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Chapter 2

Abstract

Inflammation and apoptosis are regarded key processes in the development, pro-
gression and instability of atherosclerotic plaques. Although originally considered
anti-inflammatory, recent insights promote the notion that apoptosis may under
conditions prevalent in atheromathous tissue promote inflammation. Vice versa
several pro-inflammatory mediators that contribute to atherogenesis can have pro-
or anti-apoptotic effects. In this review we shall describe recent advances in our
understanding of the crosstalk between apoptotic and inflammatory signaling pa-
thways in the context of atherosclerosis.
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1 Introduction

Immunoregulatory effects of cell death

Cells can die through two major processes, traumatic cell death (“necrosis”)
and or programmed cell death (“apoptosis”). Features of necrotic cell death are
cell swelling and loss of membrane integrity, whereas apoptosis is characterized
by a completely different repertoire of morphological changes including cell
shrinkage, DNA fragmentation and membrane blebbing®. Necrosis will elicit a
pro-inflammatory response. In contrast, apoptotic cells maintain their membrane
integrity and in addition are readily taken up by phagocytes including macrophages
and dendritic cells. Both measures will prevent the release of cell contents and as
a result, apoptotic death generally does not cause an inflammatory response. In
fact, apoptotic cells and phagocytes ingesting apoptotic remnants both can act anti-
inflammatory by secreting transforming growth factor 1 (TGFB1), interleukin (IL) 10
and prostaglandin E2 (PGE2) and by decreasing the secretion of pro-inflammatory
cytokines such as TNF-q, IL1 and IL12%3*5, However, recent studies have shown that
apoptosis not always acts inflammation-neutral or anti-inflammatory (for reviews
see 6 and 7). For example, various inducers of apoptosis, among which Fas, can
influence cytokine secretion or immune cell behaviour®. Adequate elimination of
apoptoticremnantsto prevent secondary necrosis and the ensuing pro-inflammatory
response is therefore of great importance.

Inflammation and apoptosis in atherogenesis

Atherosclerosis, a chronic inflammatory disease, is initiated by endothelial
dysfunction and accumulation of lipoprotein and low-density lipoprotein (LDL)
derived lipidsinthe vessel wall. Expression of adhesion moleculesin the endothelium
results in adherence and migration of T lymphocytes and monocytes into the intima,
after which monocytes differentiate into macrophages®. Intimal leukocytes release
a whole range of pro- and anti-inflammatory cytokines, chemokines and growth
factors®. Moreover reactive oxygen species (ROS) are generated in the intima,
which act pro-apoptotic on the one hand and modify (phospho)lipids and LDL
promoting foam cell formation on the other hand?!. Modified LDL can also cause
further endothelial activation and dysfunction®. Furthermore lesional vSMC are
also able to take up lipids to form foam cells and secrete adhesion molecules and
cytokines, thereby contributing to inflammation?*2.

Therelevance of apoptosis to plaque progression and instability has been established
in numerous studies. Clearly, both rate and consequences of apoptotic cell death
are dependent on the actual cell type and on lesion stage. VSMC apoptosis increases
with plaque progression. Differences in expression patterns of pro- or anti-apoptotic
proteins and survival cytokines like decreased insulin-like growth factor 1 (IGF-1)
and increased p53 levels and alterations in expression of Bcl-2 family members
may cause increased sensitivity of intimal vSMC to apoptosis compared to medial
vSMC®, In murine atherogenesis persistent apoptosis of vSMC was seen to result in
accelerated lesion development*and both persistent vSMC apoptosis and induction
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of vSMC apoptosis in established lesions leads to plaque vulnerability as indicated
by increased necrotic core and fibrous cap thinning!*>. In addition, in established
lesions increased intimal inflammation was detected®.

Macrophage death occurs at all stages of atherosclerotic lesion development?®,
although in human lesions macrophage death was elevated mainly in advanced
lesions compared to healthy vessels'’. Apoptosis of macrophages can be induced
by various stimuli present in the plaque including reactive oxygen species (ROS),
oxidized LDL (ox-LDL), free cholesterol, TNF-a and Fas ligand®. Experimental
studies in mice revealed that macrophage apoptosis may be beneficial in early
atherosclerosis, limiting lesion size and cellularity. On the contrary in late stage
atherosclerosis macrophage death leads to increased lesion size and necrotic core
expansion. The latter is possibly attributable to insufficient removal of apoptotic
cells and resulting secondary necrosis. Apoptosis of the various plaque cell types in
atherosclerosis and its consequences for lesion progression and stability has been
extensively reviewed elsewhere!*1%8 Recent studies, which be will reviewed here,
suggest that several apoptotic proteins are involved in inflammatory processes
while inflammatory mediators can influence apoptosis and that the association of
apoptosis and inflammation might be of great significance in atherosclerotic lesion
progression and stability. This review will discuss this link between apoptosis and
inflammation in the context of atherosclerosis elaborating on pro-inflammatory
effects of plaque cell apoptosis on the one hand and on pro- or anti-apoptotic
effects of the foremost inflammatory mediators in atherosclerotic lesions on the
other hand.

2 Immunomodaulatory effects of intraplaque apoptosis

2.1 Inflammatory consequences of apoptotic protein activity

2.1.1 Apoptosis inducing TNF family proteins

Fas/Fas ligand

Fas (CD95) is a death receptor of the TNF receptor super family that stimulates cells
to undergo apoptosis after ligation of Fas ligand. The Fas /Fas ligand system is key
to the elimination of immune cells (T cells) and thus in the regulation of adaptive
immune responses. In fact Ipr en gld mice, which have inactivating mutations in Fas
and Fas ligand respectively, both develop autoimmune disease very reminiscent of
lupus erythematosis with overt lymphadenopathy and splenomegaly>%.

Inseveral studies Fas triggered apoptosis has been implicated in neointima formation
and atherogenesis. Adenoviral Fas ligand gene delivery inhibit neointima formation
in balloon-injured rat carotid arteries?!, while in advanced atherosclerotic lesions
it reduced the number of vSMC in the cap inducing intraplague hemorrhage and
buried cap formation. Moreover overexpression in carotid artery plagues was seen
to promote leukocyte adhesion, endothelial leakage and intraplaque bleeding®’.
Several other studies have explored the impact of Fas function in atherosclerosis on
inflammatory status. Yang et al* describe that Fas induced apoptosis of endothelial
cells has anti-inflammatory properties. Transgenic mice overexpressing Fas ligand
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on vascular endothelial cells showed decreased plague macrophage and CD8+ T cell
content and overall decreased aorta lesion size*. Conversely Fas signaling in vSMC
had rather pro-inflammatory effects. Overexpression of inducible Fas-associated
death domain (FADD), a downstream signal transducer of Fas, in a rat vSMC line
increased apoptosis?®. Seeding of these FADD overexpressing vSMC on rat carotid
arteries led to Fas ligand induced intimal vSMC apoptosis resulting in MCP-1 and IL-8
secretion and monocyte recruitment to adventitia and neointima. The link between
auto-immune disease and atherosclerosis has been addressed in Fas ligand defective
gld mice, backcrossed to ApoE” mice. gld.ApoE”- double transgenics not only had
increased atherosclerotic lesion size and apoptotic cell content compared to Apo-
E/ mice, but also increased lymphadenopathy, splenomegaly and formation of auto-
antibodies compared to gld mice®, implying that autoimmune effects associated
with Fas ligand deficiency is exacerbated by the proinflammatory milieu in Apo-
E7 mice. Finally, Fas has been implicated in oxidative stress and ox-LDL induced cell
death?. Ox-LDL induced apoptosis of T lymphocytes has been demonstrated to be
preceded by an increased expression of Fas and membrane associated and soluble
Fas ligand, and apoptosis could be inhibited by blocking of the Fas/Fas ligand dyad?®.
The relevance of Fas signaling for oxidative apoptosis in atherosclerosis is illustrated
by colocalisation of TUNEL positive apoptotic cells in human carotid plaques with
Fas expression on T cells and that of Fas ligand on macrophages. Interestingly both
cell types showed increased iNOS expression, implicating Fas in iNOS induced cell
death?.

The above mentioned studies identify Fas as an important factor in atherosclerotic
lesion apoptosis, including Ox-LDL and ROS induced cell death, of several cell types
while both pro- and anti-inflammatory effects have been reported.

TRAIL

TNF related apoptosis inducing ligand (TRAIL), another member of the TNF super
family, was originally described as a protein inducing apoptosis exclusively in
transformed and infected cells. TRAIL acts by binding to signaling (i.e. death receptors
or DR’s) and non-signaling receptors (osteoprotegerin and decoy receptors) and
displays both pro-apoptotic and immunoregulatory capacity?®. TRAIL expression
on immune cells is upregulated in response to type | interferons IFNa and IFNB%.
IFNa induced TRAIL upregulation on T cells has also been shown in atherosclerotic
lesions via colocalization. The enhanced TRAIL expression enabled these T cells
to induce apoptosis in coronary SMC*. TRAIL colocalizes with CD3 and ox-LDL in
human stable lesions with increased expression in vulnerable plaques?®. Secchiero
et al*? showed that systemic adenoviral TRAIL delivery reduces atherosclerotic lesion
size in diabetic ApoE” mice, while increasing apoptosis of infiltrating macrophages
within the lesion and increasing plaque vSMC content.

CD40
CD40and CD40ligand (CD154) are expressed byall celltypes of human atherosclerotic
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lesions. CD40 activation acts proliferative and pro-apoptotic and stimulates the
secretion of pro-inflammatory cytokines and chemokines®. Genetic or antibody
based CD40 signaling blockage decreased atherosclerotic lesion size in ApoE”" and
LDLr” mice3**> and led to a more stable phenotype®. Leukocyte CD40 ligand deletion
however did not affect lesion size at all*® suggesting that pro-atherogenic activity
of CDA40 ligand can be attributed to non-hematopoietic cells. This is supported by
the finding that human umbilical vein endothelial cells (HUVECs) stimulated with
CD40 ligand undergo massive apoptosis along with VCAM-1 and ICAM-1 release®’,
suggesting that stimulation of CD40 on endothelial cells may promote monocytes/
macrophages recruitment and thereby lesion development.

TWEAK

TNF-like weakinducer of apoptosis (TWEAK) hasvarious biological functionsincluding
induction of inflammation, activation of cell growth, and stimulation of apoptosis
upon binding its receptor Fn143®. Fn14 and TWEAK are expressed by macrophages,
foam cells and smooth muscle cells in human carotid atherosclerotic plaques and
in human aortic SMC**%, Fn14 expression is upregulated after stimulation with
IL1B and IFNy*?, and TWEAK induced pro-inflammatory cytokines IL-6, MCP-1 and
IL-8 in THP-1 human macrophages®, suggesting that this pro-apoptotic TNF family
member may function in apoptosis and inflammation in atherosclerotic plaques.
Experimental proof to support this is lacking to date.

2.1.2 Bcl-2 family

Bcl-2 family members, which can be either pro- or anti-apoptotic, are the major
regulators of both extrinsic and intrinsic apoptosis signaling pathways. In the
vasculature these proteins are expressed in all major cell types and regulate
apoptosis in response to oxidation and inflammation. Expression of Bcl-2 family
members has been studied in human carotid endarterectomy samples showing
increased expression of pro-apoptotic Bax and Bak in lipid laden macrophages,
vSMC and apoptotic cells, absence of anti-apoptotic Bcl-2 and Bcl-XL in apoptotic
cells and expression of the latter in non-apoptotic vSMC. Expression patterns of Bcl-
2 family members in atherosclerotic lesions have been reviewed in detail by Kutuk
and Basaga*.

Inhibition of Bcl-XL by antisense oligonucleotides was shown to induce apoptosis
in intimal cells of rabbit vascular lesions, an effect that was absent in medial SMC
and in control vessels. Increased apoptosis led to a reduction in intimal lesion size*.
Bax is another Bcl-2 family member which has been studied in an atherosclerotic
mouse model. Liu et al showed reduced macrophage apoptosis in hematopoietic
LDLr” chimeras with Bax deficiency leading to an increase in atherosclerotic lesion
size in the aorta®.

Increasing evidence indicates that Bcl-2 family members are involved in apoptosis
induced by ROS, Ox-LDL, and inflammation. Ox-LDL induced apoptosis in U937
human monocytes and in human differentiated endothelial progenitor cells was
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shown to involve ROS generation with concomitant mitochondrial Bax translocation
and activation***, Translocation of Bax from cytoplasm to mitochondria in these cells
could be inhibited by Bcl-2 overexpression, which did not prevent ROS generation
suggesting that Bax acts downstream of ROS*. In endothelial cells Bax activation
and translocation was mediated by an increase in p53#. Similarly minimally oxidized
LDL induced apoptosis in human coronary endothelial and vSMC was mediated
by Fas and TNF receptor domains and, in endothelial cells, accompanied by an
increase in pro-apoptotic Bad and a decrease in anti-apoptotic Bcl-2%. In addition,
activation of Bim and Bad and downregulation of Bcl-XL was observed in oxysterol
(25-hydroxycholesterol and 7-ketocholesterol) induced cell death in P388D1 murine
macrophages, probably by promoting AKT degradation?’. Finally Badrichani et a/
showed that Bcl-2 and Bcl-XL overexpression not only protects bovine aortic EC’s
from TNFa induced apoptosis but also inhibits TNFa dependent upregulation of
pro-inflammatory genes like E-selectin and IL-8 by inhibiting NF-kB*.

Bcl-2 family members appear to be involved in apoptosis signaling pathways induced
by both pro-apoptotic proteins and inflammatory mediators Ox-LDL and ROS and in
addition are able to affect inflammatory responses in vascular cells.

2.1.3 P53 and p21

Tumor suppressor p53 is a key regulator of cellular homeostasis exerting various
functions such as cell-cycle arrest, senescence, differentiation and apoptosis.
Downstream regulators of p53 in apoptosis and survival include Bax, NOXA,
PUMA, PTEN, Fas, DR5 and p21*. Vascular p53 expression was reported to be
increased in advanced atherosclerosis. Various studies have been undertaken to
elucidate the role of p53 in atherosclerosis investigating the effect of (cell type
specific) p53 deficiency and p53 overexpression on lesion development in animal
models (reviewed in 50). From these data p53 function in atherosclerotic lesion
appears to be complex and stage-, context- and cell-dependent. For instance p53
protected from apoptosis and stimulated proliferation in atherosclerotic lesions in
one study>!, whereas its overexpression in advanced atherosclerosis was seen to
promote vSMC apoptosis and destabilize plaques®?. In macrophages p53 induced
apoptosis. Generally, deficiency of p53 increased atherosclerotic lesion size®.
Recently p53 was implicated in Ox-LDL induced apoptosis in endothelial cells via
the pro-apoptotic Bcl-2 member Bax*. Ox-LDL led to activation and mitochondrial
translocation of Bax and subsequent apoptosis, processes that could be prevented
by siRNA induced p53 knockdown. Earlier, induction of apoptosis by mildly oxidized
LDL in human coronary endothelial and vSMC has also been shown to increase
p53 expression together with that of multiple other pro-apoptotic proteins®. In a
human colorectal cancer cell line (DLD-1) p53 induced apoptosis was preceded by
increased expression of several ROS generating genes®*, identifying p53 as a pro-
oxidant factor. In comparison, relatively low levels of p53 were able to protect DNA
from oxidation and damage by ROS*.

Animportant p53 target, p21 cyclin-dependent kinase inhibitor, also known as WAF1
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and CIP1, can upon activation inhibit apoptosis*. Recombinant p21 was reported
to inhibit lymphocyte proliferation and expression of pro-inflammatory cytokines
IL2, TNFa and IFNy*® as well. Adenoviral gene delivery of p21 into balloon injured
porcine arteries inhibited the development of intimal hyperplasia®. In addition,
overexpression of a p21 mutant with increased biological activity, reduced restenosis
inApoE” mice®. ThiswasattributedtoattenuatedvSMCproliferationand macrophage
infiltration and increased apoptosis of vascular cells. In contrast, both systemic and
leukocyte p21 deficiency in ApoE”" mice protected against atherosclerosis and led
to increased apoptosis rates. In these mice systemic p21 deficiency reduced VCAM-
1 expression®. Furthermore p21 deficient peritoneal macrophages expressed lower
levels of pro-inflammatory cytokines such as macrophage inflammatory proteins
(MIP) 1 and 2 and displayed increased phagocytosis of apoptotic cells.

The role of p53 in atherosclerotic lesions is stage-, context- and cell-dependent. P53
is implicated in apoptosis induced by various factors like Ox-LDL and ROS involving
different Bcl-2 family members as well. Several studies indicate that p53 responsive
protein p21, like p53, has a complex role in atherogenesis.

2.2 Phagocytosis of apoptotic cells

Apoptotic cell death was originally considered to be immunologically neutral or anti-
inflammatory®. In general apoptotic cells are rapidly removed by phagocytes such
as macrophages and dendritic cells, which is mediated by dedicated eat-me signals
including phosphatidyl serine (PS) exposure on the surface of apoptotic cells.
Various molecules participate in recognition and engulfment of apoptotic cells
including CD14, TG2, calreticulin, Mer receptor tyrosine kinase, lactadherin,
complement components (C1g, CR3 and CR4), integrins and scavenger receptors
CD36, CD68 and SRA®%®, Although considerable redundancy in uptake and signaling
mechanisms exists, these mechanisms may differ between the various phagocytic
cells. Moreover inflammatory responses after apoptotic cell recognition and uptake
may depend on specific receptors and proteins implicated as demonstrated in
knockout mouse models®0616567,

Anti-inflammatory effects are attributable to the apoptotic cells themselves as
well as to the remnant ingesting phagocytes®!. For example phagocytic DC’s exhibit
decreased secretion of the pro-inflammatory cytokine TNFa after exposure to
apoptotic cells®® but secretion of anti-inflammatory mediators like TGFB, IL10, and IL1
receptor antagonist is promoted®. In addition apoptotic lymphocytes were shown
to release TGFB®:. Apoptotic cell death can also be pro-inflammatory. For example
Fas induced apoptosis in vivo resulted in hepatic inflammation and neutrophil
recruitment®. Furthermore, apoptotic cells may undergo secondary necrosis when
not readily cleared by phagocytes, to subsequently evoke an inflammatory response.
Figure 1 shows potential immunomodulatory effects of apoptotic cell death.
Defective phagocytosis by plague macrophages has been demonstrated by Schrijvers
et al®. Analysis of human endarterectomy samples revealed a higher ratio of free
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to phagocytised apoptotic cells when compared with human tonsils®®. Tabas has
postulated the hypothesis that in early lesions phagocytotic capacity is sufficient
to clear cellular debris implying that macrophage apoptosis will result in decreased
lesion progression. In more advanced lesions phagocytosis is impaired, which not
only dampens immunoregulatory feedback normally observed after phagocytosis
but also favors proinflammatory secondary necrosis promoting lesion progression
and instability®®.

Apoptogis Secondary
Necrosis
i .-
. — . -
. = . e
B <" .
. e - \
l Phagocytasis l Release of intracelluiar
companents
TGFR, IL10 i m1 BLTE THFa, ILTR,
secretion] . | releasel IL12p70, MOt
TNFu, IL1
IL12,1L8)
TGFR, IL10, | IL8, Fas ligand releaset Maturation (DC)T Autoantibodies
IL1RA, PGE,, PAFT Antigen presenting function {OCHT
Anti-inflamrmatory Pro-inflammatory Pro-inflammatory
response response response

Figure 1. Modulation of inflammatory response through apoptotic cells and phagocytosis. Phagocytosis
of apoptotic cells generally results in an anti-inflammatory response via increased release of anti-
inflammatory molecules and inhibition of that of pro-inflammatory molecules by both apoptotic cells
and phagocytes. However, apoptosis and subsequent phagocytosis can also be pro-inflammatory. A
number of receptors and factors involved in apoptotic cell recognition and engulfment were shown
to be associated with activation of pro- as well as with anti-inflammatory pathways, suggesting that
a shifted pattern of apoptotic cell handling will translate in an altered inflammatory profile. Defective
engulfment of apoptotic cells may lead to secondary necrosis. In contrast to apoptotic cells necrotic
cells lose membrane integrity and their cellular content is released resulting in a pro-inflammatory
response. TGFB, transforming growth factor B; IL, interleukin; TNFa, tumor necrosis factor a; IL1RA,
interleukin 1 receptor antagonist; PGE2, prostaglandin E2; PAF, platelet activating factor; NO, nitric
oxide; DC, dendritic cell.

The relevance of phagocytosis to atherosclerosis was subject to various recent
studies. Aprahamian et al * observed that the induced atherogenic response in
Fas ligand deficient gld.ApoE” mice was associated with decreased apoptotic cell
clearance and increased macrophage and lymphocyte infiltration. Even deficiency of
ApoE itself may already affect phagocytosis™. In vitro ApoE deficient macrophages
ingest less apoptotic thymocytes and in ApoE”- mice apoptotic macrophage content
is increased in various tissues compared with wild-type mice resulting in a pro-
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inflammatory state as witness the elevated plasma TNFa levels in the former mice.
One of the first macrophage receptors to be implicated in phagocytosis of apoptotic
remnants is CD36, a class B scavenger receptor®!. Ox-LDL, an established substrate
for this receptor, was suggested to compete with apoptotic cells for ingestion
by macrophages’* 2. In keeping Khan et al ” reported impaired uptake but not
binding of apoptotic vSMC and fibroblast by thioglycolate elicited mouse peritoneal
macrophages in the presence of excess Ox-LDL. In addition, release of IL6 and
MCP-1, inhibited by phagocytosis without Ox-LDL, was no longer suppressed’?. A
similar apoptotic cell engulfment reducing effect of Ox-LDL was noted in peritoneal
macrophages by Schrijvers et al 7. Interestingly, minimally modified LDL, although
not recognized by scavenger receptors, also can inhibit phagocytosis of apoptotic
cells by binding to CD14, while increasing uptake of Ox-LDL?. Altogether these
studies suggest partially shared but non-identical recognition sites for Ox-LDL and
apoptoticcells. Asecond mechanism underlying the impaired apoptotic cell handling
in atherosclerosis may involve Ox-LDL targeted auto-antibodies, which are present
in both human and murine atherosclerotic lesions. These auto-antibodies were
shown to bind to apoptotic cells and inhibit their phagocytosis by macrophages’.
The role of several key genes in apoptotic cell removal on vascular disease
progression has been recently addressed. Deficiency of leukocyte transglutaminase
2 (TG2), which mediates apoptotic cell uptake and TGFp secretion by macrophages®,
in LDLr" mice was seen to increase aortic valve lesion size and intimal macrophage
penetration®. In another study the effect of leukocyte milk fat globule-EGF factor
8 (also known as Mfge8 or lactadherin) deficiency was assessed on atherogenesis
in LDLr”" mice®. Mfge8 binds to PS exposed by apoptotic cells and enhances their
uptake by macrophages®. Atherosclerosis was accelerated in Mfge87LDLr" mice
and, importantly, lesions showed larger necrotic cores. In addition, Mfge8 deficiency
appeared to favor proatherogenic Thl type immune responses, with reduced IL10
production by spleen and increased IFNy levels in both spleen and atherosclerotic
arteries®®. Another critical factor involved in phagocytosis of apoptotic cells is Mer
receptor tyrosine kinase (Mer). Macrophages with dysfunctional Mer had defective
phagocytosis of apoptotic thymocytes®. Moreover, Mer was shown to be necessary
for apoptotic cell induced inhibition of NF-kB activation and pro-inflammatory
cytokine secretion in dendritic cells®®. Mer has been implicated in phagocytosis
in atherosclerosis as well. Apoptosis induced in macrophages by free cholesterol
loading elicited an inflammatory response in phagocytes, consisting of TNFa and
IL1B production. This inflammatory response was constrained by Mer as shown
by the use of Mer deficient phagocytes®’. Similar to TG2 and Mfge8, deletion of
leukocyte Mer in LDLr” mice also led to increased accumulation of apoptotic cells,
increased macrophage area and lymphocyte infiltration resulting in accelerated
lesion development”.

3 Pro- and anti-apoptotic effects of immunomodulators in atherogenesis
3.1 Pro-inflammatory cytokines
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IFNy
Interferon gamma (IFNy) is a pro-inflammatory cytokine produced by T and NK cells
and macrophages. It is highly expressed in atherosclerotic lesions’. IFNy has been
shown to induce apoptosis in endothelial cells, SMC and macrophages in culture.
Several pro-apoptotic proteins were suggested to be responsible for IFNy induced
cell death. In microvessel endothelial cells (EC) IFNy synergizes with TRAIL to induce
apoptosis, but not in large-vessel EC”’. In agreement with the last finding, IFNy
lowers expression of death receptors DR4 and DR5 in HUVECs which is accompanied
by decreased apoptosis’®. In contrast, Li et al proposed a key role for Fas rather
than TRAIL in IFNy induced apoptosis in HUVECs”. Anti-Fas antibodies were able to
completely block the pro-apoptotic effects of IFNy. Likewise pro-apoptotic effects
of IFNy in vSMC were attributed to Fas® as well as to the pro-apoptotic X-linked
inhibitor of apoptosis associated factor-1 (XAF1) and Bcl-2 family member Noxa?®!
while in THP-1 macrophages upregulation of TNFR1 appeared to be implicated in
IFNy induced apoptosis®.

Animal studies do support a pro-atherogenic role of IFNy, but leave unanswered
whether IFNy dependent apoptosis could in part be held accountable for this effect.
In IFNy deficient ApoE7" mice atherosclerotic lesion size and T lymphocyte content
was shown to be reduced®?* while intraperitoneally administered recombinant
IFNy increases lesion size accompanied by an increase in lesional T lymphocytes®. A
similar, reduced lesion size was observed in LDLr" mice lacking IFNy®®.

Tumor Necrosis Factor alpha

Tumor Necrosis Factor alpha (TNFa) is highly expressed by activated macrophages
and other immune cells in murine as well as human lesions. It exerts its, mainly
pro-inflammatory, effects through two receptors, TNFR1 (p55) and TNFR1 (p75). For
instance TNFo promotes monocyte/macrophage recruitment by inducing expression
of E-selectin, VCAM-1 and ICAM-1 in endothelial cells via TNFR2 activation®”. TNFa
can induce apoptosis via TNFR1, which in contrast to TNFR2 contains a death
domain, although TNFR1 is also capable of transducing survival signals®®%. TNFa
induces apoptosis in endothelial cells and SMC, both on its own account and in
response to various other pro-inflammatory cytokines like IFNy and IL13 which
are able to enhance expression of TNFa®*®3. Boyle et al showed that in coculture
macrophage derived TNFa acts proapoptotic on SMC via TNFR1%. Possibly, p738,
a protein closely related to p53, may mediate the pro-apoptotic effects of TNFa on
vSMC as shown for rat aorta SMC by Tang et a/ %*. The role of TNFa and TNF receptors
in atherogenesis has been studied in various mouse models. The results are rather
contradictory, but most data are supportive of a proatherogenic effect’®. Two of the
studies examining the effect of TNFa deletion assessed apoptotic cell content in
atherosclerotic lesions. In ApoE*3 Leiden transgenic mice TNFa deletion resulted
in decreased necrosis area but paradoxically an increased number of apoptotic
cells®. In contrast, in ApoE”- mice, TNFa deletion led to decreased apoptotic cell
content®,
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Interleukins

Pro- and anti-inflammatory interleukins are regarded key mediators in vascular
inflammation and atherogenesis’®*®. More recently several interleukins such as IL1j,
IL4 and IL10 have been shown to affect apoptotic processes as well, while others
like IL6 and IL12 and IL18 promote proliferation®”%8. IL1B can promote apoptosis of
endothelial cells and SMC, an effect which could in human (HUVEC) and mouse lung
EC be abrogated by overexpression of the naturally occurring interleukin 1 receptor
agonist IL1-RA%. IL1B induced vSMC apoptosis however was shown to be TNFa
dependent®’. IL1B expression appears to regulate, and in turnis regulated, by various
apoptotic proteins, including TWEAK receptor Fn14 and bcl-2 family members Bcl-
2 and Bcl-XL3%'®, The role of caspase-1 (Interleukin 1 converting enzyme, ICE) in
pro-IL1B and pro-IL18 cleavage to their active form°*1% further underlines the
intertwined relationship between apoptosis and inflammation. Apart from IL1p,
[L21% and 1L4'% have been implicated in apoptosis of vascular cells, at which the
former acts in an indirect, TNFa and NO dependent manner.

Anti-apoptotic properties have been attributed to the anti-inflammatory IL10.
In THP-1 macrophage IL10 was shown to decrease Ox-LDL induced apoptosis by
upregulating anti-apoptotic Bcl-2 family members Bfl-1 and Mcl-11%. Interestingly
plaque targeted and systemic overexpression of IL10 in LDLr’" mice both inhibited
atherosclerosis and resulted in decreased apoptosis of lesional macrophages®. An
anti-apoptotic activity of this cytokine was supported by the finding that in advanced
human atherosclerotic plaques high IL10 expression was seen to associate with
decreased macrophage death'®.

Macrophage inhibitory factor

The pro-inflammatory macrophage inhibitory factor (MIF), which is increasingly
expressed during atherogenesis, has recently been identified as an important
contributor to inflammation in atherosclerotic lesions. MIF deletion in LDLr” mice
resulted in reduced aortic atherosclerosis!®® while in ApoE” mice MIF blockade by
neutralizing antibodies reduced macrophage infiltration and expression of adhesion
and inflammatory molecules ICAM-1, MMP-2, TNF, IL-12, and CD40L!®. Antibody
blockade of MIF in LDLr" mice led to increased apoptosis in carotid arteries after
endothelial denudation, pointing to a regulatory role of MIF in apoptosis!®. In
another study the anti-apoptotic properties of MIF in macrophages in culture were
shown to be caused by inhibition of p53 expression?!®.

3.2 Oxidative stress

During atherogenesis reactive oxygen species (ROS) and oxidized LDL (Ox-LDL)
will accumulate in the vessel wall which leads to progressively increased oxidative
stress. Ox-LDL, generated by in situ oxidation of extravasated LDL, can be taken up
by macrophages leading to foam cell formation and promotion of inflammatory
responses. Moreover, as discussed above, Ox-LDL can induce apoptosisin endothelial
cells, vSMC and macrophages'*? and interfere with apoptotic cell handling, often
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favoring secondary necrosis. ROS are thought to be pro-atherogenic by, amongst
others, inducing cell proliferation and apoptosis, recruitment of leukocytes and
expression of pro-inflammatory cytokines like TNFa, IL1B and IFNy (reviewed in
113 and 114). ROS can also cause degradation of cellular components including
(mitochondrial) DNA, proteins and lipids. Sources of ROS in the vasculature
include cyclooxygenases, lipoxygenases, NO synthase and NADPH oxidase. Most
of the atherosclerotic risk factors (hypercholesterolemia, diabetes, hypertension,
smoking and aging) were seen to increase ROS production!!*, In inflammatory cells
and in particular in phagocytes, NADPH oxidase, which is activated by phagocytic
neutrophils and macrophages', is the major source of ROS. The importance of
NADPH oxidase has been established in animal models. ApoE” that lack p47phox,
an essential subunit of NADPH oxidase, showed reduced levels of O, production
and smaller atherosclerotic lesions in the aorta?®. A similar protective effect was
seen after pharmacological inhibition of NADPH oxidase in balloon injured rat
carotid arteries!!®. Lipoxygenases (LO) are another class of ROS producing enzymes
expressed in leukocytes and vSMC. Inhibition of 12/15-LO in vSMC reduces growth
factor induced migration, proliferation and matrix production'” and 5-lipoxygenase
pathway products leukotriens are potent vascular inflammation inducing
mediators'*®. In ApoE” mice 12/15-LO gene disruption led to substantially smaller
aortic artery lesions together with decreased circulating levels of auto-antibodies
to Ox-LDL™® while pharmacological inhibition of the receptor for Leukotriene B4, a
product of the 5-lipoxygenase pathway of arachidonicacid metabolism, in both ApoE
- and LDLr” mice reduced monocyte infiltration and foam cells in atherosclerotic
lesions*®.

In the vasculature nitric oxide (NO), produced by endothelial NO synthase
(eNOS) and inducible NO synthase (iNOS), is instrumental in controlling vascular
tone. At physiological concentrations it is suggested to be anti-apoptotic and
atheroprotective. Under inflammatory conditions as apparent during atherogenesis,
catalytically active iNOS will be upregulated and substrate as well as cofactors may
become rate limiting favoring the production of the pro-oxidant nitroperoxide at the
expense of a reduced NO production!*. This translates in augmented synthesis of
pro-inflammatory cytokines TNFa, MCP-1 and IFNy and adhesion molecules VCAM-
1 and ICAM-1, promoting recruitment, infiltration and activation of monocytes and
macrophages. INOS has been shown to protect EC against apoptosis!?. The critical
importance of a proper NO/ROS balance for endothelial cell function was illustrated
by a study in which antisense oligonucleotide induced downregulation of iNOS
expression in EC was seen to lead to endothelial dysfunction and ROS mediated cell
death®®, Furthermore, foam cells show increased iNOS expression resulting in toxic
levels of NO. Fas associated cell death may be involved in this toxicity**.

Ox-LDL promotes generation of ROSinvascular and atherosclerotic lesion cells, which
caninturninduce oxidation of LDL. In endothelial cells Ox-LDL stimulates expression
of adhesion molecules and growth factors leading to monocyte recruitment!!2,
Both mildly and extensively oxidized LDL can induce apoptosis of endothelial cells,
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vSMC and macrophages including foam cells, although exposure of macrophages to
low concentrations of oxidized LDL also was reported to stimulate proliferation?.
Mildly oxidized LDL results not only in activation of Fas and TNF receptor signaling
but also in an increased pro-apoptotic and decreased anti-apoptotic Bcl-2 family
member expression in human coronary endothelial and SMC?3. Furthermore Ox-LDL
induces various transcription factors involved in oxidative stress pathways including
p53 and NF-kB. Another mechanism by which oxidative stress influences Ox-LDL
induced apoptosis and inflammation involves the endothelial oxidized LDL receptor
LOX-1. Lectin-like oxidized low density lipoprotein receptor (LOX-1) activation by
Ox-LDL stimulates NF-kB and subsequent adhesion molecule and pro-inflammatory
gene expression. In endothelial cells Ox-LDL has been shown to reduce eNOS and
increase LOX-1 expression thereby inhibiting endothelial cell proliferation and
function'?*. In keeping, a recent study showed that LOX-1 disruption in LDLr” mice
had reduced aortic atherosclerotic lesion size and pro-inflammatory markers within
the lesions!?. Furthermore LOX-1 expression has been linked to apoptosis in human
endothelial cells?®. Figure 2 gives a summary of the effects of ROS on apoptosis and
inflammation.

Hypercholesterolemia
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Figure 2. Generation of reactive oxygen species and its effects on inflammation, apoptosis and
atherogenesis. During early atherogenesis ROS are generated in the vascular wall, reducing NO
production and resulting in an unfavorable NO-ROS balance. ROS promotes endothelial activation,
oxidation of LDL, apoptosis and inflammation. Ox-LDL in turn promotes generation of ROS and exerts
pro-apoptotic and pro-inflammatory effects as well. Ox-LDL, oxidized low-density lipoprotein; NO, nitric
oxide; ROS, reactive oxygen species; EC, endothelial cell; vSMC, vascular smooth muscle cell, TNFa,
tumor necrosis factor a; MCP-1, monocyte chemoattractant protein 1; IFNy, interferon y; VCAM-1;
vascular cell adhesion molecule 1; ICAM-1, intercellular adhesion molecule 1.
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4 Summary and conclusions

Inflammatory and apoptotic processes in atherogenesis are closely intertwined.
This notion has been conclusively demonstrated in various recent in vitro studies in
cell types relevant to atherosclerosis as well as in in vivo studies in atherosclerosis
prone animal models. First many of the proapoptotic members of the TNF super
family, Fas, CD40 and Fn14, can promote secretion of inflammatory cytokines like
MCP-1 and IL8 and/or adhesion molecules accompanying induction of apoptosis.
Reactive oxygen species and Ox-LDL, accumulating in the vessel wall during plaque
progression, are able toinduce cell death in endothelial cells, vYSMCand macrophages
by upregulating several apoptotic proteins including Fas, TNFa, p53 and Bcl-2 family
proteins. In addition, several key cytokines present in atherosclerotic lesions, apart
from beinginduced in apoptosis, are able to induce apoptosis themselves. Vice versa,
apoptotic cells were seen to modulate inflammatory responses either on their own
account by elaborating amongst others cytokines and proteases or after uptake and
processing by phagocytes. Impaired and altered phagocytosis, as apparent during
progressive atherosclerosis, will, by eliciting a proinflammatory response and by
promoting secondary necrosis, further aggravate inflammation leading to lesion
progression and instability. Although several pro- or anti-apoptotic proteins and
inflammatory mediators are attractive targets for therapeutic strategies, crosstalk
between and the complex consequences of inflammatory, apoptotic and phagocytic
processes have to be accounted for.
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