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ABSTRACT

The cellular composition of an atherosclerotic lesion is determined by many fac-
tors including cell infiltration, proliferation and cell death, either by apoptosis or
necrosis. The tumor suppressor gene p53 has been shown to regulate both cell
proliferation and cell death in many cell types.To study the role of macrophage
p53 in the development of atherosclerosis, we generated apoE-deficient mice with
a macrophage-restricted deletion of p53 (LysMCre* p53'>**"*’ apoE’ mice) and con-
trol littermates (p53'**"*** apoE” mice) and analyzed early and advanced atheroscle-
rosis development. Absence of macrophage p53 did not affect lesion area in both
early and advanced atherosclerosis, neither in the aortic root nor in the aortic arch
and thoracic aorta. In early atherosclerosis, absence of macrophage p53, resulted
in reduced apoptosis (-59%), however without changes in lesion composition. In
contrast, in advanced atherosclerosis, reduced apoptosis (-37%) upon absence of
macrophage p53, coincided with increased necrotic death (+96%), increased foam
cell content (+24%), and reduced lipid core formation (-41%). Proliferation was not
affected by the absence of macrophage p53 in both early and advanced atheroscle-
rosis. Hence, our data point towards an important role for macrophage p53 in induc-
tion of foam cell apoptosis and prevention of lesional necrosis.
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therosclerosis is an inflammatory disease of the large vessels in which mac-

rophages play a central role."* Accumulation of macrophage foam cells in

the vessel wall results in the formation of fatty streaks. These lesions may
be reversible and may not cause clinical symptoms. However, macrophage accu-
mulation within the arterial intima sets the stage for progression of the atheroma
and evolution into more complicated lesions that can cause clinical symptoms by
eventual rupture or erosion of the plaque.® Changes in the cellular composition of
an atherosclerotic lesion are important in modulating the risk of acute coronary
syndromes. Cell proliferation and cell death are crucial processes in regulating cell
numbers in the atherosclerotic lesion and may thereby directly influence lesion
composition and stability.*

The p53 tumor suppressor protein is an essential gene in cell proliferation and
cell death and plays a pivotal role in the cellular response to a range of environmental
and intracellular stress signals.> Mutations in p53 occur in about half of the human
cancers, resulting in loss of apoptotic function. P53 is a potent transcription factor,
predominantly acting in the G1 phase of cell cycle progression, regulating multiple
downstream genes implicated in cell cycle control, apoptosis, differentiation, and
senescence.®” In atherosclerosis, p53 was immunohistochemically visualized in hu-
man carotid atheromatous lesions in virtually all cell types (macrophages, smooth
muscle cells, endothelial cells).? Recent mouse studies demonstrated that p53 plays
an important role in the progression of atherosclerotic lesions. Whole body p53
inactivation in apolipoprotein E-deficient (apoE”) mice accelerated atherosclerosis
primarily by increased cellular proliferation.’ In addition, using bone marrow trans-
plantation in both apoE*3-Leiden'® and LDL receptor deficient (LDLR”)'! mice it was
shown that p53 of hematopoietic origin is, at least in part, responsible for the inhibi-
tion of atherogenesis in these models. Hence, these studies show an important role
for both macrophage- and lymphocyte-derived p53 (or in addition: their interplay)
in the development of atherosclerosis.

To distinguish the effects of p53 deficiency specifically in macrophages from
processes affected by lymphocyte-p53 deficiency, we employed a conditional dele-
tion approach using the Cre-loxP system. Macrophage specific p53 deletion was ac-
complished by combining mice carrying a p53 allele that was flanked by loxP sites'?
with LysMCre mice.'* Expression of Cre in the myeloid lineage in the LysMCre mice
will result in cell specific deletion of p53 and thereby give macrophages that lack
p53. Using this approach, we found that absence of macrophage p53 did not affect
lesion area in both early and advanced atherosclerosis, neither in the aortic root
nor in the aortic arch and thoracic aorta. In early atherosclerosis, absence of macro-
phage p53 resulted in reduced apoptosis, however without changes in lesion com-
position. In contrast, in advanced atherosclerosis, reduced apoptosis due to absence
of macrophage p53, coincided with increased necrotic death, increased foam cell
content and reduced lipid core formation.These studies indicate that macrophage
p53 is primarily involved in determining atherosclerotic lesion composition by con-
trolling the balance of lesional apoptosis and necrosis.
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METHODS

Mice and diet

The experimental animals were obtained by combining mice carrying the floxed
p53 gene'? with LysMCre mice'® (a generous gift from Dr. B.E. Clausen, AMC, The
Netherlands and Dr. I. Forster, University of Cologne, Germany), and apoE-deficient
mice'* resulting in mice that are homozygously floxed for p53 and deficient for apoE
and that either express Cre in their macrophages (LysMCre* p53'oxP/loxP
apo E” further referred to as p539") or do not express Cre and remain wildtype for p53
(p53'xP1xF apoE” further referred to as p53™). Mice were genotyped by polymerase
chain reaction (PCR) for LysMCre,? p53'°x*/1ox012 and apoE! status. For experiments,
8 week old male p53“! and littermate control p53" mice were used. Mice were fed
a semi-synthetic cholesterol-rich diet composed essentially according to Nishina
et al.”” supplemented with cocoa butter (15%, by weight) and cholesterol (0.25%,
by weight), without cholate (Hope Farms, Woerden, The Netherlands).The animals
were fed the cholesterol-rich diet for either 7 weeks (early atherosclerosis develop-
ment,n=18 and n=21 for p53%! and p53" mice, respectively) or 11 weeks (advanced
atherosclerosis development,n=17 and n=15 for p53! and p53" mice, respectively).
Mice were given food and water ad libitum.All animal work was approved by insti-
tutional regulatory authority and carried out in compliance with guidelines issued
by the Dutch government.

Quantification of macrophage p53 by Western blotting

Peritoneal macrophages were obtained from p53°' and p53" mice four days after
intraperitoneal injection of 1 ml thioglycollate broth (3% wt/vol.) by flushing the
peritoneum with 10 ml ice-cold PBS. Macrophages were washed with RPMI 1640
containing 10% foetal calf serum and the cells of each mouse were subsequently
divided over two 6-cm culture plates.After 2 hours the duplicate dishes were either
mock-treated or incubated with a combination of etoposide (20 uM, Sigma Aldrich)
and proteasome inhibitor MG132 (20 uM, Sigma Aldrich) for 2 hours. Subsequently,
non-adherent cells were removed by washing twice with ice-cold PBS, and cells
were harvested in Giordano buffer ((50 mM Tris HCL, pH 7.4; 250 mM NaCl; 0.1%
Triton X-100; 5 mM EDTA), supplemented with protease inhibitors) and analyzed
by Western blot as described previously.!® Lysates from mouse embryo fibroblast
derived from wild type mice or homozygous p53/mdm?2-deficient double knock out
(DKO) mice were used as positive and negative controls, respectively. Blots were
incubated with anti-p53 (Ab-7; Merck Biochemicals) and after stripping with anti-
oTubulin (CloneDM1A4; Sigma-Aldrich) as loading control. Protein bands were de-
tected by enhanced chemiluminescence with the use of the SuperSignal West-Dura
kit (Pierce), visualized by autoradiography or by imaging with the ChemiGenius
XE3 (Syngene, Cambridge, UK). Quantification of the p53 and tubulin protein levels
was performed with use of the Syngene GeneTools software.

Blood sampling and analysis
Blood samples were collected, after 4 hours fasting, in EDTA-coated vials (Sarstedt,
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Numbrecht, Germany) by bleeding from the tail vein. Plasma cholesterol and triglyc-
eride levels were measured enzymatically using commercially available kits (Roche
Diagnostics GmbH, Mannheim, Germany). Total blood leukocyte (CD45%), T-cell
(CD3%), B-cell (CD19%) and myeloid (CD11b*) numbers were determined by FACS
analysis (FACSCalibur, BD Biosciences, California, USA) following standard protocol
(TruCOUNT, BD Biosciences, California, USA), as described before.!”

Atherosclerosis analysis

After either 7 or 11 weeks on a cholesterol-rich diet mice were sacrificed. Hearts
were overnight fixed in formalin (pH 7.4) and embedded in paraffin.The aorta was
snap-frozen and stored at -80°C.To quantify cross-sectional lesion area in the aortic
root formalin-fixed hearts were processed as described before.'*'® Sections of the
aortic root were routinely stained with hematoxylin-phloxine-saffran (HPS) for mor-
phometric analysis. Areas were determined using Leica Qwin image software (EIS,
Asbury, N)).

For en face analysis of lesion area in the aortic arch and thoracic aorta, the aorta
was cleaned in situ from periadventitial tissue, dissected from the aortic arch down
to the iliac bifurcation, opened longitudinally, pinned on a silicone basement and
stained with Oil-Red-O.The percentage of surface area covered by atherosclerotic
lesions (Oil-Red-O positive area) was quantified starting from the top of the aortic
arch 1 cm down towards the thoracic aorta by computer-assisted analysis'® (n=9
vs. n=10 for early atherosclerosis and n=9 vs. n=9 for advanced atherosclerosis for
p53%! and p53"mice, respectively).All analyses were performed double blindly with-
out prior knowledge of the genotype.

Lesion composition analysis

For compositional analysis of the lesions lipid core, necrosis and macrophage con-
tent were determined. Lipid core area was defined by the presence of cholesterol
clefts, extracellular lipids and the complete absence of nuclei. In addition, necrosis
was defined by the presence of pyknosis, karyorrhexis, or complete absence of nu-
clei.” Lipid core area and necrosis area were measured using morphometric analy-
sis, as described above. Serial sections were stained for macrophages using a rabbit
antibody to mouse macrophages (AIA-312040, 1/1500, Accurate Chemical and Sci-
entific). AIA-312040-positive areas were quantified as described before."”

To label DNA-synthesizing cells the mice received 5’-Bromo-2’-Deoxyuridine
(BrdU, Sigma; 60 mg/kg, intraperitoneally) for 3 consecutive days prior to sacrifica-
tion. Sections were stained for proliferation using a monoclonal mouse anti-BrdU
antibody (DAKO A/S Denmark) and for apoptosis using the TUNEL technique ac-
cording to manufacturer’s protocol (In situ cell detection kit POD, Roche Diagnos-
tics GmbH, Mannheim, Germany). Numbers of BrdU- or TUNEL-positive nuclei were
expressed per total atherosclerotic lesion area, corrected for lipid core area, as the
lipid core is an acellular area of the atherosclerotic lesion without nuclei and there-
fore by definition does not contain any (BrdU- or TUNEL- positive) nuclei.

Statistical analysis
Statistical analyses were performed using Graphpad Prism 4.03.All data groups were
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first tested for normality. If the data were distributed normally, groups were com-
pared using Welch’s corrected t-test. If data were not distributed normally, groups
were compared using Mann-Whitney rank sum test. Data are expressed as mean+SD.
P-value < 0.05 was regarded as significant.

RESULTS

General characteristics of apoE-deficient p539¢' mice

Littermate male apoE” mice either lacking p53 in their macrophages (p53") or
wildtype for p53 (p53™) were fed a cholesterol-rich diet for 7 weeks (early athero-
sclerosis) or 11 weeks (advanced atherosclerosis). During the study, the mice ap-
peared healthy and displayed no signs of abnormalities. As shown in Table 1, both
after 7 and 11 weeks of a cholesterol-rich diet challenge, mean body weight was
not different between p53%! and p53" mice. Plasma cholesterol, triglyceride and
hematocrite levels (Table 1) and lipoprotein profiles (data not shown) did not differ
between p53%! and p53" mice. Moreover, absence of macrophage p53 did not affect
circulating T-cell, B-cell or myeloid cell concentrations (Table 1) as analyzed after 11
weeks feeding a cholesterol-rich diet.

Table 1. General characteristics of male p53°! and p53" mice after feeding a cholesterol-rich
diet for 7 weeks (early atherosclerosis development) or 11 weeks (advanced atherosclerosis
development)

p53" p53*! p53"° P53
Atherosclerosis development Early Advanced
Weight (g) 20.5£2.8  29.8+3.0  29.4+3.6  28.3+2.2
Plasma lipid Cholesterol 31.7+8.0 28.4+7.4  47.0£16.3 39.9x16.4
levels (mmol/L) - yyjo1vcerides 13£0.6 12406  1.1#04  1.1%0.6
Hematocrite 0.47+0.02 0.47+0.02 0.47+0.02 0.47+0.04
Blood T-cells (CD3%) n.d. n.d. 1.8+0.4 1.7x£0.5
l(ell(;lg(::(é:sl’ltse/srnL) B-cells (CD199)  n.d. n.d. 49+11  37+14
Myeloid cells n.d. n.d. 3.6+£0.5 3.7+1.3

(CD11b%)
n.d. = not determined

To confirm deletion of p53 in macrophages, we analyzed p53 protein levels in thio-
glycollate-elicited macrophages using Western blot analysis.Yields of thioglycollate-
elicited peritoneal macrophages from p53%! and p53" mice were similar (data not
shown). Western blot analysis showed that p53 was virtually absent in thioglycol-
late-elicited macrophages from p53! animals, while it could easily be detected in
p53" macrophages (Figure 1A).To further increase p53 signals in the macrophages,
we treated the cells with the DNA damaging agent etoposide in the presence of
the proteasome inhibitor MG132. Such treatments are known to increase the lev-
els of the very unstable p53 protein.?! As can be seen in figure 1A, this treatment
strongly increased p53 levels in p53" macrophages and resulted in the presence of
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Figure 1. (A.) Protein extracts from p53°! and p53" macrophages, either mock-treated or
treated with etoposide and proteasome inhibitor MG132,were analyzed for p53 and o-tubulin
expression. (B.) p53 protein expression levels in lysates from representative p53! and p53"
macrophages treated with etoposide and MG132. P53 protein levels in p53°! macrophages
were correlated to the p53 expression levels in p537 macrophages, corrected for the loading
control o-tubulin. MEF: lysate from wild type mouse embryo fibroblasts (positive control);
DKO: lysate from homozygous p53/mdm2 double knock out mouse embryo fibroblasts
(negative control)

a p53 band in the p53% cells, indicating that some remaining p53 was left. Semi-
quantitative PCR confirmed that some wild type allele was left in the p53‘! macro-
phages (data not shown).The relative difference in p53 levels between p53! and
p53" macrophages was quantified using Western blots of etoposide/MG132-treated
cells and showed a reduction of approximately 90% in p53 protein levels in p539
macrophages as compared to p53" mice (Figure 1B). Moreover, titration on Western
blot using lysates from p53" macrophages to obtain p53 protein levels similar to
that of p53%! macrophages also required over 10-fold dilution confirming the >90%
reduction in p53 protein levels (data not shown).These data show that cell specific
deletion of p53 results in a strong (>90%) reduction in p53 protein levels in mac-
rophages.

Analysis of atherosclerotic lesion area

Mice fed the cholesterol-rich diet for 7 weeks (early atherosclerosis) or 11 weeks
(advanced atherosclerosis) were sacrificed for collection of heart, aorta, and other
organs. Morphometric analysis of the total atherosclerotic lesion area in the aortic
root showed no difference between p53% and p53" in early lesion size (P=0.40,
Figure 2A and B) and in advanced lesion size (P=0.12, Figure 2A and B). In addi-
tion, en face analysis of Oil-Red-O stained aortas did also not reveal a difference in
relative lesion area between p53%! and p53" mice on early (P=0.84, Figure 3 A and
B) and advanced atherosclerosis development (P=0.84, Figure 3A and B). Hence,
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Figure 2. Aortic root atherosclerosis in p53‘! and p53" mice. (A.) Early and advanced
aortic root atherosclerosis in p53" (closed circles) and p53%! (open circles) mice. Symbols
indicate individual mice. Line represents mean area for each group. (B.) Representative
photomicrographs of atherosclerotic lesions in p53® and p53%! mice. Serial sections were
stained with HPS. L: lipid core, magnification 50x, scale bar 100 ym.
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Figure 3. Aortic arch and thoracic aorta atherosclerosis in p53%!and p53"mice.(A.) Early and
advanced atherosclerosis in p53" (closed triangles) and p53° (open triangles) mice. Symbols
indicate individual mice.Line represents mean area for each group.(B.) Representative Oil-Red-
O stained aortas of p53" and p53°! mice in early and advanced atherosclerosis development.



o ‘ Chapter 2

absence of macrophage p53 did not affect total atherosclerotic lesion area, both in
early and advanced atherosclerotic lesions at two different regions in the aortas of
apoE-deficient mice.

Cell proliferation and cell death

To investigate whether macrophage p53 deficiency affects cell turnover in the le-
sions both cell proliferation and cell death were followed during atherosclerosis
development. For analysis of cell proliferation mice were injected daily with BrdU
for 3 days before the end of the experiment. In both the early and advanced athero-
sclerosis group the incidence of BrdU* cells did not differ between p53%! and p53"
mice (Figure 4A), indicating that macrophage p53 deficiency did not affect lesional
proliferation in both early and advanced atherosclerosis.
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Figure 4. Proliferation, apoptosis and necrosis in p53" and p53! mice. (A.) Proliferation
was detected by BrdU-staining. Bars represent the number of BrdU* nuclei per lesion area.
(B.) Apoptosis was detected by TUNEL staining. Bars represent the number of TUNEL" nuclei
per lesion area. (C.) Necrosis, defined by the presence of pyknosis, karyorrhexis, or complete
absence of nuclei, was analyzed on HPS sections. Bars represent necrotic area per lesion area.
Black bars, p53® mice; white bars p53“!mice. Error bars indicate SEM. *P<0.05.
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To investigate cell death in the atherosclerotic lesions apoptosis and necrosis
were quantified. Apoptotic cells in the atherosclerotic lesions were identified as
TUNEL-positive cells. Strikingly, the incidence of TUNEL-positive nuclei was strongly
reduced in p53%! mice in both early and advanced atherosclerosis development
(-59% and -37%, respectively, P<0.05, Figure 4B). In addition to apoptosis, necrosis
in the lesions was quantified. Necrosis in the advanced atherosclerosis group was 2-
fold increased in the p53%!group,as compared to the controls (P<0.05, Figure 4C).A
similar trend was observed in early atherosclerosis although not significant (Figure
4C). These analyses show that macrophage p53 deletion prevents lesional macro-
phage apoptosis both in early and advanced atherosclerosis. In addition, prevention
of macrophage apoptosis in advanced atherosclerosis switches the cell death path-
way towards necrotic cell death.

Macrophages and lipid core

To analyze whether the changes in lesional cell death in p53“! mice coincided with
changes in atherosclerotic lesion composition we performed a more detailed phe-
notypic analysis of the lesions. Macrophage area was detected by immunostaining
and lipid core area was defined by the presence of cholesterol clefts, extracellular
lipids and complete absence of nuclei. In the early atherosclerosis group both mac-
rophage area and lipid core content were not affected by macrophage restricted-
p53 deletion (Table 2). However, quantification of macrophage area in the advanced
atherosclerosis group revealed a 24% increase in p53%' mice as compared to the
p53" control mice (P<0.05,Table 2). Interestingly, these changes coincided with a
strong 41% reduction in the lipid core content of the lesions in p53‘! mice as com-
pared to p53" control mice (P<0.05,Table 2, Figure 2B, right panel). Hence, the de-
crease in lesional apoptosis in p53%! mice coincides with a change in cellular lesion
composition towards atherosclerotic lesions with an increased macrophage area
and a decreased lipid core.

Table 2. Characteristics of early (7 weeks cholesterol-rich diet) and advanced (11 weeks
cholesterol-rich diet) atherosclerotic lesions in p53%! and p53? mice

p53° p539 p53° p539

Atherosclerosis development Early Advanced

Lesion macrophage area
(% of total lesion area)

Lipid core (% of total lesion area) 3.1£3.6 2.5+3.3 11.1x4.2 6.5+3.7*
*P<0.05

66.4+x10.5 63.6x11.5 42.2+82 52.5+9.8*

DISCUSSION

In the present study, we investigated the role of macrophage p53 in the pathogen-
esis of atherosclerosis. Absence of macrophage p53 did not affect lesion area of
early and advanced atherosclerosis analyzed both at the level of the aortic root and
at the level of the aortic arch and thoracic aorta in ApoE-deficient mice. However,
detailed analysis of atherosclerosis in the aortic root revealed that apoptosis of foam
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cells was strongly reduced in p539!'mice at both time points, while proliferation was
unaffected. Moreover, the reduction in lesional apoptosis in p53°! mice coincided
with increased necrosis in the advanced atherosclerotic lesions. The changes in le-
sional cell death were accompanied by an increase in relative macrophage area and
a decrease in relative lipid core area in the advanced atherosclerosis group. Hence,
these studies demonstrate that macrophage p53 is a major mediator of foam cell
apoptosis and inhibition of this pathway results in a shift of cell death towards ne-
crotic death of lesional macrophages, thereby affecting lesion composition.

Previous bone marrow transplantation (BMT) studies demonstrated that p53
of hematopoietic origin clearly has atheroprotective properties.'!' Bone marrow
harbors not only progenitors for the myeloid lineage including macrophages, but
also the progenitors from which ultimately T-cells and B-cells originate. In athero-
sclerosis, T-cell derived cytokines as well as B-cell mediated antibody production
clearly contribute to atherosclerosis progression.! Moreover, p53 is shown to be
important in T- and B-cell turnover.?** Hence, the atheroprotective effect of bone
marrow derived p53 could be attributed in part to T and B-cell-specific p53.In this
light it is of interest that hematopoietic p53 deficiency (i.e. combined lymphocyte
and macrophage p53 deficiency) results in strong effects on the size of the lesions,
while this study demonstrates that macrophage-restricted p53 deficiency results to
more subtle effects confined to lesional macrophage turnover, eventually affecting
lesion composition. Combining these data it can be suggested thatT/B-cell p53 is in-
volved in modulating size i.e. growth of the lesions. Future studies, using conditional
approaches for lymphocyte-specific deletion of p53 may shine more light onto the
role of lymphocyte-derived p53 in atherogenesis.

Additionally, the differences in findings on quantitative lesion area may also
partly be attributed to the differences in choice of atherosclerotic background.
Whereas the LDL-receptor deficient mouse model'! and the APOE*3-Leiden mouse
model' show mild atherosclerosis development, the apoE” mouse is a model of ac-
celerated atherosclerosis development leading to complex atherosclerotic lesions.*
Moreover, absence of ApoE inhibits cholesterol efflux from macrophages and there-
by more progressively stimulates the formation of foam cells, our cells of interest.*
Although the clearance of apoptotic cell remnants is attenuated in apoE’” mice?® the
foam cell rich lesions enabled us to establish the role of macrophage p53 on macro-
phage turnover in the atherosclerotic lesions.

Based on the current study we hypothesize that in early lesions foam cells
preferentially die quickly via a relatively clean apoptotic death which requires p53.
However, eventually, the composition of the lesions may prevent complete proper
phagocytosis of the apoptotic cells, resulting in secondary necrosis*’ and the for-
mation of a lipid core. In contrast, upon impaired functioning of the p53 pathway
in macrophages, lesional foam cells are no longer directed to die via the apoptot-
ic pathway. This is in line with recent in vitro data of Mercer et al. showing that
p537 peritoneal macrophages exhibit reduced apoptosis.?® As a consequence of the
inability to die via apoptosis, death of foam cells may be delayed, but eventually it re-
sults in increased death via necrosis, due to extensive lipid accumulation. Previously,
it was also shown that inhibition of p53 in mouse embryonic fibroblasts results in a
shift of NO-induced cell death towards relatively more necrosis and less apoptosis.?



Macrophage p53 and atherosclerosis

The alternative necrotic death pathway of foam cells may be more slowly and is gen-
erally considered to be more detrimental since necrosis leads to the release of pro-
inflammatory and pro-thrombotic substances. Hence, macrophage necrosis is detri-
mental to atherosclerotic lesion development, whereas macrophage apoptosis can
be considered more beneficial in lesion development and plaque stability. Therefore,
our data point towards an important role for macrophage p53 in controlling foam
cell death by induction of apoptosis and prevention of lesional necrosis.

In conclusion, we demonstrate that macrophage p53 guarantees safe foam cell
death via apoptosis and thereby prevents lesional necrosis, which directly affects le-
sion composition. Lesion composition rather than lesion size determines its vulner-
ability and thereby its clinical relevance.This implies that local targeting of process-
es that regulate p53 mediated apoptosis may be a powerful target for therapeutic
intervention in coronary artery disease. Recently, the use of drug-eluting stents has
emerged as a highly promising local approach to reduce in-stent restenosis.’ The
different drugs (i.e. rapamycin, flavopiridol) used in these drug-eluting stents target
different apoptosis and proliferative genes, including p53.
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