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Abstract

Aims—Clinical and experimental evidence supports a strong link between the complement
system, complement regulatory proteins and the pathogenesis of diabetes vascular complications.
We previously reported that the complement regulatory protein CD59 is inactivated by glycation in
humans with diabetes. Our objective for this study is to assess experimentally how the deficiency
of CD59 impacts the development of diabetic atherosclerosis /n vivo.

Methods—We crossed mCD59 sufficient and deficient mice into the ApoE '~ background to
generate mCd59ab*"*| ApoE™"~ and mCa59ab'~1 ApoE~ mice, and induced diabetes by multiple
low dose injections of streptozotocin. Atherosclerosis was detected by hematoxylin and eosin
(H&E) and oil red-O staining. Membrane attack complex (MAC) deposition and macrophage
infiltration were detected by immunostaining.

Results—Diabetic mCD59 deficient (mCD59ab™~/ApoE™") mice developed nearly 100% larger
atherosclerotic lesion areas in the aorta (7.5% = 0.6 vs 3.6% + 0.7; p < 0.005) and in the aortic
roots (H&E: 26.2% + 1.9 vs. 14.3% + 1.1; p< 0.005), in both cases associated with increased lipid
(Oil red-0: 14.9% = 1.1 vs. 7.8% + 1.1; p< 0.05) and MAC deposition (6.8% = 0.8 vs. 3.0%

+ 0.7; p<0.005) and macrophage infiltration (31.5% * 3.7 vs. 16.4% + 3.0; p <0.05) in the aortic
roots as compared to their diabetic mCD59 sufficient (mCD59ab™*/ApoE™") counterpart.

Conclusions—The deficiency of CD59 accelerates the development of diabetic atherosclerosis.
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1. Introduction

Diabetes and pre-diabetes are major independent risk factors for cardiovascular disease
(CVD). Individuals with diabetes are at a much higher risk of heart attacks, stroke and
occlusive peripheral vascular disease caused by an accelerated form of atherosclerosis.
Seminal human studies like the Diabetes Control and Complications Trial (DCCT)
demonstrated that hyperglycemia is ultimately responsible for the extensive vascular disease
characteristic of human diabetes (1990) and that the vascular damage induced by
hyperglycemia likely starts in the pre-diabetic state, as strongly indicated by the 2-3 fold
higher risk of CVD in individuals with pre-diabetes (Jarrett et al., 1982; Tominaga et al.,
1999). However, the cellular and molecular mechanisms that link hyperglycemia and
vascular disease are not yet fully understood. This is in part because 1) ethical and practical
considerations preclude conducting in-depth mechanistic studies in humans, especially for
chronic conditions such as the complications of diabetes that take years to develop, and 2)
no animal model of diabetes fully recapitulates diabetic vascular disease in the intensity and
distribution seen in humans.

Extensive experimental and clinical evidence reported in the past decades supports a strong
link between the complement system, complement regulatory proteins and the pathogenesis
of CVD including atherosclerosis and the vascular complications of diabetes (Acosta et al.,
2000; De Pergola et al., 2011; Flyvbjerg, 2010; Hertle et al., 2014; Hovind et al., 2005;
Mellbin et al., 2012; Rosoklija et al., 2000; Uesugi et al., 2004; Woroniecka et al., 2011;
Zhang et al., 2002). There is also experimental and clinical evidence that genetic absence or
functional inhibition of CD59 is a risk factor for vascular and neuropathic disease (An et al.,
2009; Emin et al., 2016; Ghosh et al., 2013; Liu et al., 2014; Nevo et al., 2013; Qin et al.,
2004; Wu et al., 2009; Yamashina et al., 1990; Yun et al., 2008).

The complement system, an effector of both adaptive and innate immunity, is activated
through three enzymatic cascades known as the classical, the alternative and the mannose-
binding lectin (MBL) pathways (reviewed in(Morgan and Harris, 1999)). The three
activation pathways eventually converge at the level of C3 and C5 and thereafter share a
common sequence involving the late components C6, C7, C8, and C9, leading to the
generation of a multi-protein complex C5b-9, also known as the membrane attack complex
(MAC). Functionally, the membrane attack complex (MAC) is the main effector of
complement-mediated tissue damage; structurally, the MAC is a circular polymer of 12-18
C9 monomers with the capacity to insert into cell membranes and to form a transmembrane
pore of an effective internal radius of 5-7 nm(Podack, 1984). In non-self cells like
heterologous red blood cells or bacteria, influx of ions and water through the MAC pore
results in colloid-osmotic swelling and lysis. An array of mechanisms that include fluid
phase and membrane-bound inhibitors of complement system has evolved to protect “self”
cells from the potentially devastating effects of unrestricted complement activation. Among
the membrane-bound proteins, decay-accelerating factor (DAF) (Nicholson-Weller et al.,
1985), membrane cofactor protein (MCP) and complement receptor 1 (CR1) restrict the
early complement activation cascade, and CD59, an 18-20 kDa GPI-linked glycoprotein
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(Morgan, 1995) ubiquitously expressed in mammalian cells, inhibits formation of the MAC
at the terminal stage.

In human atherosclerosis, MAC co-localization with other complement activation products
and immunoglobulins has been documented in atheromas (Rus et al., 1986), in which
complement may be activated by bound immunoglobulins, C-reactive protein (Hansson et
al., 1987), and/or cholesterol crystals, cholesterol-containing lipids or oxidized LDL (Biro et
al., 2007). In animals, the deficiency of C6 protected against fat-induced atherosclerosis in
rabbits(Schmiedt et al., 1998), and deficiency of CD59 increased atherosclerosis induced by
high fat diet in both LDOLR™~ (Yun et al., 2008) and ApoE~~ mice (Wu et al., 2009).

In human diabetes, early evidence for a potential role of complement and complement
regulatory proteins in the pathogenesis of diabetic complications was provided by the
identification of activated complement proteins such as C1q, C4d, C3d and MAC in kidneys
(Falk et al., 1987), retinas (Zhang et al., 2002), and endoneurial microvessels (Rosoklija et
al., 2000) of individuals with diabetes. Regarding CVVD associated with diabetes, high blood
levels of soluble MAC complexes at the time of hospitalization for an acute myocardial
infarction in the large prospective DIGAMI trial strongly predicted the risk of a subsequent
cardiovascular event in the next 3.5 years (Mellbin et al., 2012).

Work from our laboratory has advanced the hypothesis that the functional inactivation of
human CD59 by glycation at Lysine 41, within glycation motif Lys41/His44, increases
MAC-deposition and MAC dependent pathological cellular responses; thus contributing to
the higher risk of CVD in humans with diabetes (Acosta et al., 2000; Qin et al., 2004). In
support of this hypothesis we reported earlier that: 1) red blood cells from individuals with
diabetes exhibit a significantly decreased activity of CD59 and are significantly more
sensitive to MAC-mediated lysis ex-vivo (Qin et al., 2004), 2) glycated CD59 (GCD59) is
present in renal and sural nerve biopsies from individuals with but not without diabetes (Qin
et al., 2004), 3) GCD59 in those target organs of diabetic complications co-localize with
MAC deposits(Qin et al., 2004). More recently, we reported results of three human studies in
which we found robust relationships between single plasma levels of GCD59 and both acute
(OGTT) and chronic measures (HbALc) of glucose handling, and that blood levels of GC59
paralleled glucose trends during active insulin therapy(Ghosh et al., 2013; Ghosh et al.,
2014).

Based on the extensive evidence summarized above for a role of complement system and
MAC in the complications of diabetes and the key role of CD59 as an inhibitor of MAC
formation (recently reviewed in (Ghosh et al., 2015)), we proposed the intriguing hypothesis
that the inactivation or deficiency of CD59 could contribute to the development of extensive
vascular disease in response to hyperglycemia.

To investigate further the effect of CD59 deficiency on the development of diabetic CVD,
we generated mCD59ab knock-out mice (mCD59ab™")(Qin et al., 2009), and crossed them
into the ApoE~~ background, one of the two mouse models recommended by NIH’s Animal
Models of Diabetic Complications Consortium (https://www.diacomp.org/shared/
document.aspx?id=26) for studies of diabetic C\VD (Hsueh et al., 2007; Nakashima et al.,
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1994; Park et al., 1998). We report here that diabetic mCD59ab™"/ApoE™" mice develop
significantly more intense atherosclerosis with increased MAC deposition than diabetic
mCD59ab™*/ApoE~". These results provide strong experimental support for a potential
protective role of complement regulatory protein CD59 against the development of diabetic
CVD.

2. Materials and Methods

2.1. Mice and induction of diabetes

Animal studies were approved by the Harvard Medical School Institutional Animal Care and
Use Committee.

mcCad59ab™~/ApoE " mice were generated by crossing our previously reported mCa59ab™"
mice (backcrossed more than 10 times to C57BL/6J mice) (Qin et al., 2009) with ApoE ™~
mice (backcrossed 10 times to C57BL/6J mice, The Jackson Laboratory, Bar Harbor, ME),
as previously reported (Wu et al., 2009). The successful generation of these compound mice
was determined by both PCR genotyping and FACS analysis of mCd59ab™~/ApoE ™~
erythrocytes with anti-mCd59a and anti-mCd59b antibodies to confirm the physical absence
of mCD59, as previously described in detail (Wu et al., 2009). Mice were fed a normal chow
diet (as opposed to the high fat diet used to induce atherosclerosis in ApoE™").

Both mCad59ab™~/ApoE~~ and mCd59ab™*/ApoE~~ mice were made diabetic by multiple
low dose injections of STZ (Sigma—Aldrich, St. Louis, MO, USA), following the protocol
recommended by the AMDCC. Briefly, 8-week-old mice were injected (intraperitoneal)
with either STZ (50 mg/kg body weight) in 10 mM Na-citrate buffer, pH 4.5 or only buffer
once daily for 5 consecutive days. Non-fasting blood glucose was measured once a week
from a blood drop transferred into the glucometer directly from the tail tip. Mice were
considered diabetic if blood glucose reached > 250 mg/dl 2 weeks after the first STZ
administration. Sixteen weeks after STZ administration, mice were euthanized by CO,
asphyxiation.

2.2. Tissue collection and characterization of atherosclerotic lesions

After euthanization, entire aorta from the heart outlet to the iliac bifurcation was collected
and analyzed by staining with oil red-O. Lesion area as percentage (%) was calculated as
(oil red-O stained area/total aortic area) x100, as previously described (Wu et al., 2009).
Sections of the aortic roots (5 pm) were stained with either hematoxylin and eosin (H&E) or
oil red-O and lesion area as percentage (%) was calculated as (staining positive area/
ventricle area) X100, as previously described (Wu et al., 2009).

2.3. Immunofluorescence staining

Frozen aortic root sections were stained with rabbit anti-rat C9 antibody (kindly provided by
Dr. B. P. Morgan, University of Wales, UK; this antibody cross-reacts with mouse C9) or
with anti-mouse C3b/iC3b/C3c mAb (clone 3/26, Hycult Biotech, PA, USA). Macrophages
in the atherosclerotic plaques (aortic root) were characterized by immunostaining with rat
anti-mouse CD68 1gG2a (clone FA-11, AbD Serotec, USA). Primary antibodies were
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detected using corresponding fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies and compared with negative controls which were stained with the secondary
antibody alone. Immunofluorescence and histological results were quantified from three
serial sections in each mouse using Image ProPlus 6.0 software. Quantification of C9
deposition or macrophage infiltration in aortic roots was done as percentage (%) of positive
area vs. lesion area as described (Wu et al., 2009) and two independent investigators
performed all measurements in a blinded fashion unless otherwise stated. The mean of the
quantified results of three sections obtained from each mouse was used for statistical
analysis.

2.4. Serum lipid measurement

After euthanization, blood was drawn by heart puncture, and serum was isolated and stored
at —80°C until further use. Serum cholesterol and triglyceride were measured at the Clinical
Pathology Laboratory of Children’s Hospital, Boston.

2.5. ELISA for measuring C3b/iC3b/C3c

C3 activation products were measured by a sandwich ELISA using anti-mouse C3b/
iC3b/C3c mAb (Markiewski et al., 2004) (clone 2/11, Hycult Biotech, PA, USA) that
recognizes a neoantigenic site on the mouse C3 activation fragments C3b/iC3b/C3c in the
presence of native C3(Mastellos et al., 2004). Briefly, blood was collected from the tail tip of
ApoE~~ mice at various times after STZ injection and allowed to clot at 4°C for 1 hour
(Kotimaa et al., 2015). Serum was separated from blood cells by centrifugation at 1000 x g
for 15 min at 4°C and aliquots were stored at —80°C until analysis. Microtiter plates
(Immulon 4HBX, Thermo Scientific, New York, USA) were coated with anti-mouse C3b/
iC3b/C3c mAD (clone 2/11) (1 pg/ml in PBS, pH 7.4) for overnight at 4°C. Nonspecific
binding to the wells was prevented by incubation with blocking buffer (1% BSA in PBS) for
1 h. Mouse serum (1/20,000 dilution in blocking buffer) were added and incubated for 1 h.
Subsequently, a HRP-conjugated polyclonal goat anti-mouse C3 Ab (3 pg/ml in blocking
buffer) (MP Biomedicals, USA) was added and incubated for 1 h. Bound Ab was detected
by the addition of substrate solution (1-Step Ultra TMB, Thermo Scientific, Rockford, IL)
with 6 min incubation period followed by addition of 10% (v/v) sulphuric acid. OD was
measured in an ELISA reader at 450 nm. All incubations were conducted at room
temperature unless otherwise stated, and the wells were washed with PBS containing Tween
20 (0.05% v/v) in between incubation steps.

2.6. Statistical analysis

Experimental results are shown as the Mean + SEM. The differences between two groups
were evaluated with 2-tailed Student’s t-test for continuous variables. Difference between
groups were considered significant when p < 0.05 (two tailed). Associations between
categorical variables were estimated with Pearson’s r coefficient.
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3.1. Deficiency of CD59 does not affect the plasma glucose levels achieved by STZ

injection

To assess whether the deficiency of CD59 influences the development of diabetic CVD, we
generated mCa59ab™~/ApoE~~ and mCd59ab™*/ApoE~~ mice. Introduction of ApoE~~
background was critical because most mouse strains are highly resistant to the development
of atherosclerosis, a limitation that has been overcome by the molecular engineering of
atherosclerosis prone mouse models such as the Apo£~~, now a primary mouse model to
study experimental atherosclerosis, as recommended by the AMDCC(Nakashima et al.,
1994; Park et al., 1998). The generation of these mice (Qin et al., 2009) and their increased
susceptibility to develop high fat diet-induced atherosclerosis was reported by us previously
(Wu et al., 2009).

The work reported here was aimed at evaluating the role of CD59 in the development of
diabetic CVD. For this reason, mice were fed a normal fat diet and were made diabetic by
injection of multiple low doses of STZ, an antibiotic that causes pancreatic beta cell failure,
generating an accepted model of type 1 diabetes in animals. The multiple low-dose STZ
approach, also recommended by the AMDCC, was chosen because mice are relatively
resistant to develop hyperglycemia after a single higher dose of STZ, and the higher dose
may cause unintended tissue toxicity complicating the interpretation of results.

Both mCa59ab™~/ApoE™~ and mCd59ab™*/ApoE~~ mice developed hyperglycemia at
comparable rates and achieved similar levels of blood glucose at the end of the 16-week
duration of the experiment (Figure 1A). On the day of sacrifice, mean body weights of mice
injected with STZ (both mCD59ab™~/ApoE™~ and mCD59ab*’*/ApoE™") were ~20%
lower than those of control mice injected with only buffer. Weight loss is a well-known
adverse effect STZ injection in mice (Graham et al., 2011). Importantly, body weights of the
diabetic mCd59ab™~/ApoE™~ and mCd59ab*’*/ApoE~" at the time of sacrifice were not
different (Figure 1B). These results indicate that the deficiency of CD59 does not affect the
susceptibility of mice to develop hyperglycemia or adverse effects in response to STZ.

3.2. CD59 Deficiency Accelerates Atherosclerosis in diabetic mice

Histological analysis of oil red-O stained “en face” aortas showed that diabetic mCd59ab™"/
ApoE~~mice developed significantly larger atherosclerotic lesions than that of diabetic
mCD59ab™*/ApoE~~ mice (mean + SEM: mCd59ab™~/ApoE™": 7.5% + 0.6;
mCD59ab™*/ApoE™": 3.6% + 0.7; p< 0.005). Atherosclerotic lesions also developed in
non-diabetic mCd59ab™~/ApoE~~ and mCD59ab**/ApoE~~ mice, albeit at a much lower
degree and with no evident difference between the two groups of non-diabetic mice (mean +
SEM: mCd59ab™~/ApoE™": 1.6% + 0.3; mCD59ab™*/ApoE™": 1.4% + 0.2) (Figure 2).
Similarly, histological analysis of the aortic roots with either H&E or oil red-O staining
showed significantly more atherosclerosis in diabetic mCa59ab™~/ApoE~" than in diabetic
mCD59ab*"*/ApoE~~ mice (H&E: 26.2% + 1.9 vs. 14.3% =+ 1.1, respectively; p < 0.005.
Oil red-0: 14.9% + 1.1 vs. 7.8% = 1.1, respectively; p < 0.05) (Figure 3A,B). Serum
cholesterol levels were slightly higher in both groups of diabetic mice than in the non-
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diabetic counterparts but the lipid profiles were not significantly different between diabetic
mCD59 deficient and mCD59 sufficient mice (Supplemental figure 1). Together, these
results indicate that the deficiency of CD59 brings about an accelerated form of diabetes-
induced atherosclerosis.

3.3. Accelerated atherosclerosis in diabetic mCD59ab~/~/ApoE~~ mice is associated with
increased MAC deposition and macrophage infiltration

Since inhibition of MAC formation is the main function of CD59, we investigated MAC
deposition in the atherosclerotic lesions of the aortic roots excised from the diabetic mice by
staining with anti-C9 antibody. As expected, mCD59 deficient mice had more MAC
deposition than their mCD59 sufficient counterpart, within both diabetic and non-diabetic
groups (Figure 4). In parallel with the significantly increased atherosclerosis shown in
Figures 3, diabetic mCd59ab™~/ApoE~~ mice had significantly larger MAC staining area in
the aortic roots than diabetic mCD59ab™*/ApoE~~ mice (6.8% + 0.8 vs. 3.0% + 0.7,
respectively; p < 0.005). Diabetic mCa59ab™"/ApoE~" mice also exhibited a significantly
higher macrophage infiltrate in the lesions than that of diabetic mCD59ab*/*/ApoE~~ mice
(31.5% + 3.7 vs. 16.4% = 3.0, respectively; p< 0.05, Figure 5). No staining for MAC
deposition or macrophage infiltration was observed using secondary antibody alone
(Supplemental figure 2A and 2B, respectively). These results indicate that MAC likely plays
a critical role in the pathogenesis of diabetic atherosclerosis.

3.4. Diabetes increases activation of complement

An interesting observation from the experiments depicted in Figure 4 was that aortic roots of
diabetic mCa59ab™~/ApoE~~ mice showed significantly higher MAC staining than non-
diabetic mCd59ab™~/ApoE~~ (p < 0.05; Figure 4). One interpretation of this result is that
the presence of diabetes itself contributed to increased MAC deposition because diabetes
also activates the complement system. This interpretation was investigated measuring levels
of iC3b in serum of STZ-induced diabetic mice. Serum levels of iC3b, a product of the
proteolytic cleavage of C3b, increase as a consequence of complement activation and is an
accepted parameter to assess complement activation in experimental animals (Kotimaa et al.,
2015). Supplemental figure 3 shows that serum levels of iC3b were increased by 40% (p <
0.05) even in mCD59ab*’*/ApoE~~ mice as early as 2 weeks after STZ treatment as
compared with their non-diabetic counterparts. Consistent with increased complement
activation in the hyperglycemic as compared with normoglycemic mice, staining of aortic
root sections showed significantly increased deposition of immunoreactive iC3b in the
hyperglycemic mice (Supplemental figure 4). These results imply that diabetes itself can
cause activation of complement system and explain the increased MAC deposition in
diabetic as compared with non-diabetic mCa59ab™~/ApoE~" mice.

4. Discussion

This study demonstrates that the systemic deficiency of the complement regulatory protein
CD59 renders ApoE~~ mice much more sensitive to the development of accelerated
atherosclerosis in response to hyperglycemia. Sixteen weeks after injection of STZ to induce
Type 1-like diabetes, mCD59 deficient (mCd59ab™~/ApoE~~) mice had ~ 100% larger
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lesion areas in both the aortic surface (en face preparation) and in the aortic roots than their
diabetic mCD59 sufficient (mCa59a*"*/ApoE ™) counterparts. The magnitude of increased
atherosclerotic vascular damage developed in diabetic mCa59ab™~/ApoE™" mice exceeds
by far the 25% difference used by the AMDCC to define the development of atherosclerosis
as “accelerated”. The increased level of atherosclerosis in diabetic mCD59 deficient mice
was comparable to that of mMCD59 sufficient mice that were fed with the atherogenic high fat
diet for 2 months (Wu et al., 2009). Indeed, serum levels of cholesterol and triglycerides in
the diabetic mCa59ab™~ mice were not significantly higher than in their diabetic
mCa59ab™*/ApoE~~ counterparts and, in fact, cholesterol levels were ~ 40% lower than
those observed in the same animals fed a high fat diet, as reported by us in (Wu et al., 2009).

Our present results provide strong evidence to our hypothesis that inactivation of CD59 in
individuals with diabetes promotes the development of accelerated atherosclerosis associated
with hyperglycemia. The experimental work reported here required the physical absence of
mCD?59, rather than its inactivation, because mouse CD59 does not exhibit the glycation
motif present in the human CD59 protein and, therefore, is not sensitive to inactivation by
glycation (Acosta et al., 2000; Bodian et al., 1997). The absence of the glycation motif in
CD59 from other animal species other than humans is quite remarkable considering that
animals in general and mice in particular are resistant to develop complications of diabetes
with the intensity and distribution seen in humans. This difference in the susceptibility to
develop diabetes complications cannot be fully explained by the chronic, long term nature of
those complications because it is well known that animals develop diseases in time intervals
proportional to their life-spans.

Previous experimental work form our laboratory has demonstrated the agonist effect of the
MAC and antagonist effect of CD59 in the development of atherosclerosis in mCD597~/
ApoE~~ mice fed a high fat diet (Wu et al., 2009). It is noteworthy that the diabetic mice
used in this work were fed a normal fat diet to isolate hyperglycemia as the only stressor
inducing vascular damage. The extent of MAC deposition exhibited a strong positive
correlation with the extent of a) atherosclerotic lesion areas in the aortic root (Pearson’s r
0.6), b) atherosclerotic lesion areas in the “en face” aorta preparation (Pearson’s r 0.7), and
c¢) macrophage infiltration in the aortic root (Pearson’s r 0.42). Even though this association
does not directly prove causation, it strongly suggests that MAC deposition plays a critical
role in the development of diabetic atherosclerosis. This conclusion is based not only on the
experimental results shown in Figures 2, 3 and 4, but also on the extensive experimental
evidence that the MAC induces the release of an array of growth factors and cytokines able
to promote inflammation with macrophage infiltration and cell proliferation, as
characteristically seen in atherosclerotic lesions. We have also shown that the MAC directly
stimulates cholesterol accumulation in macrophages and formation of foam cells (Wu et al.,
2009).

mCD59 deficient (mCD59ab™~/ApoE™") mice exhibited more MAC deposition than their
CD59 sufficient (mCD59ab**/ApoE™") counterparts, as expected from the physical
deficiency of CD59 (Figure 4). An interesting finding, however, is that MAC deposition was
significantly increased when mCD59ab™~ deficient littermates were rendered diabetic. Since
the only major difference between the diabetic and non-diabetic mCD59 deficient mice is
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the presence of hyperglycemia in those injected with STZ, this experimental observation
suggested that diabetes itself may be a stressor that induces complement activation and
MAC formation, and this effect is less evident in mCD59 sufficient mice because of the
overriding presence of CD59 (Figure 4). This interpretation was confirmed by measuring
iC3b in serum from STZ-induced diabetic mCD59ab™*/ApoE~~ mice. iC3b levels were
measured early (2—-3 weeks) in the development of experimental diabetes to avoid
confounding effects potentially derived from organ/tissue lesions (e.g. atherosclerotic) like
those depicted in Figures 2 and 3. There are different ways by which hyperglycemia can
reportedly activate the complement cascades: autoantibodies to glycated and glycol-
oxydated proteins can activate the classical pathway (Orchard et al., 1999; Uesugi et al.,
2004), fructosamines, the stable products of the non-enzymatic attachment of glucose to e-
amino groups in proteins, activate the MBL pathway by increasing ligand-receptor binding
(Fortpied et al., 2010), and increased AGEs on the arterial walls serve as neo-epitopes for
MBL binding and activation (Flyvbjerg, 2010). Because CD59 is an inhibitor of MAC
formation, MAC deposition due to diabetes-induced complement activation would be more
pronounced and readily detected in mCD59ab™~ mice due to the physical absence of CD59.
This experimental evidence indicative of complement activation in diabetes is consistent
with other human studies showing deposition of activated complement proteins in target
organs of diabetes complications(Falk et al., 1987; Rosoklija et al., 2000; Zhang et al., 2002)
or that high blood levels of soluble MAC complexes as a predictor of risk of a subsequent
cardiovascular event in individuals with diabetes (Mellbin et al., 2012)

Similar to other tightly regulated biological systems, phenotypic endpoints like MAC
deposition and other downstream effects of complement activation depend on the delicate
balance between complement activators and inhibitors. This “delicate balance” paradigm is
well exemplified by the human disease known as Paroxysmal Nocturnal Hemoglobinuria
(PNH), a hemolytic anemia in which bone-marrow derived cells lack GPI-anchored proteins
such as CD59 (Parker, 1996). Under “normal” conditions, the basal “tick-over” activation of
complement is sufficient to induce only mild degree of hemolysis. In contrast, when
stressors like infections amplify complement activation, patients suffer “paroxysmal” crises
of hemolysis with hemoglobinuria, platelet activation and potentially lethal thrombotic
episodes (Hill et al., 2013). Similarly, systemic absence of CD59 due to gene mutations is
reportedly associated with vascular or neuropathic disease (Nevo et al., 2013). From the
results of the work reported here, it is tempting to propose that the “delicate balance”
paradigm between complement activation and restriction could be also operative in the tissue
damage caused by diabetes: on one hand deficiency of CD59 through gene deletion, as in the
mCD59ab™~ mice reported in this paper, or through its inactivation by glycation, as in
individuals with diabetes (Acosta et al., 2000; Qin et al., 2004), and on the other activation
of the complement system by hyperglycemia (Flyvbjerg, 2010; Fortpied et al., 2010; Uesugi
et al., 2004). Complement-dependent and complement-independent mechanisms (reviewed
in (Brownlee, 2001)) of tissue damage by hyperglycemia would act together, perhaps
synergistically, to promote proliferation, inflammation and thrombosis as characteristically
seen in the target organs of diabetic complications (summarized in Supplemental Figure 5).
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Figure 1. Blood glucose and body weight of mCd59ab_/_/Ap0E_/_ and mCD59ab+/+/ApoE_/_
mice after STZ treatment

(A) Average blood glucose level of diabetic mCa59ab™~/ApoE™~ (n=12) and mCD59ab**/
ApoE~~ mice (n=7) after STZ administration. (B) Body weight of STZ-treated mCd59ab™"/
ApoE~~ (n=12) and mCD59ab™*/ApoE~~ mice (n=7) (diabetic); and of PBS-treated
mCad59ab™~/ApoE~~ (n=5) and mCD59ab™"/ApoE~~ mice (n=5) (non-diabetic). *p <0.05.
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Figure 2. Development of atherosclerotic lesion in the aorta of mCd59ab‘/'/ApoE

ApoE+" ApoE+" ApoE+

mCD59ab*/*/ApoE ™/~ mice after STZ treatment
Top: Representative images of en face aortas stained with oil red-O in mice form each

experimental and control group 16 weeks after STZ injection. Scale bars, 2mm. Bottom:
Quantification of atherosclerotic lesion areas in the en face aorta preparations in mice 16
weeks after the STZ injection. Lesion area (%) is (oil red-O stained area/total aortic area)

x100. *p <0.05, **p <0.005.
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Figure 3. Development of atherosclerotic lesion in the aortic root of mCd59ab'/‘/ApoE"‘ and
mCD59ab*/*/ApoE ™/~ mice after STZ treatment

(A) Top: Representative images of H&E staining of aortic root preparations from diabetic
mCad59ab™~/ApoE~~ and mCD59ab™*/ApoE~". Images were taken at 4X magnification.
Scale bars, 100 pm. Bottom: Quantification of atherosclerotic lesion areas in the aortic
roots. (B) Top: Representative images of Qil red-O staining of aortic root preparations from
diabetic mCd59ab™~/ApoE~~ and mCD59ab™*/ApoE™". Images were taken at 4X
magnification. Scale bars, 100 um. Bottom: Quantification of atherosclerotic lesion areas in
the aortic roots. Lesion area (%) is (staining positive area/ventricle area) X100. In all cases,
the analysis was performed using mean values from three sections obtained from each
mouse. *p <0.05, **p <0.005.
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Figure 4. C9 deposition in atherosclerotic lesions of diabetic and non-diabetic mCds9ab ™~/
ApoE~'~ and mCD59ab*/*/ApoE ™~ mice
Left: Representative images of C9 deposition in aortic roots of diabetic and non-diabetic

mCad59ab™~/ApoE~~ and mCD59ab**/ApoE~~ mice 16 weeks after STZ injection. Images
were taken at 4X magnification. Scale bars, 100 um. Right: Quantification of C9 deposition
in aortic roots was done as percentage (%) of positive area vs. lesion area. In all cases, the
analysis was performed using mean values from three sections obtained from each mouse.
*p <0.05, **p <0.005.
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Figure 5. Macrophage infiltration in atherosclerotic lesions of diabetic mCd59ab'/'/ApoE"‘ and
mCD59ab*/*/ApoE ™~ mice

Left: Representative images of macrophage infiltration in aortic roots of diabetic
mCad59ab™~/ApoE~~ and mCD59ab**/ApoE~~ mice 16 weeks after STZ injection. Images
were taken at 4X magnification. Scale bars, 100 um. Right: Quantification of macrophage
infiltration in aortic roots was done as percentage (%) of positive area vs. lesion area. In all
cases, the analysis was performed using mean values from three sections obtained from each
mouse. *p <0.05.
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