 1).

More recently we found that TIMP-3 is down-regulated in
FCM compared to NFM (33). Furthermore, a distinct TIMP-3
negative subpopulation was identified, which was highly invas-
ive through matrigel, proliferative and prone to undergo apopto-
sis. All these parameters were normalised by addition of exogen-
ous TIMP-2 or TIMP-3 but not TIMP-1, implicating the activity
of an MT-MMP. Consistent with this, we found that the TIMP-3
negative subpopulation selectively over-expresses MMP-14.
Moreover inhibitory antibodies against MMP-14 mimic the ef-
fects of adding exogenous TIMP-3 (33). This FCM sub-popu-
lation may have M1-like properties, since IFN-y down-regulates
TIMP-3 in macrophages (unpublished observations). TIMP-3
negative and MMP-14 positive macrophages were again loca-
lised in the deep layers of advanced rabbit and human plaques,
intermingled with TIMP-3 positive and MMP-14 negative FCM
(33).

Table 2: MMP regulation in macrophages. Effects of agonist and
antagonists were measured on MMP mRNA and/or protein seretion
form mature primary macrophages. For references consult the review
(28). Abbreviations: CD40L, CDA40 ligand; ConA, concanavalin A; IFN,
interferon; IL, interleukin; IxB, inhibitor or nuclear factor kB; LDL, low-
density lipoptein; LPS, lipopolysachharide; MMP, metalloproteinase; Ox,
oxidised; PMA, phorbol myristate acetate; TNF, tumour necrosis factor.

confirming that they are in an activated state (32). Interestingly, MMP Agonist Antagonist
these FCM constitutively express several MMPs, including —
MMP'I _3 _9 _12 and _14 as Well as TIMPS'I _2 and _3 (32734) MMP-| CD40L, cholesterol- Cerlvastatln, |FN-Y, |KB(X,
’ . L L feeding, LPS, S. aureus IL-4, IL-10, simvasatin

The expression of MMPs-1 and -3 alone is inhibited by blocking . — .
activation of NF-kB. Based on the in-vitro studies (Table 2) and MMP-2 LPS‘-Ece" medium or Cerivastatin, simvasatin
our ex-vivo experiments we infer that recently recruited macro- membranes —
phages exist in a differentiated state that we designate MO (Fig. MMP-3 CDA40L, cholesterol- Cerivastatin, IFN-y, liBa,
1). These macrophages can be activated through NF-kB to an feeding, LPS simvasatin
MOoa state that secretes MMP-1 and MMP-3. In many inflamma- MMP-8 CDA0L, IL-1B, LPS, TNFa.
tory conditions this probably happens through mediators such as MMP-9 IL-1B, LPS, ox-LDL, S. aureus, | Cerivastatin, fluvastatin,
TNF-o and IL-1J; especially in infections activation of TLRs T-lymphocyte medium or IFN-y, IL-4,
may be superadded; during foam cell formation, however, NF- membranes, TNFo: IL-10
KB becomes constitutively activated and MMPs-1 and -3 are MMP-| | CDA40L
therefore permanently turn;d on. As a result, FCM expressing MMP-12 CDA40L, cholesterol- IFN-y
MMPs-1 and -3 are present in early fatty streaks and during sub- feeding, IL-4, LPS
sequelnt fibrous cap formellltiop. Our study show}ilng less SMC ac- MMP-13 LPS IFN-y
cumulation in MMP-3 null mice (22) suggests that MMP-3 plays MMP-1 LPS. TNFa PNy
an active part in cap formation, but more direct evidence is
needed. MMP-16 Ox-LDL, TNFo.

Expression of MMP-12 is up-regulated in response to IL-4 TIMP-1 IL-6, IL-10, LPS, Ox-LDL, IL-4, IL-8, IFNy, Ox-LDL
and down-regulated by IFN-y, suggesting a link to the M2 pheno- . aureus
type (9). On the other hand, we found that arginase-I, fibronectin TIMP-2 None
and thrombospondin, which are markers for M2 macrophages, TIMP-3 None IFN-y
are down-regulated in rabbit FCM (34), which suggests that

1009

Downloaded from www.thrombosis-online.com on 2012-05-26 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.

Intravascular Biology Meeting 2008



Intravascular Biology Meeting 2008

Newby et al. Metalloproteinases and foam cell phenotypes

Based on these observations we have formulated the working
hypothesis shown in Figure 1. This differs from most previous
schemes in two important respects: 1) we add a differentiated MO
phenotype as a precursor of both M1 and M2 and 2) we consider
that each phenotype (not only M2) can be acted on by pro-inflam-
matory mediators leading to activated states (MXa). Foam cell
formation seems to switch cells to a prolonged activated state that
is preserved during culture ex vivo (32). What remains of critical
importance is the final outcome of the inflammatory response.
Most commonly (e.g. after an acute infection) the provoking
agent is eliminated and tissue integrity is restored, albeit perhaps
with scar formation. Less commonly (e.g. persistent infections or
foreign bodies, autoimmune reactions) a state of chronic granulo-
ma formation ensues. This consists of a complex of leucocytes in
all stages of activation together with connective tissue cells and
capillaries. We suggest that stable atherosclerotic plaques are in
effect chronic granulomas of the artery wall. Relatively rarely, a
third endpoint is reached — ulceration. Ulceration of the arterial
intima is followed by thrombosis, which can provoke MI leading
to death. We hypothesise that activated macrophage subpopu-

lations make distinct contributions to plaque instability. For
example, previous work has suggested a selective role for M2
macrophages in aneurysm formation, in part through the so-
called matrix metalloelastase, MMP-12 (9). Our data showing
that TIMP-3-negative, MMP-14-positive foam cells are more in-
vasive and destructive of matrigel, localise to the deep areas of
plaques, and are more likely to undergo apoptosis, suggests a po-
tential role for this subpopulation in lipid core formation (33).
These proposals have, however, not yet been tested formally in
any experimental model. M1- and M2-like phenotypes have been
observed in mouse plaques (31), but whether they can derive from
a common MO precursor is still unclear. Whether M1 and M2 are
inter-convertible is also unknown, but this should be amenable to
testing. Since the mediators of T-cell and macrophage phenotypes
closely converge, it will be a challenge to devise strategies to se-
lectively delete M1 and M2 macrophages. However, genomics, in
particular, may help to identify drugs targets to ameliorate ad-
verse macrophage phenotypes. The hope is that these would pre-
vent MIs without affecting the normal ability of macrophages to
fight infections and mediate tissue repair.
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