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Abstract

Complement is a central effector system within the immune system and is implicated in a range of
inflammatory disorders. CD59 is a key regulator of complement membrane attack complex
(MAC) assembly. The atherogenic role of terminal complement has long been suspected, but is
still unclear. Here, we demonstrate that among mice deficient in apolipoprotein E (Apoe), the
additional loss of murine CD59 (mCd59ab~/~/Apoe™~) accelerated advanced atherosclerosis
featuring occlusive coronary atherosclerosis, vulnerable plaque, and premature death, and that
these effect could be attenuated by over-expression of human CD59 in the endothelium.
Complement inhibition using a neutralizing anti-mouse C5 antibody attenuated atherosclerosis in
mCd59ab~/~/Apoe™~ mice. Furthermore, MAC mediated endothelial damage and promoted foam
cell formation. These combined results highlight the atherogenic role of MAC and the athero-
protective role of CD59, and suggest that inhibition of MAC formation may provide a therapeutic
approach for the treatment of atherosclerosis.
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Introduction

Atherosclerosis is a chronic inflammatory condition in which immune and non-immune
mechanisms induce endothelial dysfunction, the first step in atherogenesis?. Despite
significant progress in the past decade, the cellular and molecular pathogenesis of
atherosclerosis is still not fully understood. Research in this field had been historically
hampered by the lack of appropriate animal models, a difficulty that was overcome by the
generation of Apoe- and LDLR-deficient mice (Apoe™~ and LDLR™/7), which recapitulate
most aspects of human atherosclerosis and are now the established models of the disease.
However, the potential atherogenic role of the complement system, a main effector arm of
immunity and inflammation, remains to be determined.

The complement system consists of ~ 30 proteins that interact with one another in three
activation cascades known as the classical, the alternative, and the lectin pathways. These
three pathways eventually converge at the level of C3 and the formation of a C5 convertase.
Enzymatic cleavage of C5 generates C5b which initiates the terminal complement cascade
leading to polymerization of C9 and insertion of MAC into cell membranes? 3. MAC is a
transmembrane pore that in a rigid irreversible conformation leads to swelling and lysis of
the target cells. In a reversible conformation, MAC can also induce non-lethal transient
changes in membrane permeability allowing increased influx and/or efflux of ions* and
biologically active molecules®, resulting in activation of cell signaling cascades®. An array
of complement regulatory proteins including CD59 has evolved to protect autologous cells
from the deleterious effect of complement activation and MAC formation3. Several lines of
evidence from human and animal studies indicate that CD59 is more relevant than decay-
accelerating factor (DAF) in protecting red blood cells from MAC formation and MAC-
induced phenomena’. Humans have only one CD59 gene while mice have two Cd59 genes
(termed as mCd59a and mCd59b) 8. mCd59a deficient mice (mCd59a~/~) showed
intravascular hemolysis % mCd59b deficient mice (mCd59b~/~) exhibited a complement-
mediated hemolytic anemia and platelet activation 10: 11 most likely due to the absence of
mCd59b function combined with downregulation of mCd59a 212,

Work from our laboratory showing that MAC insertion into endothelial cell membranes
results in the release of growth factors such as bFGF and PDGF °: 13 as well as pro-
inflammatory and prothrombotic cytokines such as interleukin-1 established a connection
between MAC formation and focal cell proliferation as seen in proliferative disorders
including atherosclerosis. Others have shown that the MAC also induces the release of
monocyte chemotactic protein-1 (MCP-1)14 and activates signaling pathways that promote
proliferation of vascular smooth muscle cells!®. Extensive clinical data showing that MAC
co-localized with other complement activation products and immunoglobulins in human
atheromas support the notion that MAC may play a pathogenic role in human
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atherosclerosis1®. In the vascular wall, complement can be activated to form MAC by bound
immunoglobulins, C-reactive protein (CRP)Y’, and cholesterol crystals or cholesterol-
containing lipids and enzymatically modified low-density lipoprotein (E-LDL)18. In
animals, however, evidence for an atherogenic role of the MAC is more controversial.
Complement C6-deficiency protects against fat-induced atherosclerosis in rabbits 1. The
absence of C3 in Apoe™~ and LDLR™/~ double knockout (Apoe/~/LDLR ™) mice or of C5
in Apoe ™/~ mice did not protect against atherosclerosis, although other confounding factors,
such as the profound hyperlipidemia leading to a more severe proatherogenic lipid profile
observed with C3 deficient-Apoe™~/LDLR™~ mice could also contribute to these negative
observations20: 21,

Recently, Yun, et al demonstrated that the deficiency of mCd59a in LDLR™/~ mice
sensitizes LDLR™/~ mice to develop atherosclerosis?2. Although mCd59b is considered to
play less relevant role for restricting MAC formation in mice than mCd59al2 23 mCd59b is
expressed at lower level in hematopoietic cells and testes? 24, and has anti-MAC activity in
the mouse, especially in the mCd59a-deficient condition1® 1224 To fully demonstrate the
protective role of CD59 in atherogenesis, we used mCd59a and mCd59b double knockout
mice (mMCd59ab /") in this study?4. Moreover, the underlying mechanism by which CD59
plays a protective role in the pathogenesis of atherosclerosis, remains unclear. In order to
address this question, we also used human CD59 transgenic mice (ThCD59END), and anti-
C5 antibodies in combination with mCd59ab~/~ to define the role of MAC in
atherosclerosis. Briefly, CD59 ablation in the Apoe™~ background (mCd59ab™~/~/Apoe™")
increased the severity of atherosclerosis as characterized by the development of occlusive
coronary atherosclerosis with vulnerable plaques associated with extensive C9 deposits in
the atheromas. Conversely, selective over-expression of human CD59 in the endothelium
and hematopoietic cells (ThCD59END+/=/Apoe ") rendered Apoe™~ mice resistant to the
development of atherosclerosis. Remarkably, the development of severe atherosclerosis in
mCd59~/~/Apoe™~ mice was reversed by C5 blockage via the administration of a
neutralizing anti-C5 monoclonal antibody. Together, these results establish a role of the
MAC in the pathogenesis of atherosclerosis and provide experimental evidence that
restriction of complement activation is a novel avenue for the treatment of atherosclerosis.

Materials and Methods

Results

Animal studies were approved by the Harvard Medical School Institutional Animal Care and
Use Committee. A detailed description of the materials and methods use is provided in the
online-only Data Supplement. The authors had full access to the data and take responsibility
for its integrity. All authors have read and agree to the manuscript as written.

CD59 deficiency induces advanced atherosclerosis with occlusive coronary disease and
vulnerable plaques

We previously generated mCd59ab™~~, which exhibits complement-mediated hemolytic
anemia 24. We generated human CD59 (hCD59) transgenic mice that selectively express the
transgene in erythrocyte (ThCD59REC) or in endothelium and some hematopoietic cells such
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as platelets (Supplemental Figure 1), neutrophils, and monocytes (ThCD59END) as
previously described 2% 26, In these transgenic strains, over-expression of hCD59 is effective
in providing additional protection against mouse complement?>: 26, To study the role of
CD59 and complement in atherosclerosis in the context of a favorable pro-atherogenic
environment, mCd59ab ™/~ and Apoe™~ mice were crossed to generate mCd59ab~/~/
Apoe™~, and ThCD59END*/~ and Apoe™~ mice to generate ThRCD59END+/~/Apoe™~ mice
(Supplemental Figure 11, A-C online).

Mice were fed a high fat diet (HFD) and followed longitudinally for either two or four
months (Figure 1). mCd59ab~/~/Apoe™~ mice developed significantly more severe
atherosclerotic lesions in both aortic root and aortic surface (as evaluated by en face
preparation) than Apoe ™~ mice. By contrast, transgenic endothelial and hematopoietic cell-
selective over-expression of hCD59 in ThRCD59ENP+/~/Apoe~~ mice significantly reduced
the development of atherosclerotic lesion as compared with those of Apoe™~ mice (Figure
1, A-D and Supplemental Figure II1). There were no significant differences in the lipid
profiles of mCd59ab~/~/Apoe~/~ vs. Apoe™~ mice or of ThCD59END+/=/Apoe =/~ vs.
Apoe™~ mice (Supplemental Figure IV).

Consistent with the expression of a more severe atherosclerotic phenotype, the spontaneous
mortality rate among mCd59ab~/~/Apoe ™'~ mice was significantly higher than that observed
among Apoe ™~ mice. In contrast, the transgenic expression of hCD59 significantly
prolonged the mean survival time of Apoe™~ mice (Figure 1E). In addition, the body weight
of mice at the four-month time point correlated inversely with the severity of atherosclerosis
(Supplemental Figure 1V). mCd59ab~/~/Apoe ™~ mice exhibited a much higher incidence of
occlusive coronary atherosclerosis than Apoe™~ mice, with one animal showing histological
evidence of myocardial infarction (Figure 2). Additionally, the plaques developing among
mCd59ab~~/Apoe ™/~ mice had classic features of vulnerable plaque?’: 28, including larger
necrotic cores with thinner fibrous caps containing less collagen and more inflammatory
cells, as compared with plaques among Apoe '~ mice (Figure 3, A-E). In contrast, plaques
observed in hCD59ENP+/~/Apoe ™~ mice exhibited significantly smaller necrotic cores than
in those found in Apoe™~ mice (Figure 2B). These findings are remarkable because
occlusive coronary artery disease with myocardial infarction, the hallmark of atherosclerotic
heart disease in humans, is rarely seen in Apoe ™~ or LDLR™/~ mice unless they carry
additional gene modifications2®: 30,

Together, these results indicate that the systemic deficiency of CD59 in the context of
Apoe™~ genetic background makes mice more sensitive, while overexpression of CD59
makes them more resistant, to the development of advanced atherosclerosis.

C9 deposition correlates directly with the severity of atherosclerosis

Since inhibition of MAC formation is the only known function of CD59, the previous data
imply that MAC may contribute to the atherogenic phenotype of mCd59ab™/~/Apoe™~
mice. Staining of the aortic roots with anti-C9 specific antibodies revealed that
mCd59ab~/~/Apoe ™/~ mice had significantly more extensive deposits of C9 associated with
higher C9 staining intensity than Apoe™~ mice, while the density of C9 was reduced in
ThCD59END+/~/Apoe~~ (Figure 4A). Histological analysis showed that mCd59ab ™'~/
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Apoe~'~ mice had significantly higher and ThRCD59END+/~/Apoe ™~ mice significantly lower
content of inflammatory (macrophage and T-cells), and apoptotic cells than Apoe™~ mice
(Figure 4, B-D). These results are consistent with a pathogenic role of the MAC in the
atherosclerotic phenotype of our experimental mice.

Inhibition of MAC formation attenuates atherosclerosis

In order to establish conclusively the atherogenic role of the MAC we used an anti-mouse
C5 monoclonal antibody raised in C5-deficient mice that has been used extensively to block
activation of the terminal complement cascade and MAC formation3L. Both mouse sera pre-
incubated with the anti-C5 antibody and mouse sera extracted from experimental mice
injected with the antibody exhibited a significant reduction of complement activity assessed
in a standard sensitized rabbit erythrocytes hemolytic assay (Figure 5A). Administration of
the anti-C5 antibody to mCd59ab™/~/Apoe™~ mice in parallel with a HFD for two months,
resulted in a significant attenuation of the atherosclerotic lesions (Figure 5, B and C) and
was associated with a parallel decrease in C9 staining area and intensity (Figure 5D).

Complement activation mediates endothelial dysfunction

It is widely accepted that endothelial dysfunction is the first and critical step in
atherosclerosis. It is conceivable that in mCd59ab~/~/Apoe ™~ mice the loss of CD59
activity increases MAC-induced endothelial injury and dysfunction and that overexpression
of hCD59 in ThCD59END+/~/Apoe =/~ protects against the deleterious effect of the MAC on
the endothelium. To assess endothelial damage in our experimental mice, we measured
serum levels of Von Willebrand factor (vWF), an established biomarker of endothelial
injury2®, and stained the aortas with Evans blue, a direct marker of increased endothelial cell
membrane permeability 2°. Levels of VWF in six-week old mice on a normal diet were
similar among the different experimental groups (Figure 6A). Once fed a HFD,
mCd59ab~/~/Apoe™~ mice had a significantly higher, while ThRCD59END+/~/Apoe~~ mice
a significantly lower level of VWF than Apoe™~ mice (Figure 6A). To establish whether
endothelial damage precedes the development of atherosclerosis, we evaluated the integrity
of the aortic walls of four-month-old mice fed on non-atherogenic normal chow by staining
with Evans blue. As expected, there were no macro-atherosclerotic lesions in any of the
three experimental groups. mCd59ab~/~/Apoe™~ mice had significantly larger Evans blue
stained aortic area, as compared with Apoe™~ mice (Figure 6B). Transgenic expression of
hCD59 in ThRCD59ENDP+/~/Apoe™~ protected against the endothelial injury revealed by
Evans blue staining. To evaluate further whether complement activation can mediate
endothelial injury and the protective effect of CD59, we injected cobra venom factor (CVF),
an activator of the alternative pathway19 to six-week old mice from each of the experimental
groups. Four hours after CVF injection, mCd59ab™~/Apoe™~ mice had a significantly
higher level of VWF and larger Evans blue stained aortic areas than Apoe ™'~ mice, and the
transgenic expression of hCD59 protected against this endothelial injury (Figure 6, C and
D). We also found a directly acute CVF-induced endothelial damage associated with
thrombosis in a mCd59ab~/~/Apoe ™'~ mouse (Supplemental Figure V).
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MAC fosters foam cell formation

A characteristic pathological feature of atherosclerosis is the formation of foam cells
revealing the excessive accumulation of cholesteryl esters (CE) inside macrophages!: 32. To
investigate whether MAC would foster foam cell formation, we challenged a mouse
macrophage cell line with Cu-oxidized LDL (Cu-oxLDL) in the absence or presence of the
MAC assembly. This in vitro experiment demonstrated that terminal complement
components significantly increased formation of foam cells in a dose-dependent fashion for
C5b6 and only when added in a sequence that leads to MAC formation (Figure 7A). This
effect could not be mediated by individual C7, C8 or C9 alone (Data not shown). MAC-
induced foam cell formation was associated with increased accumulation of CE inside and
reduced cholesterol efflux from MAC-treated macrophages (Figure 7, B and C)33.
Furthermore, MAC-treated macrophages expressed an increased number of mMRNA
transcripts encoding for CD36, a scavenger receptor implicated in the accumulation of
oxidatively modified lipoproteins (Figure 7D) 32, but not for scavenger receptor-A (SR-A)
(Data not shown).

Discussion

This study demonstrates that: 1) systemic deficiency of CD59 renders Apoe™~ mice much
more sensitive to the atherogenic effect of a HFD; 2) over-expression of CD59 in
endothelial and some of hematopoietic cells such as platelets renders Apoe ™~ mice resistant
to the atherogenic effect of a HFD, 3) inhibition of MAC formation attenuates HFD-induced
atherosclerosis, and 4) The severity of atherosclerosis correlates strongly with C9-deposition
in atherosclerotic plaques developing in molecularly engineered mice. Collectively, these
results provide strong support for a critical role of the MAC in atherogenesis. This
conclusion is consistent with previous reports of MAC deposition in human atherosclerotic
plaques34, and with the protective effect of C6 deficiency reported in a rabbit model of
atherosclerosis1®. In contrast, studies in C3- and C5-deficient mice seem to contradict the
above interpretation of our experimental results?%: 21, In these studies, C3-deficient Apoe™~/
LDLR™~ mice exhibited a more severe atherogenic lipid profile than C3-sufficient Apoe™~/
LDLR™~ mice?L. This is most likely due to the concomitant absence of C3a-des-Arg, also
known as acylation-stimulating protein (ASP), a critical factor for the transport of lipids into
adipocytes and maintenance of metabolic homeostasis3®. In addition, it has been reported
that compared to C3** mice, C37/~ mice have higher activity of plasma thrombin, which
substitutes for the C3-dependent C5 convertase, thereby leading to the formation of MAC36,
The atherosclerosis studies in C5-deficient mice were conducted on a B10 rather than a B6
genetic background, which is widely accepted for studying atherosclerosis. In addition, the
MAC deposition in atherosclerotic lesions was not investigated in that study2C. These or
other model-specific differences may account for the discrepant results observed in our
experiments as compared with those in C3- or C5-deficient mice.

Furthermore, mCd59ab~/~/Apoe™'~ mice on a HFD died prematurely and developed
advanced atherosclerosis featuring occlusive coronary atherosclerosis and vulnerable
plaques. As early as 2 months on a HFD, mCd59ab~~/Apoe™~ mice developed vulnerable
plagues similar to those found in Apoe™~ mice fed a HFD for over ten months®’, in a
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vascular smooth muscle apoptotic mouse model?8, or in the Akt1 deficient mouse in
Apoe~'~ background 30. These results combined with the increased mortality rate in
mCd59ab~/~/Apoe ™/~ mice strongly indicate that the MAC plays an active role in both the
development of severe atherosclerosis with occlusive coronary disease and vulnerable
plagues, although the actual cause of premature death in mCd59ab™~/Apoe™~ mice
deserves further investigation. Yun, et al recently reported the protective role of CD59 in the
pathogenesis of atherosclerosis using mCd59a single knock out deficient mice 22. However,
the underlying mechanism, by which mouse CD59 protects against the development of
atherosclerosis, has not been investigated. Our study is more comprehensive in that it
employs Apoe™~ mice deficient in both mCd59a and mCd59b proteins. Furthermore, using
Apoe™~ mice over-expressing hCD59, as well as anti-C5 antibody treatment, we
demonstrate that MAC plays a critical role in the pathogenesis of atherosclerosis.

Increased MAC deposition in atherosclerotic lesions could be due to focal complement
activation or down-regulation of complement regulatory proteins such as CD59. CRP,
currently considered a marker of the inflammatory process associated with atherosclerosis
and frequently found co-localized with MAC, is a potent complement activator in humans38.
Thus, the association of CRP and MAC immunostaining in atheromas could represent the
histological evidence of increased focal complement activation. On the other hand,
decreased CD59 anti-MAC activity due either to reduced expression of CD59, as reportedly
found in both atheromas and infarcted myocardium of human subjects 3% 40, or to
inactivation by glycation, as we have reported*! 42, could also explain increased MAC
deposition in vascular walls of patients with atherosclerosis 34 and in all target tissues of
diabetic complications 42-44. The results of our work with mCd59ab~/~ mice reported
herein provide strong experimental evidence that reduced CD59 function and the consequent
increase in MAC deposition fosters atherosclerosis. Furthermore, the presence of vulnerable
plague seen in mCd59ab~/~/Apoe ™~ mice suggests that increased MAC deposition, which
occurs under conditions of CD59 deficiency, plays a critical role in the formation of
vulnerable plaque. Together, these results from human and experimental studies indicate that
increased MAC formation, which may result from either abnormal complement activation or
down-regulation of the complement regulatory proteins such as CD59, contributes to the
development of atherosclerosis and diabetic complications.

The endothelium is particularly vulnerable to complement proteins which are present in the
plasma of all vertebrates from fish to mammals. Both basal “tick over” activation of
complement occurring in the normal circulation as well as complement activation by
different “stressors” present a serious threat to normal endothelium. Using two
complimentary experimental methods we documented that atherosclerosis-prone
mCd59ab~/~/Apoe ™'~ mice exhibit a significant increase in endothelial damage as early as 2
months after initiation of a HFD. This early endothelial damage is 1) associated with
increased MAC deposition, 2) recapitulated by injection of the acute complement activator
CVF, and 3) significantly decreased by the transgenic expression of hCD59 in the
endothelium. Furthermore, the administration of an anti-C5 antibody dramatically attenuated
the development of atherosclerosis in mCd59ab™~/Apoe ™'~ mice. These results
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categorically establish the role of MAC-induced endothelial damage in the development of
atherosclerosis.

Moreover, in vitro, we demonstrated that MAC-treatment of macrophages significantly
increased the formation of oxLDL-induced foam cells. Thus, the MAC is likely to actively
contribute to the increased content of inflammatory cells, and the proliferative phenotype of
the atherosclerotic plaques, which are more severe in mCd59-deficient mice because their
cells are unprotected from the deleterious effect of MAC formation.

Important among the experimental results reported herein is the significant attenuation of
atherosclerosis obtained by either over-expression of CD59 in the endothelium or the
injection of anti-C5 specific antibodies. Basal “tick over” activation of complement that
occurs in all animal cells exposed to the circulation provides the basis for the potentially
catastrophic damage to self cells that may result from the amplification of the complement
cascades in response to either exogenous threats such as pathogens or endogenous activators
such as antibodies, CRP or ox-LDL. For this reason, a complex array of complement
regulators has evolved to prevent complement attack to the “self”. The delicate balance
between complement activation and restriction can be broken by decreased protection, as in
the experiments comparing Apoe™~ mice with mCd59ab™/~/Apoe™~ mice. Conversely, the
broken balance between complement activation and restriction could be restored by either
pharmacological inhibitors of complement activity, as in the experiments with anti-C5
antibodies, or increased expression of complement regulators, as in the experiments with
transgenic mice expressing hCD59 in the endothelium and hematopoietic cells. The
significant attenuation of the atherosclerotic phenotype we observed under either
experimental approach strongly suggests that inhibition of complement is a novel avenue for
the treatment of atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We are grateful to Drs. Paul Tamburini, Susan Faas and P. Zhu for critical review of the manuscript, and to the
BWH Editorial Service for helpful editorial assistance.

Sour ces of Funding This work was supported by US National Institutes of Health grants RO1 DK060979 (JAH),
RO1 AI061174 (XQ) and by a Scientist Development grant from the American Heart Association 0435483N (XQ).

References

1. Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med. 1999; 340:115-26. [PubMed:
9887164]

2. Qin X, Ferris S, Hu W, Guo F, Ziegeler G, Halperin JA. Analysis of the promoters and 5’-UTR of
mouse Cd59 genes, and of their functional activity in erythrocytes. Genes Immun. 2006; 7:287-297.
[PubMed: 16541098]

3. Morgan, BP.; Harris, CL. Complement Regulatory Proteins. Academic Press; London; 1999.

4. Halperin JA, Taratuska A, Rynkiewicz M, Nicholson-Weller A. Transient changes in erythrocyte
membrane permeability are induced by sublytic amounts of the complement membrane attack
complex (C5b-9). Blood. 1993; 81:200-205. [PubMed: 7678066]

Circ Res. Author manuscript; available in PMC 2014 December 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

Page 9

5. Benzaquen LR, Nicholson-Weller A, Halperin JA. Terminal complement proteins C5b-9 release
basic fibroblast growth factor and platelet-derived growth factor from endothelial cells. J Exp Med.
1994; 179:985-992. [PubMed: 8113689]

6. Fosbrink M, Niculescu F, Rus V, Shin ML, Rus H. C5b-9-induced endothelial cell proliferation and
migration are dependent on Akt inactivation of forkhead transcription factor FOXOL1. J Biol Chem.
2006; 281:19009-19018. [PubMed: 16670089]

7. Acosta J, Qin X, Halperin J. Complement and complement regulatory proteins as potential
molecular targets for vascular diseases. Curr Pharm Des. 2004; 10:203-211. [PubMed: 14754399]

8. Qin X, Miwa T, Aktas H, Gao M, Lee C, Qian YM, Morton CC, Shahsafaei A, Song WC, Halperin
JA. Genomic structure, functional comparison, and tissue distribution of mouse Cd59a and Cd59b.
Mamm Genome. 2001; 12:582-589. [PubMed: 11471050]

9. Holt DS, Botto M, Bygrave AE, Hanna SM, Walport MJ, Morgan BP. Targeted deletion of the
CD59 gene causes spontaneous intravascular hemolysis and hemoglobinuria. Blood. 2001; 98:442—
449. [PubMed: 11435315]

10. Qin X, Krumrei N, Grubissich L, Dobarro M, Aktas H, Perez G, Halperin JA. Deficiency of the
mouse complement regulatory protein mCd59b results in spontaneous hemolytic anemia with
platelet activation and progressive male infertility. Immunity. 2003; 18:217-227. [PubMed:
12594949]

11. Qin X, Dobarro M, Bedford SJ, Ferris S, Miranda PV, Song W, Bronson RT, Visconti PE,
Halperin JA. Further characterization of reproductive abnormalities in mCd59b knockout mice: a
potential new function of mCd59 in male reproduction. J Immunol. 2005; 175:6294-6302.
[PubMed: 16272280]

12. Baalasubramanian S, Harris CL, Donev RM, Mizuno M, Omidvar N, Song WC, Morgan BP.
CD509a is the primary regulator of membrane attack complex assembly in the mouse. J Immunol.
2004; 173:3684-3692. [PubMed: 15356114]

13. Halperin JA, Taratuska A, Nicholson-Weller A. Terminal complement complex C5b-9 stimulates
mitogenesis in 3T3 cells. Journal of Clinical Investigation. 1993; 91:1974-1978. [PubMed:
8486768]

14. Torzewski J, Oldroyd R, Lachmann P, Fitzsimmons C, Proudfoot D, Bowyer D. Complement-
induced release of monocyte chemotactic protein-1 from human smooth muscle cells. A possible
initiating event in the atherosclerotic lesion formation. Arterioscler. Thromb. Vasc. Biol. 1996;
16:673-677. [PubMed: 8963725]

15. Niculescu F, Badea T, Rus H. Sublytic C5b-9 induces proliferation of human aortic smooth muscle
cells: role of mitogen activated protein kinase and phosphatidylinositol 3-kinase. Atherosclerosis.
1999; 142:47-56. [PubMed: 9920505]

16. Rus HG, Niculescu F, Constantinescu E, Cristea A, Vlaicu R. Immunoelectron-microscopic
localization of the terminal C5b-9 complement complex in human atherosclerotic fibrous plaque.
Atherosclerosis. 1986; 61:35-42. [PubMed: 3524587]

17. Hansson GK, Lagerstedt E, Bengtsson A, Heideman M. IgG binding to cytoskeletal intermediate
filaments activates the complement cascade. Exp Cell Res. 1987; 170:338-350. [PubMed:
3496230]

18. Biro A, Thielens NM, Cervenak L, Prohaszka Z, Fust G, Arlaud GJ. Modified low density
lipoproteins differentially bind and activate the C1 complex of complement. Mol Immunol. 2007;
44:1169-1177. [PubMed: 16938346]

19. Schmiedt W, Kinscherf R, Deigner HP, Kamencic H, Nauen O, Kilo J, Oelert H, Metz J, Bhadki S.
Complement C6 deficiency protects against diet-induced atherosclerosis in rabbits. Arterioscler.
Thromb. Vasc. Biol. 1998; 18:1790-1795. [PubMed: 9812919]

20. Patel S, Thelander EM, Hernandez M, Montenegro J, Hassing H, Burton C, Mundt S,
Hermanowski-Vosatka A, Wright SD, Chao YS, Detmers PA. ApoE(—/-) mice develop
atherosclerosis in the absence of complement component C5. Biochem Biophys Res Commun.
2001; 286:164-170. [PubMed: 11485323]

21. Persson L, Boren J, Robertson AK, Wallenius V, Hansson GK, Pekna M. Lack of complement
factor C3, but not factor B, increases hyperlipidemia and atherosclerosis in apolipoprotein E—/-

Circ Res. Author manuscript; available in PMC 2014 December 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 10

low-density lipoprotein receptor—/— mice. Arterioscler Thromb Vasc Biol. 2004; 24:1062-1067.
[PubMed: 15059809]

Yun S, Leung VW, Botto M, Boyle JJ, Haskard DO. Accelerated Atherosclerosis in Low-Density
Lipoprotein Receptor-Deficient Mice Lacking the Membrane-Bound Complement Regulator
CD59. Arterioscler Thromb Vasc Biol. 2008; 28:1714-1716. [PubMed: 18617646]

Donev RM, Sivasankar B, Mizuno M, Morgan BP. The mouse complement regulator CD59b is
significantly expressed only in testis and plays roles in sperm acrosome activation and motility.
Mol Immunol. 2008; 45:534-542. [PubMed: 17597212]

Qin X, Hu W, Song W, Grubissich L, Hu X, Wu G, Ferris S, Dobarro M, Halperin JA. Generation
and phenotyping of mCd59a and mCd59b double-knockout mice. Am J Hematol. 2008 in press.
Hu W, Ferris SP, Tweten RK, Wu G, Radaeva S, Gao B, Bronson RT, Halperin JA, Qin X. Rapid
conditional targeted ablation of cells expressing human CD59 in transgenic mice by
intermedilysin. Nat Med. 2008; 14:98-103. [PubMed: 18157141]

Cowan PJ, Somerville CA, Shinkel TA, Katerelos M, Aminian A, Romanella M, Tange MJ, Pearse
MJ, d’Apice AJ. High-level endothelial expression of human CD59 prolongs heart function in an
ex vivo model of xenograft rejection. Transplantation. 1998; 65:826-831. [PubMed: 9539095]
Jackson CL, Bennett MR, Biessen EA, Johnson JL, Krams R. Assessment of unstable
atherosclerosis in mice. Arterioscler Thromb Vasc Biol. 2007; 27:714-720. [PubMed: 17332492]
Clarke MC, Figg N, Maguire JJ, Davenport AP, Goddard M, Littlewood TD, Bennett MR.
Apoptosis of vascular smooth muscle cells induces features of plaque vulnerability in
atherosclerosis. Nat Med. 2006; 12:1075-1080. [PubMed: 16892061]

Braun A, Rigotti A, Trigatti BL. Myocardial infarction following atherosclerosis in murine models.
Curr Drug Targets. 2008; 9:217-223. [PubMed: 18336240]

Fernandez-Hernando C, Ackah E, Yu J, Suarez Y, Murata T, lwakiri Y, Prendergast J, Miao RQ,
Birnbaum MJ, Sessa WC. Loss of Aktl leads to severe atherosclerosis and occlusive coronary
artery disease. Cell Metab. 2007; 6:446-457. [PubMed: 18054314]

Hart ML, Ceonzo KA, Shaffer LA, Takahashi K, Rother RP, Reenstra WR, Buras JA, Stahl GL.
Gastrointestinal ischemia-reperfusion injury is lectin complement pathway dependent without
involving C1g. J Immunol. 2005; 174:6373-6380. [PubMed: 15879138]

Pennings M, Meurs |, Ye D, Out R, Hoekstra M, Van Berkel TJ, Van Eck M. Regulation of
cholesterol homeostasis in macrophages and consequences for atherosclerotic lesion development.
FEBS Lett. 2006; 580:5588-5596. [PubMed: 16935283]

Zhao B, Song J, Chow WN, St Clair RW, Rudel LL, Ghosh S. Macrophage-specific transgenic
expression of cholesteryl ester hydrolase significantly reduces atherosclerosis and lesion necrosis
in Ldlr mice. J Clin Invest. 2007; 117:2983-2992. [PubMed: 17885686]

Niculescu F, Rus H, Cristea A, Vlaicu R. Localization of the terminal C5b-9 complement complex
in the human aortic atherosclerotic wall. Immunol Lett. 1985; 10:109-114. [PubMed: 3897036]
Cianflone K, Xia Z, Chen LY. Critical review of acylation-stimulating protein physiology in
humans and rodents. Biochim Biophys Acta. 2003; 1609:127-143. [PubMed: 12543373]
Huber-Lang M, Sarma JV, Zetoune FS, Rittirsch D, Neff TA, McGuire SR, Lambris JD, Warner
RL, Flierl MA, Hoesel LM, Gebhard F, Younger JG, Drouin SM, Wetsel RA, Ward PA.
Generation of Cba in the absence of C3: a new complement activation pathway. Nat Med. 2006;
12:682-687. [PubMed: 16715088]

Williams H, Johnson JL, Carson KG, Jackson CL. Characteristics of intact and ruptured
atherosclerotic plaques in brachiocephalic arteries of apolipoprotein E knockout mice. Arterioscler
Thromb Vasc Biol. 2002; 22:788-792. [PubMed: 12006391]

Halas YA, Rahal E, Abdelnoor AM, Haddad R, Abchee A. Serum C-reactive protein and
complement proteins in patients with acute myocardial infarction. Immunopharmacol
Immunotoxicol. 2005; 27:405-416. [PubMed: 16237952]

Vakeva A, Laurila P, Meri S. Loss of expression of protectin (CD59) is associated with
complement membrane attack complex deposition in myocardial infarction. Lab Invest. 1992;
67:608-616. [PubMed: 1279272]

Vakeva A, Laurila P, Meri S. Regulation of complement membrane attack complex formation in
myocardial infarction. Am J Pathol. 1993; 143:65-75. [PubMed: 7686345]

Circ Res. Author manuscript; available in PMC 2014 December 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

41.

42.

43.

44,

Page 11

Acosta J, Hettinga J, Fluckiger R, Krumrei N, Goldfine A, Angarita L, Halperin J. Molecular basis
for a link between complement and the vascular complications of diabetes. Proc Natl Acad Sci U S
A. 2000; 97:5450-5455. [PubMed: 10805801]

Qin X, Goldfine A, Krumrei N, Grubissich L, Acosta J, Chorev M, Hays AP, Halperin JA.
Glycation inactivation of the complement regulatory protein CD59: a possible role in the
pathogenesis of the vascular complications of human diabetes. Diabetes. 2004; 53:2653-2661.
[PubMed: 15448097]

Rosoklija GB, Dwork AJ, Younger DS, Karlikaya G, Latov N, Hays AP. Local activation of the
complement system in endoneurial microvessels of diabetic neuropathy. Acta Neuropathologica.
2000; 99:55-62. [PubMed: 10651028]

Zhang J, Gerhardinger C, Lorenzi M. Early complement activation and decreased levels of
glycosylphosphatidylinositol-anchored complement inhibitors in human and experimental diabetic
retinopathy. Diabetes. 2002; 51:3499-3504. [PubMed: 12453906]

Circ Res. Author manuscript; available in PMC 2014 December 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

Page 12
[0 mcCds9ab/Apoe” M Apoe™ B 7hcp59EN+/Apoe
| |
~~é‘\.
Lesion area (%): 9.6 + 1.5 (n=17)* 4.1+0.9 (n=15) 1.4 +0.4 (n=15)*
B
] [ =]
[ iy P .
7 e * S
WA 4 & 2wy 4
X 4\ b - . y E*‘:- - #,N; .4
2 = ﬁ ) ~ !f_f‘:_r - oy
V. g ; s
Lesion area (%): 43.1 +2.7 (n=17)* 28.9 +2.2 (n=15) 17.7 +1.7 (n=15)*
c Aorta D Aortic root E Mortality rate
(HFD for 4m) (HFD for 4m) ¥
501 _nT=_16 §60 e16 100 A
(v
40 g 50 80 1 + mCd59ab”’/Apoe” (n=84)
= < 40 o + Apoe” (n=44)
w307 3 £ 60 1 END+/- o
o Q@ > -+ ThCD59 /Apoe™” (n=26)
5 n=12 5 30 £
5207 . . 57 .
3 n=10 £ = 2
10 < 10
: .
0 | — T
0 0 2 4 6 8 10 12 14 16 18

Weeks after HFD

Figure 1. CD59 prevents against ather oscler osis
(A) Atherosclerosis analysis of en face aorta with Qil red O staining in the mice fed with a

HFD for two months. Statistical significance (P< 0.0001 vs. Apoe™~) is indicated with an
asterisk. Lesion area (%) is [Oil red O staining area / aortic area] x 100. (B) Atherosclerosis
analysis of aortic root in the mice on a HFD for two months. Statistical significance (P <
0.0001 vs. Apoe~7) is indicated with an asterisk. Lesion area (%) is [Oil red O staining
area / ventricle area] x 100. (C) Atherosclerosis analysis of the aorta in mice fed on a HFD
for four months. Statistical significance (P<0.0001 vs. Apoe™7) ) is indicated with an
asterisk. (D) Atherosclerosis analysis of the aortic root in mice fed on a HFD for four
months. Statistical significance (P<0.0001 vs. Apoe™") is indicated with an asterisk. (E)
Mortality rate among mCd59ab~/~/Apoe~'~, ThCd59ENP+/~/Apoe~'~ and Apoe™~ mice.
Asterisk indicates statistical significance (P<0.05) vs. Apoe™~ mice evaluated using a Log-
rank (Mantel-Cox) test (GraphPad Prism 5 software).
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Figure 2. Occlusive coronary atherosclerosisin mCd59ab'/‘/Apoe'/' mice
Low magnification of H&E staining shows that the central portion of the wall of the right

ventricle has severe edema and loss of myocardial fibers. The coronary artery is occluded as
also shown in high magnification. Masons trichrome staining shows the replacement of
myocardial fibers (red) by collagen (blue) in the infarct. High magnification (H&E) of the
coronary artery (CA) shows that it is occluded by loose connective tissue (trichrome
staining) and lipid. High magnification of the myocardial infarction (MI) by H&E staining
shows the loss of cardiomyocytes in the middle of the wall and replacement by the loose
connective tissue (Trichrome staining). Occlusive coronary atherosclerosis (OCA) is defined
by over 50% of occlusion in the coronary artery. *P< 0.01 (The Chi-Square Test) vs.

Apoe™~.
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Figure 3. Myocardial infarction, and vulnerable plaquein mCd59ab'/‘/Apoe'/' mice

(A) H&E stain (top two panels) and masons trichrome (bottom panel) stain show that
mCd59ab~/~/Apoe ™/~ mice on HFD for either two or four months had a larger necrotic core,
thinner fibrous cap and less collagen compared with Apoe™~ mice. (B-E) Quantitative
analysis of the necrotic core (B), collagen (C), fibrous cap of plaques (D) and cap cells (E),

indicative of inflammatory cells. *P< 0.05 vs. Apoe™".
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Figure4. Characterization of atherosclerosislesions
(A, left panels) C9 deposition in the atherosclerotic lesions of mice. (A, right panel) Levels

of C9 deposition (percentage of positive area vs. lesion area) detected in atherosclerotic
lesions. (B-E) Percentages of lesion areas staining for macrophages and T cells (percentage
of positive area vs. lesion area) and apoptotic cells (percentage of apoptotic cells vs. total
cells) in lesion areas. Statistical significance (P < 0.01 vs. Apoe™") is indicated by an
asterisk. We analyzed the mice fed with a HFD for two months.
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Figure 5. Control of complement activation influencesthe development of atherosclerosisin
mCd59ab_/_/Apoe_/_ mice

(A) Functional analysis of anti-C5 antibody-mediated MAC inhibition in vitro (top panel)
and complement activity of the sera obtained from the mCd59ab~/~/Apoe ™~ mice treated
with anti-C5 antibody or IgG isotype control (bottom panel). Top panel: Complement
activity was measured in a hemolytic assay with commercial mouse serum pretreated with
the indicated concentrations of anti-C5 or IgG isotype control on ice for 2 hours. Statistical
significance (P<0.01 vs. corresponding 1gG treated cells (from 6 different experiments)) is
indicated with an asterisk. Bottom panel: The complement activity of the sera from the mice
administered anti-C5 or IgG isotype control. Statistical significance (P<0.01 vs. IgG control-
treated mice) is indicated with an asterisk. (B-D) Atherosclerosis analysis in aorta (B) and
aortic root (C) and C9 deposition in aortic root (D) in anti-C5 or 1gG isotype antibody-
treated mCd59ab~/~/Apoe ™. Lesion area (%) is [Oil red O staining area / aortic area] x
100. Percentage is [C9 staining area/lesion area] x 100. Statistical significance (P < 0.01 vs.
IgG treated mice) is indicated with an asterisk.
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Figure 6. Complement activation mediates endothelial dysfunction
(A) Comparison of VWF levels among the three groups of mice fed on a HFD for 0, 2, and 4

months. HFD was initiated when mice reached 6-weeks of age. (B) Comparison of Evans
blue staining area of the aorta. Mice were 4 months of age on normal chow. (C) The levels
of VWF in six-week old mice 4 hours after i.p. administration of PBS (Top panel) or CVF
(Bottom panel). (D) Evans blue staining of the aorta of the six-week old mice after i.p.
administration of PBS (Top panel) or CVF (Bottom panel). Statistical significance (P < 0.01

vs. Apoe /=) is indicated by an asterisk.
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Figure 7. MAC promotes foam cell formation and up-regulatestranscripts of growth factorsand
cytokines

(A) MAC-induced macrophage foam cell formation. Cells were incubated with Cu-oxLDL
in the absence or presence of the indicated complement components as described in the
methods section. (B) The cholesterol ester level of macrophage foam cells. Statistical
significance (P<0.01 of MAC-induced cells vs. cells treated with C5b6 alone is indicated by
(*); **P<0.01. (C) Cholesterol efflux of macrophage foam cells cultured in the absence or
presence of the indicated complement components. Statistical significance (P<0.01 of
MAC-induced cells vs. cells treated with C5b6 alone is indicated by (*); **P<0.01. (D)
Real-time PCR analysis of CD36 transcripts in macrophage foam cells cultured in the
absence or presence of the indicated complement components. Statistical significance
(P<0.01 of MAC-induced cells vs. cells treated with C5b6 alone is indicated by (*). + for
C5b6: 6 pg/ml and + for C7, C8 or C9: 24 pg/ml.
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