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Abstract
Objectives: Chemokines are key regulators of transmigration of leukocytes into the
vessel wall during atherosclerotic lesion formation and progression. Chemokines signal
via dedicated receptors of the G-protein coupled receptor (GPCR) family, the activity
of which is regulated not only at expression but also at functional level. An important
mechanism for controlling receptor activity is receptor desensitization by GPCR kinases
(GRKs), which dampen the response to prolonged or repeated stimuli. Conceivably,
downregulation of GRKs as observed in various inflammatory disorders, results in
excessive leukocyte migration towards inflammatory sites such as atherosclerotic
plaques, aggravating disease progression.
Results: Surprisingly, irradiated LDLr”/- mice, reconstituted with GRK2*/ vs. littermate
bone marrow showed less lesion formation in the aortic sinus after 12 weeks of western
type diet feeding. Plaques of GRK2*/- chimeras had an increased macrophage content,
which was in agreement with a highly significant peritoneal accumulation of monocytes.
Deposition of collagen was, independently of plaque size, reduced, whilst vascular
smooth muscle cell content was similar. Moreover a robust 78% decrease in necrotic
core size was apparent in GRK2*/ chimeras, an effect that could not be attributed
to differences in plaque size. White blood cell and peritoneal cell analysis revealed
increased leukocyte numbers in GRK2*/ chimeras. Furthermore, peritoneal monocyte/
macrophage numbers were significantly increased in GRK2*/ transplanted mice which
is in concordance with the enhanced intimal macrophage numbers.
Conclusions: Taken together, our data demonstrate that even partial GRK2 disruption
inhibits plaque progression and improves plaque stability, rendering leukocyte GRK2 a
potential target for therapeutic intervention in cardiovascular disease.
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Chapter 8

Introduction

Chemokines, cytokines with strong chemotactic capacity® ? are key regulators of the
transmigration of leukocytes into the vessel wall during atheroscleroticlesion formation
and progression® . The vast majority of chemokines are inducible, inflammatory
chemokines, that control cellular recruitment especially to sites of inflammation®.
Chemokines can be released from many cell types relevant to atherosclerosis including,
endothelial cells, platelets, MCs, macrophages and lymphocytes®®.They act by binding
to dedicated receptors of the G-protein coupled receptor (GPCR) family of seven
transmembrane loop receptors. GPCRs are coupled to heterotrimeric G-proteins and
induce after ligand binding cAMP mediated calcium release and subsequent activation
of downstream signalling cascades!® .

The activity of most GPCRs is regulated not only at the level of mRNA and
protein expression but also at a functional level. One such mechanism is receptor
desensitization, which dampens the response to prolonged or repeated stimuli'*
13, Desensitization occurs within seconds after receptor stimulation and is primarily
mediated by uncoupling of the GPCR from associated G-proteins'* !°. Dedicated GPCR
kinases (GRKs) can induce receptor desensitization by phosphorylation of the ligand
occupied receptor, thereby enhancing its affinity for cytosolic inhibitor proteins, so-
called arrestin family members. Binding of arrestins to the phosphorylated receptor
results in uncoupling and internalization of the receptor!®1’. To date the GRKfamily
comprises 7 ubiquitously expressed serine/threonine Kkinases's, which have been
categorized into three subclasses based on functional and structural similarities: (1)
rhodopsin kinases (GRK1 and GRK-7) (2) B-adrenergic receptor kinases (GRK2 and
GRK3) and (3) GRK4 (GRK4, GRK5 and GRK6).

While several of the GRK family members have been implicated in human
pathology, GRK2 has been most frequently related to cardiovascular diseases. GRK2
contributes to chronic heart failure '®'* and was shown to induce hypertension by
inhibiting B-adrenergic agonist stimulation®*??, regulation of epithelial Na* channels
activity?® and by impairment of endothelial cell nitric oxide synthase (eNOS) activity?*.
GRKs also regulate inflammatory responses relevant to atherosclerosis. Indeed patients
suffering from rheumatoid arthritis, an inflammatory disease which shares many
features with atherosclerosis, were shown to have decreased GRK2 levels. Rheumatoid
arthritis specific cytokines (IFNy, interleukin-6) are able to decrease GRK2 synthesis®
26 Interestingly, next to its role in phosphorylation-dependent receptor desensitization,
GRK2 also is able to bind to several proteins involved in cell survival and signalling, like
p38.2427-31 The p38 MAP kinase pathway is involved in many aspects of atherosclerosis,
like endothelial cell apoptosis®*3*, foam cell formation®* and smooth muscle cell
proliferation3¢,

It is conceivable that GRK downregulation results in excessive cellular
migration towards inflammatory sites like the atherosclerotic plaque. Its effects on the
p38 MAP kinase pathway will possibly influences plaque progression or stability. These
considerations stimulated us to assess the effects of partial, leukocyte specific, GRK2
deficiency on atheroscleortic lesion development.

Materials & Methods

Animals

LDLr7- mice were obtained from the local animal breeding facility. Mice were maintained
on regular chow (RM3; Special Diet Services, Essex, U.K.). Drinking water was provided
ad libitum. In vivo experiments were performed at the animal facilities of the Gorlaeus
laboratories of Leiden University. All experimental protocols were approved by the
ethics committee for animal experiments of Leiden University.
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Bone Marrow Transplantation

To induce bone marrow aplasia, male LDLr/" recipient mice were exposed to a single
dose of 9 Gy (0.19 Gy/min, 200 kV, 4 mA) total body irradiation using an Andrex Smart
225 Rontgen source (YXLON International) with a 6-mm aluminium filter 1 day before
the transplantation. Bone marrow was isolated from male GRK2*/ or wildtype (WT)
controls by flushing the femurs and tibias. Irradiated recipients received 0.5x107 bone
marrow cells by tail vein injection and were allowed to recover for 6 weeks. Drinking
water was supplied with antibiotics (83 mg/L ciprofloxacin and 67 mg/L polymyxin
B sulfate) and 6.5 g/L sucrose and was provided ad libitum. Animals were placed on a
Western type diet containing 0.25% cholesterol and 15% cacao butter (SDS) diet for 12
weeks and subsequently sacrificed.

Histological analysis

Cryostat sections of the aortic root (10 um) were collected and stained with Oil-red-0.
Lesion size was determined in 5 sections of the aortic valve leaflet area. Corresponding
sections on separate slides were stained immunohistochemically with an antibody
directed against a macrophage specific antigen (MoMa-2, monoclonal rat IgG2b, dilution
1:50; Serotec, Oxford, UK). Goat anti-rat IgG-AP (dilution 1:100; Sigma, St. Louis, MO)
was used as secondary antibody and NBT-BCIP (Dako, Glostrup, Denmark) as enzyme
substrates. Movat's pentachrome staining was used to visualize collagen (yellow
staining), vascular smooth muscle cells (red staining), elastin (black), proteoglycans
(green)*” and for determination of necrotic area. Histological analysis was performed
by an independent operator.

Flow cytometry

Upon sacrifice blood and peritoneal leukocytes were collected and subsequently
analyzed for cellular composition on a fully automated fluorescence flow cytometer
(XT-2000i, Sysmex Europe, Norderstedt, Germany)

Statistical analysis

Data are expressed as mean + SEM. A 2-tailed Student’s t-test was used to compare
individual groups. Non-parametric data were analyzed using a Mann-Whitney U test.
Correlations were analyzed by Spearman’s rank test, while distribution variances were
analyzed by an F-test. A level of p<0.05 was considered significant.

Results

Partial GRK2*/- deficiency does not influence body weight or total cholesterol levels
during the course of the experiment (data not shown). Lesion development in the aortic
root was significantly reduced in GRK2* chimeras (403.0 + 43.8x10° pum?in GRK2*/"
compared to 585.0 + 56.4 x10% um? in WT controls; p=0.017, Figure 1A). The percentage
of intimal MoMa-2* macrophages was more than 2-fold increased in GRK2*/- chimeras
(15.3 = 2.4% in WT controls compared to 32.3 £ 2.9% in GRK2*/; p=0.00015, Figure
1B). As a marker of lesion stage and development intimal collagen deposition was
determined. The collagen content was significantly lower on partial GRK2*/- deficiency
(7.3 £1.8% in WT controls compared to 3.2 + 0.6% in GRK2*" chimeras; p=0.045, Figure
2A), while the amount of vascular smooth muscle cells was similar (8.5 * 2.2% in WT
controls compared to 6.6 + 0.6 in GRK2*/- chimeras; p=0.43, Figure 2B). Interestingly
plaque necrotic core size was decreased by a robust 78% in GRK2*" chimeras (44.6 *
6.1% in WT controls compared to 9.5 *+ 2.3% in GRK2*/- chimeras; p=0.000008, Figure
3A).

To assess whether the observed phenotypic effects of partial GRK2 deficiency
on plaque composition are merely due to the less progressed stage of atherosclerosis,
we compared size vs. macrophage, necrotic core and collagen content correlations
by F-test. As expected intimal macrophage content nicely correlated to plaque size in

131



Chapter 8

A
7501
«—
£
=3
)
2 500 .
©
(]
<
o 2507
3
=3
8
o
U T
wr GRK2™"
B WT GRK2"-
457 R
g,',, L - '; ._/ iy
2 *kk 7 -l-t_. l;;"? :\‘
o 30 A
2 30
5 e ‘
g | i X
i
= ki
©
£ 157 b 3 <
'.E. 3 -
- .Iv
B
0 T
w s

Figure 1: GRK2 have attenuated atherogenesis, but increased macrophage accumulation. A) Plaque size was
significantly reduced in GRK2*~ mice (white bars) compared to littermate controls (white bars). Represenative
0il red O slides for controls (centre panel) and GRK2*" chimeras (right panel). B) GRK2*- plaques (black bars)
contained more macrophages compared to WT controls (black bars). Representative MoMa-2 slides for controls
(centre panel) and GRK2*/- chimeras (right panel), macrophages are depicted in blue. Images 50x magnification.
*0=0.017, **p=0.00015.
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Figure 2: GRK2* plaques have decreased collagen content, while vSMC content is similar. A) Collagen deposition
was significantly reduced in GRK2*-mice (black bars) compared to littermate controls (white bars). B) Smooth
muscle cell content does not significantly differ between control (white bars) and GRK2"" plaques (black bars).
C) Representative pentachrome slides for WT (left panel) and GRK2*/- chimeras (right panel), collagens are
stained in yellow, elastins in black, intimal vSMCs in red, and proteoglycans in green. Images 50x magnification.
*p=0.045.
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both WT controls and GRK2*/ chimeras (Pearsons R=0.6355; p=0.02 for WT controls
and Pearsons R=0.7622; p=0.002 for GRK2*/- chimeras). Collagen content correlated to
plaque size only in WT chimeras (Pearsons R=0.7473; p=0.003 for WT controls and
Pearsons R=0.4011; p=0.17 for GRK2*/- chimeras), but statistical analysis did reveal
a significant difference between groups, independent of lesion size (p=0.003, Figure
3(C). Likewise necrotic core size correlated to plaque size as well both for WT controls
and for GRK2*/ chimeras (Pearsons R=0.7745; p=0.002 for WT controls and Pearsons
R=0.6994; p=0.005 for GRK2*/ chimeras, Figure 3D), but here correlations were
significantly different, suggestive of a stage-independent effect of GRK2+/- on necrotic
core size (p=0.003; Figure 3D).
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Figure 3: GRK2*" plaques have severely impaired necrosis, which is independent of lesion size. A) Necrotic
core size was profoundly reduced in GRK2* mice (black bar) compared to littermate controls (white bar).
Representative pentachrome slides for controls (central panel) and GRK2*/- chimeras (right panel). Correlation
between macrophage content (B), collagen content (C) and necrotic area (D) and plaque area for littermate
control (white dots) and GRK2*" (black dots) chimeras. Statistical analysis revealed a highly significant difference
in collagen content and necrotic core area in plaques of GRK2*/- chimeras vs. littermate controls (both p=0.003),
that cannot be explained from differences in plaque size. In contrast, increased plaque macrophage contents
in GRK2"" vs. controls are likely attributable to differences in plaque size (p=0.35). Images 50x magnification.
***p=0.000008.

White blood cell analysis revealed an increase in circulating leukocyte numbers
in GRK2*/- chimeras (4.1 *+ 0.4 x10° cells/ml in WT controls compared to 5.9 + 0.6 x10°
cells/ml in GRK2*- chimeras; p=0.03, Figure 4A). This increase was most apparent in
the lymphocyte and neutrophil subsets (2.5 + 0.3x10° in WT controls compared to
4.3 + 0.6 x10° lymphocytes/ml in GRK2*/ chimeras; p=0.01, Figure 5B and 0.68 + 0.06
x10°¢ in controls compared to 1.21 + 0.12x10° neutrophils/ml; p=0.0008, Figure 4C),
while no differences in circulating monocytes were observed (0.25 = 0.05 x10° in WT
controls compared to 0.23 + 0.03 x10° monocytes/ml in GRK2*/- chimeras, Figure 4D).
As the leukocyte composition pattern of the peritoneal lavage may to some extent (e.g.
chemotaxis, half life survival, expansion) reflect that of the atherosclerotic plaque we
also analyzed this compartment. Similar to the circulation, the number of peritoneal
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leukocytes was significantly enhanced in GRK2*" transplanted mice (4.7 + 0.6 x10° in
WT controls compared to 10.0 + 1.1 x10° cells/ml in GRK2*/ chimeras; p=0.0002, Figure
4E). Contrary to the circulation however, peritoneal monocyte/macrophage numbers
were significantly increased in GRK2*/ transplanted mice (2.3 £ 0.3 x10°in WT controls
compared to 4.9 * 0.5 x10° monocytes/ml in GRK2*/ chimeras; p=0.00009, Figure 4H),
which is in concordance with the enhanced intimal macrophage numbers. Moreover,
the lymphocyte number was enhanced (1.8 + 0.3 x10° in WT controls compared to 4.5
+ 0.7 x10° lymphocytes/ml in GRK2*/ chimeras; p=0.001, Figure 4F), while neutrophil
numbers were not significantly different between WT control and GRK2*/- transplanted
mice (0.50 £ 0.15 x10° in WT controls compared to 0.31 + 0.04 x10° neutrophils/ml in
GRK2*/-chimeras; p=0.27, Figure 4G).
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Figure 4: GRK2*/- have perturbed leukocyte patterns in circulation and peritoneum. Total number of circulating
leukocytes (A), lymphocytes (B), neutrophils (C) and monocytes (D) as determined by differential cell count
(Sysmex). Number of peritoneal leukocytes (E), lymphocytes (F), neutrophils (G) and monocytes (H) in WT
controls (white bars) and GRK2*" chimeras (black bars). *p<0.05, ***p<0.001.

Collectively the observed findings leads to the surprising finding that partial
disruption of GRK2 may promote attenuation and stabilization of atherosclerotic
lesions. In a recent study GRK was shown not only to act by desensitizing GPCRs but
also by inhibiting p38/MAPK, a critical factor in cell survival®'. Alternatively, GRK2
signalling was seen to influence cytoskeletal function®® *, thereby possibly influencing
phagocytosis of apoptotic remnants and lipoprotein aggregates**? resulting in build up
of necrotic debris and an aggravated inflammatory response. Although further studies
to address these issues are awaited we can conclude that, opposite to our expectations,
disruption of the GRK2 chemokine desensitizer pathway results in attenuation of
atherosclerotic lesion formation which is accompanied by improved plaque stability as
aresult of decreased necrosis.

Discussion

Rapid chemokine receptor desensitization is a key process in accurate, time controlled
chemotaxis duringinflammation and is regulated by G-Protein Coupled Receptor Kinases
(GRKs)** 15, GRK-2 is known to desensitize CCR1, CCR2 and CCRS5, all critical actors in
atherogenesis***°. Therefore it is not surprising that GRK activity is instrumental in
many inflammatory responses. Indeed patients suffering from rheumatoid arthritis, an
inflammatory disease which shares many features with atherosclerosis, were shown to
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have decreased GRK2 levels, possibly as a result of elevated levels of cytokines such as
IFNy and interleukin-62>2°, Together these data point to an important protective role of
this kinase in atherosclerosis.

Contrary to our expectation atherogenesis was attenuated in GRK2*/- chimeras.
Moreover, plaques of GRK2*/-mice were much less progressed, and maintained a fatty
streak phenotype. In concurrence with the disease progression stage GRK2*/ plaques
contained significantly more macrophages. Necrotic core formation was robustly
attenuated in these mice, which was attributable to reduced GRK2 activity rather
than to differences in plaque progression stage, suggesting a direct effect of GRK2 on
macrophage apoptosis or apoptotic remnant processing/handling.

Interestingly, several studies have revealed that, next to its role in phosphory-
lation dependent receptor desensitization, GRK2 also is able to bind to several proteins
involved in cell survival and signalling, such as PI3 kinase, Akt, caveolin,MEK1/2 and
p38 MAPK?** 2731 In fact, GRK2 was shown to inactivate p38-MAPK. The p38 MAP
kinase pathway is involved in several aspects of atherosclerosis, including induction
of endothelial cell death3?3* and stimulation of foam cell formation3® while its role
on smooth muscle cell proliferation is unambigous®® *¢ 7, Accordingly, changes in
GRK2 levels and activity may impact p38-dependent processes such as cellular
differentiation and survival*®* *°. For instance, p38 MAPK signalling is necessary for
induction of macrophage apoptosis® and deficiency in the upstream p38 signaling
partner, phospholipase C, induced apoptosis sensitivity in macrophages and results in
attenuated atherosclerotic lesion formation® These data suggest that partial deletion
of GRK2*/ could be accompanied by increased p38 mediated macrophage apoptosis
and subsequent attenuation of atherogenesis, as apparent in our study. This effect
could even be potentiated by the enhanced chemokine expression and signalling, that
is observed in GRK heterozygousity, which may translate in improved clearance of
apoptotic remnants®2.

However, the effects of macrophage apoptosis on atherosclerosis are still under
debate but might be dependent on lesion stage. Several studies have shown that in early
and intermediate plaques increased macrophage apoptosis is beneficial °*°*, while other
have suggested otherwise®. In advanced atherosclerosis, however, macrophage death
can promote necrotic core expansion and plaque destabilization®*%’. A second option is
that the lack of necrotic core in GRK2 hemizygotes is the consequence of more efficient
phagocytosis. GRK2 was shown to influence cytoskeleton composition®® 3 thereby
tuning the phagocytotic capacity of macrophages. Moreover, it was shown recently that
disturbed phagocytotic clearance can accelarate atherosclerosis in mice®® However,
analysis of both circulating and peritoneal cells does not support this notion as GRK2*/
chimeras had similar circulating monocyte numbers., and peritoneal monocyte numbers
were even increased. It should be noted though that the rate of monocyte apoptosis has
not yet been determined. The migratory capacity of the white blood cell subsets to the
peritoneum appears to be enhanced, which is in keeping with the presumed mode of
action of GRK2

Collectively our data indicate a complex role of GRK2" in macrophage function
and atherogenesis. GRK2 appears particularly important for macrophage apoptosisand/
or remnant clearance as necrotic core size is, independent of lesion stage, significantly
decreased in GRK2*/- lesions. We believe this to be a direct result of enhanced intimal
macrophage apoptosis possibly combined with increased clearance. As even partial
inhibition of GRK function suffices to halt plaque progression at a fatty streak stage, GRK2
antagonists might prove worthwhile to investigate for treatment of early atherosclerosis,
while GRK2 agonists might positively influence advanced atheroscleroticlesions leading
to plaque stabilization by impairment of local inflammatory stimuli and attenuation of
necrotic core formation.



Chapter 8

References

1.
2.

oo N 1o W

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rossi D, Zlotnik A. The biology of chemokines and their receptors. Annu Rev Immunol. 2000;18:217-
242.

Bazan JF, Bacon KB, Hardiman G, et al. A new class of membrane-bound chemokine with a CX3C motif.
Nature 1997;385(6617):640-644.

Weber C, Schober A, Zernecke A. Chemokines: key regulators of mononuclear cell recruitment in
atherosclerotic vascular disease. Arterioscler Thromb Vasc Biol. 2004;24(11):1997-2008.

Liehn EA, Zernecke A, Postea O, et al. Chemokines: Inflammatory mediators of atherosclerosis. Arch
Physiol Biochem. 2006;112(4):229-238.

Moser B, Willimann K. Chemokines: role in inflammation and immune surveillance. Ann Rheum Dis.
2004;63 Suppl 2:1184-1i89.

Burke-Gaffney A, Brooks AV, Bogle RG. Regulation of chemokine expression in atherosclerosis. Vascul
Pharmacol. 2002;38(5):283-292.

Weber C. Platelets and chemokines in atherosclerosis: partners in crime. Circ Res. 1 2005;96(6):612-
616.

Reape TJ, Groot PH. Chemokines and atherosclerosis. Atherosclerosis. 1999;147(2):213-225.

Lukacs NW, Strieter RM, Chensue SW, et al. Activation and regulation of chemokines in allergic airway
inflammation. J Leukoc Biol. 1996;59(1):13-17.

Thelen M. Dancing to the tune of chemokines. Nat Immunol. 2001;2(2):129-134.

Arai H, Charo IF. Differential regulation of G-protein-mediated signaling by chemokine receptors. J Biol
Chem. 1996;271(36):21814-21819.

Muller S, Lohse MJ. The role of G-protein beta gamma subunits in signal transduction. Biochem Soc Trans.
1995;23(1):141-148.

Hausdorff WP, Caron MG, Lefkowitz R]. Turning off the signal: desensitization of beta-adrenergic receptor
function. Faseb J. 1990;4(11):2881-2889.

Premont RT, Inglese ], Lefkowitz R]. Protein kinases that phosphorylate activated G protein-coupled
receptors. Faseb J. 1995;9(2):175-182.

Freedman NJ, Lefkowitz R]. Desensitization of G protein-coupled receptors. Recent Prog Horm Res.
1996;51:319-351; discussion 352-313.

Arriza JL, Dawson TM, Simerly RB, et al. The G-protein-coupled receptor kinases beta ARK1 and beta
ARK?2 are widely distributed at synapses in rat brain. ] Neurosci. 1992;12(10):4045-4055.

Attramadal H, Arriza JL, Aoki C, et al. Beta-arrestin2, a novel member of the arrestin/beta-arrestin gene
family. ] Biol Chem. 5 1992;267(25):17882-17890.

Ungerer M, Bohm M, Elce JS, et al. Altered expression of beta-adrenergic receptor kinase and beta 1-
adrenergic receptors in the failing human heart. Circulation. 1993;87(2):454-463.

Ungerer M, Parruti G, Bohm M, et al. Expression of beta-arrestins and beta-adrenergic receptor kinases
in the failing human heart. Circ Res. 1994;74(2):206-213.

Gros R, Chorazyczewski ], Meek MD, et al. G-Protein-coupled receptor kinase activity in hypertension
: increased vascular and lymphocyte G-protein receptor kinase-2 protein expression. Hypertension.
2000;35(1 Pt 1):38-42.

Feldman RD. Beta-adrenergic inhibition of Na-K-Cl cotransport in lymphocytes. Am | Physiol. Nov
1992;263(5 Pt 1):C1015-1020.

Gros R, Benovic JL, Tan CM, et al. G-protein-coupled receptor kinase activity is increased in hypertension.
J Clin Invest. 1997;99(9):2087-2093.

Dinudom A, Fotia AB, Lefkowitz R], et al. The kinase Grk2 regulates Nedd4 /Nedd4-2-dependent control
of epithelial Na+ channels. Proc Natl Acad Sci U S A. 2004;101(32):11886-11890.

Liu S, Premont RT, Kontos CD, et al. A crucial role for GRK2 in regulation of endothelial cell nitric oxide
synthase function in portal hypertension. Nat Med. 2005;11(9):952-958.

Lombardi MS, Kavelaars A, Schedlowski M, et al. Decreased expression and activity of G-protein-coupled
receptor kinases in peripheral blood mononuclear cells of patients with rheumatoid arthritis. Faseb J.
1999;13(6):715-725.

Levine ]JD, Coderre TJ, Helms C, et al. Beta 2-adrenergic mechanisms in experimental arthritis. Proc Natl
Acad Sci U S A. 1988;85(12):4553-4556.

Jimenez-Sainz MC, Murga C, Kavelaars A, et al. G protein-coupled receptor kinase 2 negatively regulates
chemokine signaling at a level downstream from G protein subunits. Mol Biol Cell. 2006;17(1):25-31.
Lorenz K, Lohse M], Quitterer U. Protein kinase C switches the Raf kinase inhibitor from Raf-1 to GRK-2.
Nature. 4 2003;426(6966):574-579.

Penela P, Ribas C, Mayor F, Jr. Mechanisms of regulation of the expression and function of G protein-
coupled receptor kinases. Cell Signal. 2003;15(11):973-981.

Elorza A, Penela P, Sarnago S, et al. MAPK-dependent degradation of G protein-coupled receptor kinase
2.J] Biol Chem. 2003;278(31):29164-29173.

Peregrin S, Jurado-Pueyo M, Campos PM, et al. Phosphorylation of p38 by GRK2 at the docking groove
unveils a novel mechanism for inactivating p38MAPK. Curr Biol. 2006;16(20):2042-2047.

Takahashi M, Okazaki H, Ogata Y, et al. Lysophosphatidylcholine induces apoptosis in human endothelial
cells through a p38-mitogen-activated protein kinase-dependent mechanism. Atherosclerosis.
2002;161(2):387-394.

Ali N, Yoshizumi M, Tsuchiya K, et al. Ebselen inhibits p38 mitogen-activated protein kinase-mediated
endothelial cell death by hydrogen peroxide. Eur ] Pharmacol. 2004;485(1-3):127-135.

Hyman KM, Seghezzi G, Pintucci G, et al. Transforming growth factor-betal induces apoptosis in vascular



35.
36.
37.
38.
39.

40.
41.
42.

43.

44.
45.

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.

Partial Disruption GRK2 Attenuates Atherosclerosis

endothelial cells by activation of mitogen-activated protein kinase. Surgery. 2002;132(2):173-179.
Zhao M, Liu Y, Wang X, et al. Activation of the p38 MAP kinase pathway is required for foam cell formation
from macrophages exposed to oxidized LDL. Apmis. 2002;110(6):458-468.

Zhao M, Liu Y, Bao M, et al. Vascular smooth muscle cell proliferation requires both p38 and BMK1 MAP
kinases. Arch Biochem Biophys. 2002;400(2):199-207.

Carr SC, Farb A, Pearce WH, et al. Activated inflammatory cells are associated with plaque rupture in
carotid artery stenosis. Surgery. 1997;122(4):757-763; discussion 763-754.

Carman CV, Som T, Kim CM, et al. Binding and phosphorylation of tubulin by G protein-coupled receptor
kinases. ] Biol Chem. 1998;273(32):20308-20316.

Cant SH, Pitcher JA. G protein-coupled receptor kinase 2-mediated phosphorylation of ezrin is required
for G protein-coupled receptor-dependent reorganization of the actin cytoskeleton. Mol Biol Cell.
2005;16(7):3088-3099.

Binker MG, Zhao DY, Pang SJ, et al. Cytoplasmic linker protein-170 enhances spreading and phagocytosis
in activated macrophages by stabilizing microtubules. ] Immunol. 2007;179(6):3780-3791.

Kuiper JW, Pluk H, Oerlemans F, et al. Creatine kinase-mediated ATP supply fuels actin-based events in
phagocytosis. PLoS Biol. 2008;6(3):e51.

Khandani A, Eng E, Jongstra-Bilen ], et al. Microtubules regulate PI-3K activity and recruitment to the
phagocytic cup during Fcgamma receptor-mediated phagocytosis in nonelicited macrophages. J Leukoc
Biol. 2007;82(2):417-428.

Oppermann M, Mack M, Proudfoot AE, et al. Differential effects of CC chemokines on CC chemokine
receptor 5 (CCR5) phosphorylation and identification of phosphorylation sites on the CCR5 carboxyl
terminus. / Biol Chem. 1999;274(13):8875-8885.

Vroon A, Heijnen C], Lombardi MS, et al. Reduced GRK2 level in T cells potentiates chemotaxis and
signaling in response to CCL4. ] Leukoc Biol. 2004;75(5):901-909.

Aragay AM, Mellado M, Frade JM, et al. Monocyte chemoattractant protein-1-induced CCR2B receptor
desensitization mediated by the G protein-coupled receptor kinase 2. Proc Natl Acad Sci U S A.
1998;95(6):2985-2990.

Seay U, Sedding D, Krick S, et al. Transforming growth factor-beta-dependent growth inhibition in primary
vascular smooth muscle cells is p38-dependent. ] Pharmacol Exp Ther. 2005;315(3):1005-1012.

Jacob T, Ascher E, Alapat D, et al. Activation of p38MAPK signaling cascade in a VSMC injury model: role
of p38MAPK inhibitors in limiting VSMC proliferation. Eur J Vasc Endovasc Surg. 2005;29(5):470-478.
Raman M, Chen W, Cobb MH. Differential regulation and properties of MAPKs. Oncogene.
2007;26(22):3100-3112.

Sumbayev VV, Yasinska IM. Role of MAP kinase-dependent apoptotic pathway in innate immune
responses and viral infection. Scand ] Immunol. 2006;63(6):391-400.

Devries-Seimon T, Li Y, Yao PM, et al. Cholesterol-induced macrophage apoptosis requires ER stress
pathways and engagement of the type A scavenger receptor. J Cell Biol. 2005;171(1):61-73.

Wang Z, Liu B, Wang P, et al. Phospholipase C beta3 deficiency leads to macrophage hypersensitivity to
apoptotic induction and reduction of atherosclerosis in mice. J Clin Invest. 2008;118(1):195-204.

Miksa M, Amin D, Wu R, et al. Fractalkine-induced MFG-E8 leads to enhanced apoptotic cell clearance by
macrophages. Mol Med. 2007;13(11-12):553-560.

Arai S, Shelton JM, Chen M, et al. A role for the apoptosis inhibitory factor AIM/Spalpha/Api6 in
atherosclerosis development. Cell Metab. 2005;1(3):201-213.

LiuJ, Thewke DP,SuYR, etal. Reduced macrophage apoptosisisassociated with accelerated atherosclerosis
in low-density lipoprotein receptor-null mice. Arterioscler Thromb Vasc Biol. 2005;25(1):174-179.
Geng Y], Libby P. Progression of atheroma: a struggle between death and procreation. Arterioscler
Thromb Vasc Biol. 2002;22(9):1370-1380.

Bot I, de Jager SC, Zernecke A, et al. Perivascular mast cells promote atherogenesis and induce plaque
destabilization in apolipoprotein E-deficient mice. Circulation. 2007;115(19):2516-2525.

Han S, Liang CP, DeVries-Seimon T, et al. Macrophage insulin receptor deficiency increases ER stress-
induced apoptosis and necrotic core formation in advanced atherosclerotic lesions. Cell Metab.
2006;3(4):257-266.

Ait-Oufella H, Kinugawa K, Zoll ], et al. Lactadherin deficiency leads to apoptotic cell accumulation and
accelerated atherosclerosis in mice. Circulation. 2007;115(16):2168-2177.



* Authors contributed equally

1.

Division of Biopharmaceutics, Leiden/Amsterdam Center for Drug Research, Lei-
den University, Gorlaeus Laboratories, Leiden University, Einsteinweg 55, 2333 CC,
Leiden, The Netherlands.

Institute of Molecular Cardiovascular Research, University Hospital, Rheinisch-
Westfalische Technische Hochschule, Pauwelsstrafie 30, 52074, Aachen, Germany.
Wihuri Research Institute, Kalliolinnantie 4, FIN-00140, Helsinki, Finland.



