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1. ABSTRACT

1.1. Abstract — English

Atherosclerotic lesions are characterized by the accumulation of oxidized LDL
(OxLDL) and the infiltration of macrophages and T-cells. Cytokine expression in the
microenvironment of evolving lesions can profoundly contribute to plaque development.
While the pro-atherogenic effect of T helper (Th) 1 cytokines, such as Interferon (IFN)-y
is well established, the role of Th2 cytokines is less clear. For example, interleukin (IL)-5
has been shown to mediate atheroprotection, while IL-4 has been reported to have no or
even pro-atherogenic properties. Therefore, we characterized the role of the Th2
cytokine IL-13 in murine atherosclerosis. Here we report that IL-13 administration
favourably modulated the morphology of already established atherosclerotic lesions by
increasing lesional collagen content and reducing vascular cell adhesion molecule-1
(VCAM-1)-dependent monocyte recruitment, resulting in decreased plaque
macrophages. This was accompanied by the induction of alternatively activated (M2)
macrophages, which exhibited increased clearance of OxLDL compared to IFN-y-
activated (M1) macrophages in vitro. Importantly, deficiency of IL-13 results in
accelerated atherosclerosis in LDLR"™ mice without affecting plasma cholesterol levels.
Thus, IL-13 protects from atherosclerosis and promotes favourable plaque morphology,

in part through the induction of alternatively activated macrophages.

1.2. Kurzfassung — Deutsch

Arteriosklerotische Plaques sind durch die Ansammlung von oxidizertem LDL
(OxLDL) sowie von Makrophagen und T-Zellen gekennzeichnet. Die Entwicklung der
Lasionen wird zudem stark durch die lokale Expression von Zytokinen beeinflusst. Im
Gegensatz zu den von T-Helfer (Th) 1 produzierten Zytokinen, wie zum Beispiel IFN-y,
deren pro- atherogener Effekt als gesichert gilt, ist die Rolle der Th2-Zytokine nach wie
vor umstritten. In dieser Dissertation wird berichtet, dass ein Mangel an dem Th2-
Zytokin IL-13 die Entwicklung von Arteriosklerose beschleunigt, ohne den

Cholesterinspiegel im Plasma zu beeinflussen. Die Verabreichung von IL-13 verursachte



ein Ansteigen des Kollagengehalts in bereits etablierten Lasionen bei gleichzeitiger
Reduktion der durch das vaskulare Zelladhasionsmolekul 1 (VCAM-1) hervorgerufenen
Monozytenadhasion. Letzteres fuhrte einerseits zu einer geringeren Anzahl von
Makrophagen in den Lasionen und andererseits zu einem vermehrten Auftreten von
alternativ aktivierten (M2) Makrophagen, die OxLDL mit einer grof3eren Effizienz als IFN-
vy aktivierte (M1) Makrophagen unschadlich machen. IL-13 schutzt daher vor
Arteriosklerose und verursacht, teilweise durch die Induktion von M2 Makrophagen, eine

Regression atherosklerotischer Lasionen.



2. INTRODUCTION

Atherosclerosis is described as a chronic inflammatory disease of the vessel wall
and this pathological process is the underlying cause of heart attacks and a majority of
strokes. It was commonly believed that atherosclerosis was simply a passive
accumulation of excess cholesterol in the artery wall. In the past decades, this view has
changed and atherogenesis is considered to be more complex, with evidence that both
innate and adaptive immune responses influence the development and progression of
this disease. In face of these concepts, new potential therapeutic interventions in
addition to established cholesterol lowering strategies are being developed (Hansson &
Hermansson, 2011; Libby et al, 2011).

2.1. Immunity and Atherosclerosis

Atherosclerotic plaques are characterized by the accumulation of lipids together
with the infiltration of activated monocyte/macrophages and T-cells in the intimal areas
of arteries. Subsequently, increased cell death and cellular debris accumulation lead to
the formation of necrotic core areas that are rich in cholesterol crystals. In addition, the
induction of fibrosis by collagen production and proliferation of vascular smooth muscle
cells creates a fibrous cap around the necrotic core areas defining the progression of
lesion formation towards advanced atheroma plaques (Binder et al, 2002). Advanced
lesions frequently cause clinical manifestations by either producing stenosis or by
provoking thrombosis after disruption of plaques that can interrupt blood flow, which then

results in tissue ischemia (Libby et al, 2011).

Based on experimental research in animal models, as well as clinical and
epidemiological observations, high cholesterol levels in the blood (high LDL/low HDL)
are considered to be initiators of atherogenesis. Apart from dyslipidemia, also
hypertension and inflammation favour the activation of arterial endothelial cells to
express adhesion molecules, which retain circulating leukocytes. In addition, changes in
the vascular permeability and in the extracellular matrix composition underneath the
endothelium allow the entrance and accumulation of cholesterol-rich LDL particles that,

by interacting with matrix-proteoglycans, are trapped inside the subendothelial layer of



the artery, the intima, where they are prone to oxidation. Oxidative modifications of these
particles further induce endothelial cell activation, chemokine production, and leukocyte

recruitment (Hansson & Hermansson, 2011).

Thus, the initial lesions, called “fatty streaks”, are characterized by the
accumulation of oxidized lipids and the recruitment of monocytes that undergo
differentiation into macrophages, which are able to sense and engulf these modified
particles through the expression of a variety of pattern-recognition and scavenger
receptors, respectively. Fatty streaks develop into mature atherosclerotic plaques
following additional recruitment of different inflammatory cells, such as T-cells, mast
cells, dendritic cells, and neutrophils and the accumulation of extracellular lipids in core
areas, which are covered by collagen-rich caps of smooth muscle cells (Figure 1)
(Hansson & Hermansson, 2011; Weber et al, 2008).

Paralleling macrophage recruitment, T-cells enter the lesions by similar
mechanisms involving chemokines and adhesion molecules. And although not as
abundant as macrophages, with a ratio of approximately 1:4 in mice and 1:10 in
humans, both CD4" and CD8" T-cells are prominent cellular components of the
atherosclerotic plaque and also exhibit signs of activation, including the expression of
cytokines and pro-inflammatory mediators (Ait-Oufella et al, 2011; Hansson &
Hermansson, 2011). Indeed, lipid-laden macrophages and dendritic cells, present within
the atherosclerotic plaque, interact with recruited T-cells and by presenting antigens
stimulate T-cell-mediated responses, which are predominantly of the Th1 type in early
lesion formation and further contribute to the progression of atherosclerosis. On the
other hand, the presence and participation of Th2-cells and regulatory T-cells indicate
additional and potentially opposing functions for adaptive immune-cells subsets in

atherogenesis (Hansson & Hermansson, 2011).

Taken together, these observations suggest that innate and adaptive immune
mechanisms have central roles in atherosclerosis and that their interaction can

determine the fate of this disease.
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Fig 1: The atherosclerotic plaque composition. The atherosclerotic lesions are constituted by a
core of living cells, accumulated lipids and necrotic areas, which are formed by excess of
cholesterol crystals, necrotic and apoptotic cells. All surrounded by a fibrous cap made of smooth
muscle cells and collagen. Many immune cell types, including macrophages, T-cells, mast cells
and dendritic cells are recruited to the atheromatous plaque in response to excess oxidized plasma
lipoproteins and endothelial cell activation. These cells can accumulate outside advanced plaques
and potentially form tertiary lymphoid structures important in the atherosclerosis development.
APC, antigen-presenting cell. DC, dentritic cell. Extracted from (Hansson & Hermansson, 2011).

2.2. The Th1-Th2 balance in Atherosclerosis

By definition, cytokines are a group of proteins with low-molecular-weight
produced by a broad range of different cells in the body. They act as mediators and/or
regulators between neighbouring cells, are involved in many physiological and
pathophysiological responses, and have therapeutic potential (Balkwill & Burke, 1989;
Tedgui & Mallat, 2006). All cells present within the atherosclerotic plaque and adventitia
are able to produce and respond to cytokines. Moreover, a plethora of cytokines are
expressed in human atherosclerotic lesions, i.e. IFN-y, TNF-a, IL-12, IL-10, and TGF-$
(Ait-Oufella et al, 2011).

CD4'T-cells are functionally subcategorized according to the different types of

cytokines they can produce. Th1-cells mainly secrete IFN-y and activate macrophages
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and dendritic cells; whereas Th2-cells secrete IL-4, IL-5, and IL-13, down-regulate Th1-
mediated responses, stimulate antibody production by B-cells, and alternatively activate
macrophages. Th17-cells are a newly defined lineage differing from Th1 and Th2. They
produce IL-17, IL-21, and IL-22 and are associated with defence against extracellular
bacteria and fungi. Finally, regulatory T (Treg)-cells secrete IL-10 and TGF-p and exert
suppressive functions, thereby mediating autoimmunity prevention and maintenance of
self-tolerance (Ait-Oufella et al, 2011).

Substantial evidence supports that Th1-driven responses, mainly characterized
by IFN-y production are detrimental to the disease and correlate with progression of
atherosclerosis (Buono et al, 2005; Buono et al, 2003; Gupta et al, 1997; Tellides et al,
2000). The pro-atherogenic properties include increased recruitment of T-cells and
macrophages to lesions, enhanced activation of antigen-presenting cells, and
augmenting the production of Th1-derived cytokines, which further propagates the
inflammatory process. Exogenous injections of recombinant IFN-y lead to enhanced
lesion formation in mice (Whitman et al, 2000). In contrast, blocking INF-y response by
gene transfer of a soluble mutant of IFN-y receptor in ApoE” mice abrogated the
progression of established atherosclerotic plaques that remodelled towards a more

stable and less inflammatory phenotype (Koga et al, 2007).

These pro-atherogenic responses have been shown to be dampened by the
presence of specific Treg-cells, which secrete the anti-atherogenic cytokines TGF-$3 and
IL-10 (Ait-Oufella et al, 2006; Ait-Oufella et al, 2011). Indeed, IL-10 secreted by T-cells
decreases atherogenesis in mice (Mallat et al, 1999a; Pinderski Oslund et al, 1999). In
addition, recently it has been demonstrated that IL-17, produced by Th17-cells or related
cells, was also able to inhibit the development of Th1-cells by activation of IL-17
receptors on these cells and by inhibiting the expression of T-bet and IL-12 receptor
(O’Connor et al, 2009). Based on this report, one would assume that Th17-cells and/or
IL-17 may be atheroprotective. However, its precise function in atherogenesis is still
contradictory (Taleb et al, 2010). While one report showed that promoting Th17-
responses ameliorates the development of atherosclerosis in LDLR™ mice (Taleb et al,
2009), others have shown a pro-atherogenic effect of IL-17 (Erbel et al, 2009; Smith et
al, 2010).

Studies have shown that under conditions of extreme and persistent

hyperlipidaemia, the Th-cell balance shifts from a Th1- to a Th2- type of response in
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murine atherosclerotic plaques; suggesting that the equilibrium between these two
subsets of T-cells may undergo dynamic changes during atherogenesis (Binder et al,
2004; Buono et al, 2005; Zhou et al, 1998). In a relatively atherosclerosis resistant
mouse model, Balb/c, a Th2-biased response demonstrated protection against early
fatty streak formation (Huber et al, 2001) and the inhibition of Th1-cell differentiation by a
chemical compound reduced atherogenesis in vivo (Laurat et al, 2001). IL-4 is the
prototypic Th2-related cytokine with an important function in promoting Th2-cell
differentiation and Th1-suppression (Amsen et al, 2009; Seder & Paul, 1994). Its role in
atherogenesis has been investigated in many different mouse models in which early
studies reported a pro-atherogenic role for IL-4 (Davenport & Tipping, 2003; King et al,
2002), while a later report found no effect of IL-4 in lesion development (King et al,
2007). These divergent results might reflect the complex array of IL-4 biological
activities, including on the non-lymphoid compartment of the body. Indeed, IL-4 can
activate endothelial cells, enhancing leukocyte adhesion and attraction (Hickey et al,
1999; Walch et al, 2006), and mast cells, leading to increased production of proteases,
promote apoptosis of smooth muscles cells, and reduced collagen production (Leskinen
et al, 2003). Thus, IL-4 may have both anti- and pro-atherogenic effects.

On the other hand, it has been shown previously that the atheroprotective
immunization of LDLR"™ mice with malondialdehyde-modified LDL (MDA-LDL) induces a
Th2-biased immune response that was characterized by antigen-specific production of
IL-5 and IL-13 but only small amounts of IL-4 and IFN-y. In the same study, the capacity
of IL-5 to stimulate natural atheroprotective IgM specific for OxLDL and its ability to
protect from atherosclerosis has been demonstrated (Binder et al, 2004). Consistently,
Sampi et al also found that plasma IL-5 levels are related to plasma levels of IgM
antibodies binding to OxLDL and to decreased subclinical atherosclerosis in humans
(Sampi et al, 2008). Moreover, IL-33, a Th2-inducing cytokine, has been shown to
prevent atherosclerosis development in ApoE/' mice in part by the induction of IL-5 and
OxLDL antibodies (Miller et al, 2008). Thus, IL-5 is a Th2-related cytokine with anti-

atherogenic properties.

Taken together, the role of Th2 responses in atherosclerosis is complex, as
different Th2 cytokines have been found to contribute differently to the atherogenic
process. Thus, only the individual analyses of specific cytokines will identify their role in
atherosclerotic lesion formation. Nevertheless, it has been assumed that IL-13 affects

atherosclerosis in the same way as IL-4 due to fact that both bind the IL-4 receptor.
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However, no studies are currently available to support this notion (Robertson &
Hansson, 2006; Tedgui & Mallat, 2006).

2.3. Interleukin-13: an effector Th2-type cytokine

Two decades ago, IL-13 has been described as a new cytokine produced by
activated Th2-cells (Brown et al, 1989; McKenzie et al, 1993; Minty et al, 1993). To date,
this view has expanded and it is known that IL-13 is exclusively produced by
hematopoietic cells, including dendritic cells, NKT-cells, activated mast cells, basophils,
eosinophils, Th2-cells, and a recently discovered innate lymphoid cells, termed nuocytes
(Barlow & McKenzie, 2011; Oliphant et al, 2011; Wynn, 2003). IL-13 is an essential
immune regulator and an indispensable mediator of type 2 immune responses, which
are associated with the control and expulsion of parasitic helminth infections, the
induction of some inflammatory states (i.e. asthma and allergies), but also the
suppression of inflammation related to bacterial and viral infections, as well as the

promotion of tissue fibrosis (Hershey, 2003; Wynn, 2003).

IL-13 possesses a broad range of functions due to the variety of cells that can
respond to this cytokine in the body (Figure 2). More specifically, IL-13 has been
involved in the regulation of IgE synthesis by human B-cells (Punnonen et al, 1993), the
maturation and activation of lung epithelial cells and mucus production (Zhu et al, 1999),
the activation of monocytes/macrophages (Doherty et al, 1993), the induction of airway
hyperreactivity (Wills-Karp et al, 1998), the recruitment and activation of eosinophils
(Horie et al, 1997; Luttmann et al, 1996; Pope et al, 2001), the synthesis of extracellular
matrix proteins, and the enhancement of tissue remodeling and fibrosis (Liu et al, 2012;
Wynn, 2011).

Most of these actions are mediated by a complex receptor system that comprises
the IL-4 receptor a (IL-4Ra) chain and at least two other |IL-13 binding proteins IL-13Ra1
and IL-13Ra2 (Figure 3). The Type Il receptor (IL-4Ro/IL-13Ra1) is expressed on both
hematopoietic and non-hematopoietic cells and it is hypothesized to be the main
receptor used by IL-13 signalling (Hershey, 2003), although a previous report showed
IL-13 effects in the lung independently of IL-4Ra (Mattes et al, 2001). Furthermore, IL-13
has been shown to bind the IL-13Ra2 with higher affinity compared to IL-13Ra1, but

13



failed to induce signaling leading to speculation that this receptor acts as a decoy
receptor (Donaldson et al, 1998; Kawakami et al, 2001). This notion is further supported
by the finding that this receptor exists in soluble form in vivo (Zhang et al, 1997) and its
overexpression might counteract IL-13 functions (Mentink-Kane & Wynn, 2004; Wood et
al, 2003). However, the importance of IL-13Ra2 in IL-13 signalling is still not clear, as
later studies demonstrated IL-13 induction of TGF-B through usage of this receptor in a
STAT6-independent way (Fichtner-Feigl et al, 2007; Fichtner-Feigl et al, 2006). Because
IL-4 and IL-13 shares approximately 25% homology at the amino acid level and engage
a common receptor signalling pathway (ILARo/IL-13Ra1/STATG6), similar cellular
activities for both cytokines have been described (Chomarat & Banchereau, 1998;
Kuperman & Schleimer, 2008). However, IL-13 also possesses exclusive functions that
differ from those of IL-4, for example, in promoting eosinophil accumulation, mucus
production, and airway and liver fibrosis (Chiaramonte et al, 1999b; Kumar et al, 2002;
Liang et al, 2011; McKenzie et al, 1998b; Oriente et al, 2000). In addition, several animal
models demonstrated a preferential role of IL-13 over IL-4 in promoting asthma (Grunig
et al, 1998). Importantly, in contrast to IL-4, up to date no direct effect of IL-13 on T-cells
(in humans and mice) has been described, as these cells do not express an IL-13
receptor (IL-13Ra1), suggesting that this cytokine may not participate in the initial
differentiation of naive CD4"T-cells into Th2-cells (Zurawski & de Vries, 1994).

14
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receptor mainly in hematopoietic cells (Type I) containing the IL-4Roa/y common chain, which
stimulation also results in STAT6 activation. On the other hand, IL-13 also has a second receptor
IL-13Ra2 that can be found in a soluble or cell surface form. Still few are known about the exact
signal and importance of this second receptor in the IL-13 biology. Modified from (Kasaian &
Miller, 2008)

The strong correlation of Th2 cytokines, principally IL-13, with allergic diseases
has promoted a large interest in targeting this cytokine and/or its receptors for
therapeutic intervention (Brightling et al, 2010; Hansbro et al, 2011; Mitchell et al, 2010;
Townley et al, 2011). In particular, IL-13 up-regulation is associated with development of
severe asthma conditions in humans (Arima et al, 2002) and genetic polymorphisms in
the IL-13 gene are shown to be linked with allergic phenotypes in different ethnical
populations (Bottema et al, 2010; Heinzmann et al, 2000). Pharmaceutical companies
developed several strategies to block the IL-13 response, including the development of
antibodies directly against IL-13 (Corren et al, 2011; Gauvreau et al, 2011; Singh et al,
2010) or against its common receptor IL-4Ra (Antoniu, 2010; Corren et al, 2010; Wenzel
et al, 2007). Most of these studies and clinical trials have shown efficacy in controlling
chronic asthma, but additional repression of eosinophilic recruitment may be required
(Hansbro et al, 2011). Furthermore, no studies are currently available regarding the use

of these compounds outside pulmonary disorders.

As collagen content of atherosclerotic lesions is a critical aspect of
atherosclerosis and determines the vulnerability for plaque rupture causing the clinical
events of myocardial infarction and stroke, the specific function of IL-13 to promote
tissue remodelling may be highly relevant to atherogenesis. In fact, IL-13 is considered
to be the actual effector cytokine of Th2-driven fibrotic responses (Liu et al, 2012; Wynn,
2004; Wynn, 2008). By definition, fibrosis is a multistage, progressive scarring process
characterized by the proliferation/activation of fibroblast and the excessive deposition of
extracellular matrix components, such as collagen (Wynn, 2008). Previous studies
demonstrated the non-redundant capacity of IL-13 to induce collagen production (Liu et
al, 2012; Wynn, 2004; Wynn, 2008; Wynn, 2011). For example, in a chronic murine
model of schistosomiasis, IL-13 blockade led to a substantial decrease in collagen
deposition, while IL-4 production remained unchanged. Importantly, the inflammatory
response generated by the eggs was unaltered in the absence of IL-13 (Chiaramonte et

al, 2001; Chiaramonte et al, 1999a; Fallon et al, 2000). During liver fibrogenesis, IL-13
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directly induces expression of collagen | and other important fibrosis-associated genes
(i.e. a-smooth muscle actin and connective tissue growth factor) in hepatic stellate cells
(Liu et al, 2012). In addition, overexpression of IL-13 in murine lungs alone contributed
significantly to the development of fibrosis in the airways (Zhu et al, 1999), whereas
treatment with IL-13-specific antibodies clearly diminished collagen deposition in
challenged lungs (Belperio et al, 2002; Blease et al, 2001). Moreover, IL-13, through the
engagement of IL-13 receptor a2, can induce TGF-B1 production in macrophages
leading to collagen deposition in vivo (Fichtner-Feigl et al, 2006). In this regard, there is
great evidence of cooperation between TGF-f and IL-13 in promoting fibrogenesis.
Many cell types secrete and respond to TGF-$ (Letterio & Roberts, 1998). The isoform
TGF-B1 is considered the most relevant isoform in tissue fibrosis and is produced
primarily by circulating monocytes and tissue macrophages (Wynn, 2004). TGF-1 is
stored inside the macrophage in an inactive form associated to an inhibitory protein
called latency-associated protein (LAP). Binding to its receptors requires dissociation of
the LAP (Wynn, 2004). In this context, IL-13 can also indirectly activate the release of
produced TGF-B1 by inducing the expression of metalloproteinase that are able to
cleave the LAP/TGF-B1 complex (Lanone et al, 2002; Lee et al, 2001). The diverse

possibilities of IL-13 induction of collagen are exemplified in Figure 4.
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collagen production and ultimately, fibrosis (Hesse et al, 2001). IFN-y produced by Thl-cells
seems to antagonize all these pathways. OAT- ornithine amino transferase; ODC- ornithine
decarboxylase. Extracted from (Wynn, 2004).

In addition, IL-13 also plays an important role in activation of macrophages into
the so called alternatively activated macrophages (M2), which have potent anti-
inflammatory and tissue repair capacities (Gordon & Martinez, 2010). Lately, the specific
role of macrophage polarization in atherosclerosis development has gained attention
(Butcher & Galkina, 2012; Hoeksema et al, 2012; Shalhoub et al, 2011).
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2.4. Macrophage polarization

A potentially important function of cytokines in atherogenesis is their capacity to
modulate the activation state of macrophages, which are hallmark cells of all stages of
atherosclerosis. Indeed, continuous recruitment of monocytes into lesions has been
shown to be related to plaque progression (Gautier et al, 2009; Swirski et al, 2006). In
this context, the heterogeneity of lesional macrophage and their functions as well as
their inducible mechanisms are being more and more investigated in face of disease
development and/or disease regression (Butcher & Galkina, 2012; Ley et al, 2011; Saha
et al, 2009).

Initially, a simple dual model for macrophage activation was proposed to classify
pro-inflammatory (M1) versus anti-inflammatory macrophages (M2) (Gordon & Taylor,
2005). Derived from in vitro experiments, macrophages could be ascribed as classically
activated macrophages, which were induced by IFN-y and/or lipopolysaccharides (LPS)
and were mainly associated with high microbicidal activity, pro-inflammatory cytokine
production (i.e. TNF-a, IL-12, and IL-1B3), and cellular immunity; or as alternatively
activated macrophages, which resulted from IL-4 and/or IL-13 induction and were
related with tissue repair and humoral immunity (Gordon & Taylor, 2005). The specific
role of the latter macrophages in host defence remains unclear, although there is direct
evidence that they can contribute to the clearance of helminths and nematodes (Anthony
et al, 2006; Zhao et al, 2008).

More specifically, macrophages activated with I1L-13 fail to present antigens to T-
cells (Edwards et al, 2006), produce minimal (or no) amounts of pro-inflammatory
cytokines (i.e. IL-1, IL-6, IL-8, TNF-a, and IL-12) (de Vries, 1998; Edwards et al, 2006),
reactive oxygen, and nitrogen intermediates, (Doherty et al, 1993), through a
mechanism that involves suppression of nuclear factor «B (Lentsch et al, 1997). In
addition, alternatively activated macrophages enhance the expression of several
adhesion molecules, including CD11b, CD11c, CD18 (Zurawski & de Vries, 1994),
membrane receptors such as mannose receptor (Coste et al, 2003) and dectin-1 (Gales
et al, 2010), and soluble proteins, for example, chitinase-like proteins (Ym-1/2) (Raes et
al, 2002b; Welch et al, 2002) and resistin-like secreted proteins (FIZZ-1) (Nair et al,

2003; Raes et al, 2002a). Importantly, IL-13 can induce the expression of arginase-1
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(Arg-1) in macrophages which counteracts the activity of nitric oxide synthase by
competing for the same substrate — L-arginine (Hesse et al, 2001; Munder et al, 1999).
Furthermore, Arg-1 is believed to participate in promoting collagen production and tissue
fibrosis (Hesse et al, 2001; Wynn, 2004). Most of these markers have been used to help
the identification and characterization of these subtypes of macrophages in vitro and in

vivo during various disease states (Table ) (Wolfs et al, 2011).

The capacity of completely differentiated macrophages to alter their phenotype
and functions in response to outside stimuli is broadly termed macrophage polarization.
In the context of atherosclerosis the basic M1/M2 model of macrophage polarization
may oversimplify the reality, as the plaque microenvironment is very heterogeneous and
could promote various stages of polarization (Mantovani et al, 2009). Indeed, besides
the common M1 and M2 macrophages, also mixed M1/M2 profiles, and two other clearly
divergent macrophage phenotypes have recently been demonstrated in atherosclerotic

lesions of humans and mice (Figure 5) (Wolfs et al, 2011).

Bouhlel et al were the first to show the presence of M2 macrophages in human
carotid atherosclerotic lesions. They identified these cells through the expression of the
mannose receptor (MR) and observed that MR*M2 cells distributed differently from foam
cells (Oil Red O cells) and M1 macrophages, which were identified as MCP-1"cells,
thus supporting the presence of different macrophage subtypes in atherosclerotic
plaques (Bouhlel et al, 2007). Later, the same group observed that MR macrophages
were mostly found in the vicinity of stable cell-rich areas and co-localized with [L-4
expression (Chinetti-Gbaguidi et al, 2011). In the same study, these MR*M2 plaque
macrophages showed enhanced phagocytic capacity in vitro in contrast to an apparently
lower lipid handling capability, suggesting a potential function for these subtype of
macrophages in scavenging of dead cells and debris from the lesions (Chinetti-Gbaguidi
et al, 2011).
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Table I: Some known markers of macrophage subsets.

Priming factors

Classically  Alternatively

activated activated

(M1) (M2a)
Inducers IFNy IL-4/1L-13
Expression profile
Signalling STAT1 STAT6
pathways
Transcription  NE.«B pe5/pS0  NF-xB pS0/pS0
L IRF5 IRF4

PPARy

Effectorsand  RNS, ROS Arg-1
Cytokines upon ;. gjow IL-1Pish
activation ==

IL-1B
Surface mol- MHCII MMR
ecules (D86 SR

CD80
Others Ym-1

FIZZ-1

Modified from (Wolfs et al, 2011).

Recently, Khallou-Laschet et al showed that lesion-infiltrating macrophages of
young ApoE" mice exhibit predominantly the M2 phenotype, while M1 macrophages
were dominant in more advanced lesions of aged mice. Moreover, the prevalence of M1
macrophages over M2 was correlated with disease progression. Interestingly, they also
demonstrated that M2 macrophages favoured the proliferation of smooth-muscle cells in
vitro, suggesting a reparative function of this macrophage in early lesion development.
Using the differential expression of two subtypes of arginase as markers to specifically
indentify M1 (Arg-2'cells) and M2 (Arg-1*cells) macrophages in murine lesions, this
report demonstrated for the first time changes from M2 to M1 polarization in the course

of plaque development (Khallou-Laschet et al, 2010).

In addition to the classically and alternatively activated macrophages, Kadl et al

described a newly distinct type of murine lesional macrophages, called Mox, which were
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generated by activation with oxidized phospholipids and represent a completely
separate population (around 30% of all macrophages) in advanced atherosclerotic
plaques. The Mox macrophages were characterized by a clear upregulation of an anti-
oxidant response through the overexpression of the transcription factor nuclear factor
erythroid 2-like 2 (NRF2). In comparison to the other macrophage phenotypes (i.e. M1
and M2), Mox exhibit lower phagocytotic and chemotactic capacity as well as a different

gene expression profile (Kadl et al, 2010).

Along the same line, two groups analyzed the capacity of human monocytes to
differentiate into distinct macrophage phenotypes upon stimulation with certain factors
present within the atherosclerotic lesion (Gleissner et al, 2010; Waldo et al, 2008). In the
first study, monocytes were differentiated with macrophage colony-stimulating factor (M-
CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF) and they
observed that compared to M-CSF—differentiated macrophages, GM-CSF—differentiated
macrophages displayed increased expression of genes that promote macrophage
emigration (i.,e. CCR7) and reverse cholesterol transport, such as peroxisome
proliferator activated receptor gamma (PPAR-y), liver X receptor alpha (LXR-a), and
ATP binding cassette, subfamily G, member 1 (ABCG1). Furthermore, they
demonstrated that both differentiated macrophages were capable to accumulate lipids,
but they were differentially distributed in vascular lesions (Waldo et al, 2008). A more
recent report classified human monocytes differentiated with CXCL-4 as M4
macrophages, given that these cells displayed a diverse transcriptome compared to the
traditionally characterized M1 and M2 macrophages (Gleissner et al, 2010). M4
macrophages showed lower expression of scavenger receptors and increased levels of
cholesterol efflux transporters. Furthermore, CXCL-4 expression was found inside
atherosclerotic lesions, supporting a role for this new subtype of macrophages in

disease development (Gleissner, 2012; Gleissner et al, 2010).
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Fig 5: Model of macrophage polarization in atherosclerosis. The atherosclerotic plaque
microenvironment offers a broad range of stimulus, such as growth factors (M-CSF and GM-
CSF), cytokines (IFN-g, IL-4, IL-13, IL-10), chemokines (CXCL4) and other factors (Oxidised
phospholipids and unknown factors ?). All together influence and coordinate the macrophage

polarization, resulting in the co-existence of many subtypes of macrophages. Modified from
(Wolfs et al, 2011).

In summary, the cytokine profile of the local microenvironment present in
atherosclerotic lesions can profoundly affect the activation state of macrophages and
their function, e.g. foam cell formation and lipid metabolism. Polarization of plaque
macrophages has been shown to occur inside atherosclerotic lesions and seems to be
more complex than the initial M1/M2 dichotomy (Butcher & Galkina, 2012; Ley et al,
2011; Wolfs et al, 2011). Besides the later mentioned macrophage subtypes, new
phenotypes of macrophages are being discovered and characterized regarding their
surface markers and functional activity, and many others, still unidentified, may co-exist
in atherosclerotic plaques. Thus, it is important to define the molecular basis of such
activation states and the role of these macrophage subtypes in disease progression.
Furthermore, the retained plasticity of macrophages to polarize back and forward opens
potentially new targets for therapeutic interventions in atherosclerosis (Hoeksema et al,
2012; Saha et al, 2009).
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2.5. Atherosclerosis regression

Atherosclerosis is a slow, silent and progressive disease, and most patients
typically enter in a clinical setting already with established and advanced lesions. Thus,
there is a real need to develop new therapies that are able to halt and/or even reverse
plaque formation (Feig et al, 2009; Williams et al, 2008). To date, the use of statins to
reduce serum LDL levels has been the main intervention applied to delay disease
progression (LaRosa et al, 2005), but these drugs have been shown to present
limitations regarding plaque burden and risk (Collins et al, 2003; Nissen, 2005a; Nissen,
2005b; Nissen et al, 2006).

Although a variety of mouse models have provided important and helpful
information about atherosclerosis progression and its mechanisms, comparatively little is
known about the cellular and molecular pathways underlying lesion regression. Fisher
and colleagues developed a transplantation-based mouse model in which
atherosclerotic plaques are allowed to form in ApoE-deficient mice and then some
segments of the diseased aorta are transplanted into recipient mice with a
normolipidemic plasma environment. In this model, plaque regression rapidly ensues
and it is defined by a significant reduction in the monocyte/macrophage-derived cell
population and its replacement with collagenous matrix (Reis et al, 2001; Trogan et al,
2004). Subsequent studies performed using this mouse model revealed that LXR, high
HDL levels rather than low LDL levels, and the induction of macrophage emigration via a
CCRY7-dependent manner are possible factors implicated in plaque regression (Feig et
al, 2010; Feig et al, 2011b; Trogan et al, 2006).

In the past years, the concept that migratory egress from plaques is the main
aspect of the observed loss of plaque macrophages during atherosclerosis regression
has been strengthened (Feig et al, 2011a; Feig et al, 2010; Feig et al, 2011b; Feig et al,
2011c; Llodra et al, 2004; Trogan et al, 2006). It has been demonstrated to be
dependent on CCRY7 expression and that a possible link between lipid lowering and
decreased macrophage content can be explained by the structure of the mouse and
human CCR7 promoters. Both likely contain sterol response elements (SREs), which
are functional in vitro and can promote chemotaxis of macrophages in response to the
CCRY7 ligands, such as CCL19 or CCL21 (Feig et al, 2011c). However, recent data from
Potteaux et al showed that after restoring ApoE expression in atherosclerotic ApoE" a

mice, the significant reduction in macrophages did not involve CCR7-mediated
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egression from plaques. In contrast, a clear suppression of monocyte recruitment
together with a stable rate of apoptosis was shown to be responsible for this reduction
(Potteaux et al, 2011). Thus, the exact mechanism underlying the macrophage removal

during lipid-lowering is still to be further determined.

Importantly, a number of studies demonstrated that the experimental regression
of atherosclerotic lesions is associated with a switch towards alternatively activated
macrophages, as demonstrated by the up-regulation of M2-specific genes, such as Arg-
1 and mannose receptor (Feig et al, 2011a; Feig et al, 2011b; Feig et al, 2012; Rayner
et al, 2011a). These data together with the anti-inflammatory properties of M2
macrophages suggest a potentially protective role of this subtype of macrophages in
atherosclerotic lesion formation and may indicate that M2 polarization is a hallmark of

regressing lesions.

Based on the prominent functions of IL-13 in inducing fibrosis and alternative
macrophage activation described above, | hypothesized that IL-13 may have an
atheroprotective role by modulating plaque composition. Therefore, | tested the role of

IL-13 in atherosclerotic lesion formation.

Here, | demonstrate that macrophages, which were alternatively activated with IL-
13, have an increased capacity of clearing OxLDL in vitro. Moreover, | show that LDLR"
mice that were reconstituted with bone marrow of /L-13-deficient mice develop
accelerated atherosclerosis. In addition, exogenous administration of IL-13 to
cholesterol-fed LDLR”™ mice promotes collagen formation and reduces lesional
macrophage content of existing lesions by decreasing VCAM-1-dependent monocyte

recruitment, while having no effect on serum cholesterol levels.
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3. AIM OF THE STUDY

The central hypothesis of this thesis is that IL-13 mediates atheroprotective
effects by modulating the macrophage phenotype within atherosclerotic lesions resulting
in a more stable plaque. Insights gained from this project will not only further delineate
the role of Th2 cytokines in atherosclerosis, but contribute significantly to the
understanding of macrophage polarization in plaque stability — an aspect with high

clinical relevance.
The specific aims of this study were:
1) To test the role of IL-13 in atherosclerosis in vivo and in vitro by analyzing:

a) The effect of IL-13 administration on established atherosclerosis in LDLR"
mice

b) The effect of IL-13-deficiency in hematopoietic cells on the development of

atherosclerosis

c) The role of IL-13-induced (M2) macrophages in foam cell formation and

cholesterol metabolism.

26



4. METHODS

4.1. Animals and intervention studies

LDL receptor-deficient mice (LDLR™) and C57BL/6J were from The Jackson
Laboratories (Bar Harbor, Maine, USA); IL-13" mice were a kind gift of Dr. Thomas
Wynn (NIAID/NIH, Bethesda, USA). All mice were on a C57BL/6J background and were
bred in-house. All experimental protocols were approved by the institutional animal
experimentation committee and the Austrian Ministry of Science.

Bone marrow transplantation (BMT) studies were performed as previously
described (Binder et al, 2004). Briefly, a single dose of 9-Gy lethal total body irradiation
were given to LDLR™ mice (n=30, 8-week-old, male) and subsequently, irradiated mice
were injected intravenously with 2x10° bone marrow cells harvested from either /L-13"
(n=15) or IL-13""* (n=15) mice. Following the next 4 weeks, mice were fed regular chow
diet to allow for bone marrow reconstitution and then switched to an atherogenic diet
containing 21% fat and 0.2% cholesterol (TD88137, Ssniff Spezialdiaten GmbH, Soest,
Germany) for an additional 16 weeks to induce lesion formation. Three mice (one in the
IL-13" and two in control group) were a priori excluded from final analyses because they
developed skin lesions and lost weight, or due to technical problems of tissue collection.
One mouse from the control group was excluded as statistical outlier, which however did
not alter the statistical significance of the results.

For the atherosclerosis intervention study, LDLR” mice (n=24, 12 week-old,
female) were fed an atherogenic diet (Ssniff) for a total of 16 weeks to induce lesion
formation. At week 11, mice were divided randomly into two groups and injected
intraperitoneally with PBS (n=11) or IL-13 (50 ng/mouse R&D systems, Minneapolis,

Minnesota, USA; n=13) twice per week for the following remaining 5 weeks.

4.2. Evaluation of atherosclerosis
Total size of the atherosclerotic lesion was quantified in en face preparations of

the whole descending aorta, and in cross sections through the aortic origin as previously
described (Binder et al, 2004; Schiller et al, 2001). Briefly, at time of sacrifice, animals
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were perfused by gravital force with PBS and formalin (4% paraformaldehyde in PBS,
pH 7.4). Subsequently, the mouse aorta was dissected from the heart to the iliac
bifurcation. Under the microscope, the entire aorta was cleaned from surrounding fat
tissue, opened longitudinally, pinned, stained with Sudan IV, and photographed with a
digital camera. Total aortic area and aortic lesion area were calculated using Adobe
Photoshop CS3 (Adobe Systems, San Jose, California, USA) and ImagedJ 1.41 software.
Results are reported as percentage of lesion area per total aortic surface area. Cross-
sections of the aortic origin were also quantified for lesion size and phenotype. Serial
sections (5 um in thickness) were cut through a 400 ym segment of the aortic root,
starting with the appearance of all 3 valve leaflets. For each mouse, 8 sections
separated by 50 um were examined. Each section was stained with H&E and
photographed using the AxioVison software (Carl Zeiss AG, Jena, Germany). Total
lesion area was quantified using Adobe Photoshop CS3 and ImageJ 1.41 softwares.

4.3. Immunohistochemistry and phenotypic analysis of lesions.

Lesion phenotype was determined by the content of collagen, size of necrotic
core area, and the presence of macrophages, smooth-muscle cells, T-cells, classical
activated (M1) macrophages, alternatively activated (M2) macrophages, ABCA1
expressing cells, and CCRY7 expression in lesions of equal size. For the collagen
content, sections were stained with Sirius Red, and for the assessment of necrotic
cores, sections were stained with a modified elastic-trichrome stain. The photographed
images were analyzed using ImagedJ 1.41 software to determine the percentage of
collagen and necrotic core area, respectively. For the presence of macrophages,
smooth-muscle cells, T-cells, M1 macrophages and M2 macrophages
immunohistochemistry was performed using antibodies against mouse Mac-3 (1:50 rat
anti-mouse, clone M3/84, BD-Biosciences Pharmingen, San Diego, California, USA),
smooth-muscle cell actin (1:10,000 polyclonal rabbit anti-mouse, Sigma-Aldrich), CD3
(1:800 polyclonal rabbit anti-human/mouse, DAKO, Glostrup, Denmark), iNOS (1:500
polyclonal rabbit anti-human/rat/mouse, ABCAM, Cambridge, UK), CD206 (1:20 rat anti-
mouse, clone MR5D3, BioLegend, San Diego, California, USA) and Ym1/2 (1:1,000
polyclonal rabbit anti-mouse, a kind gift of Dr. Shioko Kimura, NIH/NCI, Bethesda, USA).
For the evaluation of CCR7 and ABCA1 expression, immunohistochemistry was
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performed using antibodies against mouse CCR7 (1:700 monoclonal rabbit anti-
human/rat/mouse, clone Y59, ABCAM) and mouse ABCA1 (1:1,000 polyclonal rabbit
anti-mouse, Novus Biological, Littleton, Colorado, USA). Briefly, sections were incubated
with the primary antibody overnight at 4°C, blocked for endogenous peroxidase with
3%H20, and following several washes incubated with a secondary biotinylated anti-rat
(1:100 rabbit anti-rat 1gG, DAKO) or anti-rabbit (1:500 goat anti-rabbit 1gG, Vector
Laboratories, Burlingame, California, USA) antibody for 30 min at room temperature.
Then, sections were incubated with streptavidin-HRP Ultrasensitive (1:1,000 Sigma-
Aldrich, St. Louis, Missouri, USA) for 30 min at room temperature in the dark, and
subsequently developed with DAB (Liquid DAB + Substrate chromogen System, DAKO).
The sections were photographed and the stained area was quantified using ImagedJ 1.41

software or positive cells were counted.

4.4. Serum Total Cholesterol and Triglycerides

At time of sacrifice, blood samples were collected from the vena cava of all mice.
Total serum cholesterol and triglycerides were measured by enzymatic methods using
an automated analyzer AU5400 - Chemistry System (Beckman Coulter, Brea,
California, USA).

4.5. Lipoprotein isolation and modification

Human LDL and HDL were isolated from EDTA-plasma of healthy donors after
overnight fasting by differential density ultracentrifugation on OTD Combi (Sorvall,
Thermo Fisher Scientific, Waltham, Massachusetts, USA) over the density range of d
1.019 to 1.063 and 1.21 g/ml, respectively as described (Binder et al, 2003). The quality
of LDL-preparations was checked by lipoprotein electrophoresis. LDL was sterile filtered
and stored at 4°C. CuOx-LDL and MDA-LDL were prepared as described previously
(Binder et al, 2003). Protein concentrations were determined by Lowry or BCA-method
(Pierce, Thermo Fisher Scientific). All lipoprotein preparations used for cell culture were

tested for endotoxin levels by chromogenic Limulus amoebocyte assay (QCL-1000;
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BioWhittaker Inc, Wakersville, Maryland, USA) and contained less than 1 ng

lipopolysaccharides/mg protein.

4.6. Macrophage foam cell assays

Isolation of peritoneal macrophages. For all in vitro experiments, C57BL/6J mice,
12-16 weeks of age, were injected intraperitoneally with 2 ml of 3% thioglycollate (Difco,
Thermo Fischer Scientific). After 3 days, thioglycollate-elicited macrophages were
harvested and plated in full culture medium (RPMI 1640 media, 100 U/ml penicillin, 100
Mg/ml streptomycin and 50 pg/ml gentamicin; all Invitrogen, Carlsbad, California, USA)
containing 10% heat-inactivated fetal calf serum (FCS) at a density of 3x10° cells/well in
48-well plate; 5x10° cells/well in 24-well plate; 1.5x10° cells/well in 12-well plate or
3.5x10° cells/well in 6-well plate for lipid uptake, cholesterol efflux, RNA/protein isolation

and cellular cholesterol quantification experiments, respectively.

Macrophage differentiation and generation of foam cells. Macrophages were
differentiated into classical activated macrophages (M1) with 100 ng/ml IFN-y (R&D
systems) or alternatively activated macrophages (M2) with 5 ng/ml IL-13 (R&D systems)
in full culture medium containing 10% FCS for 16 hours at 37°C. Following
differentiation, cells were washed once with PBS and stimulated with 50 ug/ml CuOx-

LDL in full culture medium containing 1% mouse serum for 24 hours at 37°C.

Lipid uptake — Oil Red O staining. After foam cell generation, cells were washed
once with PBS and fixed with a solution of formalin-sucrose (4% paraformaldehyde, 4%
sucrose in PBS) for 20 min at room temperature. Following a wash with 60%
isopropanol, cells were stained with Oil Red O (Sigma-Aldrich) diluted 6:4 parts in dH,0
for 20-30 min at room temperature. After washing several times with dH,O, 3 random-
fields were counted for positive and negative stained cells under the microscope. The
data are expressed as percentage of Oil Red O positive cells per total cells.

Cellular cholesterol content. Foam cells were lysed with a solution of 0.1M NaOH,
and cellular lipids were extracted by hexane/isopropanol (3:2). Total cholesterol content
was determined using the Amplex Red Cholesterol Assay kit (Invitrogen). Values are

related to total protein content of each sample.
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Cholesterol efflux assay. Following macrophage differentiation, cells were
stimulated with 50 ug/ml CuOx-LDL plus 1 pCi [H®]-cholesterol (Perkin Elmer, Waltham,
Massachusetts, USA) in full culture medium for 24 hours at 37°C (Fig 12A) or
macrophages were loaded with 50 pg/ml CuOx-LDL plus 1 uCi [H’]-cholesterol in full
culture medium for 24 hours at 37°C prior to macrophage differentiation with either 100
ng/ml IFNy or 5 ng/ml IL-13, respectively in full culture medium for further 16 hours (Fig
12B). Thereafter, cells were equilibrated in serum free-full culture medium for 2h at 37°C.
After equilibration, cells were incubated with or without 10 pg/ml HDL plus 50 pg/ml
CuOx-LDL in serum free-full culture medium for 6 hours at 37°C. Supernatants were
collected and spun down (at 3,000 rpm for 10 min) to remove cellular debris, and the
radioactivity in the supernatants was measured using a liquid scintillation counter (p-
counter 2000 CA; TRI-CARB Liquid Scintillation Analyzer, Packard). Cells were lysed in
0.1M NaOH and the cell-associated radioactivity was measured as described above. All
measured counts were corrected for total cellular protein content as determined by the
Bradford method (Bio-Rad Protein Assay, Bradford Laboratories, Hercules, California,
USA). The percent efflux was calculated as (media dpm)/(cell+media dpm) x 100 and
the HDL dependent-efflux was calculated as (mean % efflux with HDL)-(mean % efflux
w/o HDL).

RNA/protein isolation. Following foam cell generation, total RNA was isolated
using the RNeasy Mini Kit (PeqgLab, Vienna, Austria) and 500 ng of total RNA was
reverse-transcribed using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Carlsbad, California, USA). Quantitative real-time PCR was performed
using iTag SYBR Green Supermix with ROX Dye (Bio-Rad Laboratories, Hercules,
California, USA) in a CFX96 Real-time System (Bio-Rad Laboratories). All data were
normalized to Cyclin B (CycB) and expressed as fold change over control (untreated
cells). Primer sequences are available in Table Il. For protein detection, cells were
incubated for 10 min at room temperature with a lysis buffer containing 62.5mM Tris, 8M
Urea, 20mM EDTA, 20mM EGTA, 10% glycerol, 1% SDS (pH6.8), and lysates were
sonicated for 2 seconds and stored at -20°C for further analyses.
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4.7. Immunoblotting

Samples were separated by SDS-PAGE and blotted on nitrocellulose-membranes
(Trans-Blot® Transfer Medium, Bio-Rad Laboratories). Membranes were blocked in 5%
non-fat dry milk in TBS containing 0.1% Tween 20 for 60 min at room temperature.
Following 3 washing steps, blots were probed using anti-ABCA1 (rabbit IgG anti-mouse,
1:500, Novus Biological) or anti-ABCG-1 (rabbit IgG anti-mouse, 1:2,000, Novus
Biological) or anti-p-actin (mouse IgG2a anti-mouse, 1:5,000, Sigma-Aldrich) antibodies
overnight in washing buffer (TBS + 0.1% Tween 20) containing 3 % BSA at 4°C. After 3
washing steps, blots were incubated with a secondary HRP-labeled goat anti-rabbit
(1:10,000, Sigma-Aldrich) or goat anti-mouse IgG (1:10,000, Bio-Rad Laboratories) in
washing buffer containing 5% non-fat dry milk for 60 min at room temperature. After
further washing, membranes were developed using a 1:1 solution of Luminol/Enhancer
and Stable Peroxidase (Super Signal® West Dura Extended Duration Chemiluminescent
Substrate, Pierce Biotechnology, Rockford, lllinois, USA), and chemiluminescence was
detected using a CCD camera (FUSION FX7, PEQLAB Biotechnologie GmbH,
Erlangen, Germany). AlphaEase FC software (Alpha Innotech Corporation, San

Leandro, California, USA) was used for quantification.

4.8. Splenocyte cytokine release assay

To induce maximal activation of T-cells, splenocytes from individual mice were
stimulated with a combination of anti-mouse CD3/CD28 over 3 days and the
supernatants analyzed for cytokine production as previously described (Binder et al,
2004). Briefly, total splenocytes (0.25 x 10°) were plated in full culture medium
containing 10% FCS (96-well round-bottom plates in a final volume of 100 ul,
quadruplicates) and incubated for 72 hours at 37°C/5% CO, either alone or in the
presence of 10 ug/ml plate-bound anti-mouse CD3 (clone 145-2C11, BD Biosciences —
Pharmingen) and 10 ug/ml soluble anti-mouse CD28 (clone 37.51, BD Biosciences —
Pharmingen). The amounts of INF-y, IL-4, IL-5, IL-10 and IL-13 were determined by a
fluorescent bead immunoassay in undiluted supernatants (FlowCytomix 5-plex kit,

eBioscience, Vienna, Austria).
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4.9. Flow Cytometry

At time of sacrifice, peritoneal exudate cells (PEC) were harvested by peritoneal
lavage using HBSS supplemented with 2% FCS. Total white blood cells were isolated
from blood collected in EDTA-tubes via the vena cava. Blood was diluted 1:1 in a
solution of PBS containing 2% Dextran (Sigma-Aldrich) and incubated for 40 min at 37°C
to separate the red blood cells. All cells were washed and incubated with an anti-Fcy
receptor blocking antibody (anti-mouse CD16/CD32, clone 93, 1:200, eBioscience) for
30 min at 4°C. T-cells, B-cells and macrophages in PEC were assessed using FITC-
labeled anti-CD23 (clone B3B4, 1:800, BD Biosciences — Pharmingen), phycoerythrin
(PE)-labeled anti-CD5 (clone 53-7.3, 1:100, eBioscience), PercP-labeled anti-CD19
(clone 1D3, 1:200, BD Biosciences — Pharmingen), and APC-labeled anti-CD11b/Mac-1
(clone M1/70, 1:800, eBioscience); macrophage subpopulations were determined using
FITC-labeled anti-CD206 (clone MR5D3, 1:200, BioLegend), PE-labeled anti-CD80
(clone 16-10A1, 1:200, BD Bioscience — Pharmingen) and APC-labeled anti-F4/80
(clone BM8, 1:200, Invitrogen). Peripheral blood cells were analysed for the presence of
resident monocytes, inflammatory monocytes, neutrophils and B-cells using FITC-
labeled anti-Ly6C (clone HK1.4, 1:200, BioLegend), PE-labeled anti-Ly6G (clone 1AS8,
1:2000, BioLegend), PercP-labeled anti-CD19 (clone 1D3, 1:200, BD Biosciences —
Pharmingen) and APC-labeled anti-CD11b/Mac-1 (clone M1/70, 1:800, eBioscience). All
stains were performed in 100 pyL of FACS buffer (PBS + 2% FCS) for 30 min at 4°C in
darkness, followed by two washes. Stained cell populations were analyzed by
multiparameter flow cytometry using a BD FACSCalibur (BD Bioscience, Franklin Lakes,
New Jersey, USA). More than 10° cells were acquired per sample, with dead cells
excluded by forward and side scatter properties and data were analyzed using FlowJo

7.6.4 software (Tree Star, Inc., Oregon Corporation, Ashland, Oregon, USA).

4.10. Immunoassays

Antibody titers to MDA-LDL were determined by chemiluminescent ELISA as
previously described (Binder et al, 2003). Total isotype levels were determined by a
chemiluminescent-based sandwich ELISA using matched pairs of specific antibodies for

capture and detection, followed by incubation steps with AP-conjugated NeutrAvidin
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(1:10,000 in TBS-BSA, Perkin Elmer) at room temperature and Lumiphos Plus (P-701,
30% solution in water, Lumigen, South Field, Michigan, USA). Chemiluminescence was
detected using a luminescence reader (BioTek Synergy 2, BioTek, Winooski, Vermont,
USA). The following antibodies were paired with appropriated AP-conjugated or
biotinylated detecting antibodies, respectively: anti-mouse IgM (coated at 2 pg/ml,
Sigma-Aldrich) and AP-conjugated goat anti-mouse IgM (1:20,000 in TBS-BSA, Sigma-
Aldrich), anti-mouse IgG1 (coated at 2 pug/ml, BioLegend) and biotinylated anti-mouse
IgG1 (at 0.5 ug/ml in TBS-BSA, BD Bioscience), anti-mouse IgG2c (coated at 1 ug/ml,
AbDSerotec, Oxford, United Kingdom) and biotinylated goat anti-mouse IgG2c (1:4,000
in TBS-BSA, Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA).
Isotype levels were measured at following three serum dilutions: 1:10,000, 1:30,000 and
1:90,000 for IgM, 1:50,000, 1:150,000, 1:450,000 for 1IgG1 and 1:250,000, 1:500,000,
1:1,000,000 for IgG2c. Results were calculated on a standard curve, which was
generated using respective purified isotypes obtained from Biolegend (IgM and IgG1) or
Southern Biotech (IgG2c, SouthernBiotech, Birmingham, Alabama, USA).

4.11. Monocyte labeling and macrophage egression assessment

Macrophage emigration from atherosclerotic lesions were analyzed by a
fluorescent labelled-bead tracking technique previously described (Potteaux et al, 2011).
Twenty-two male, 8 weeks old, ApoE * mice (C57BL/6J background) were fed a
standard western diet containing 21% fat and 0.2% cholesterol (Altromin Spezialfutter
GmbH & Co.KG, Lage, Germany) for 6 weeks to induce lesion formation. At week 3,
circulating classical Ly6C"™ monocytes were labeled by intravenous (i.v) injection of 1 pym
Fluoresbrite green fluorescent (YG) plain microspheres (Polysciences Inc., Warrington,
Pennsylvania, USA) diluted 1:4 in sterile PBS, 24 hours after an i.v. injection of 250 pl
clodronate-loaded liposomes to deplete monocytes. Mice were not manipulated for the
following week to allow latex-beads'monocytes to accumulate within atherosclerotic
plaques. At week 4, mice were divided into three groups randomly. One group was
sacrificed for the quantification of bead and macrophage (mac-2*cells) content (baseline,
n=7); the remaining two groups received biweekly intraperitoneal injections of either
PBS (n=7) or IL-13 (50 ng/mouse, R&D systems n=8) for the remaining 2 weeks. All
animal experiments were approved by the local ethical committee (Regierung von
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Oberbayern). At the end of week 6, numbers of beads per plaque area in the aortic root
and mac-2"cells per total DAPI*cells were quantified in cross-sections of atherosclerotic
lesions of PBS- and IL-13-treated mice. Macrophage egress was assessed by the
number of beads present within the plaque area at the end of the experimental approach
compared to baseline (week 4).

4.12. Intravital microscopy

Leukocyte endothelial interactions and expression of endothelial adhesion
molecules were analyzed by intravital microscopy of the left carotid artery. Sixteen male,
8 weeks old, Cxscr19™" ApoE *~ mice (C57BL/6J background, for leukocyte endothelial
interactions) and sixteen male, 8 weeks old, ApoE *~ mice (C57BL/6J background, for
endothelial adhesion molecules expression) were fed a standard western diet containing
21% fat and 0.2% cholesterol (Altromin) for 6 weeks to induce lesion formation. At week
4, they were divided into two groups randomly and injected intraperitoneally with PBS
(n=8) or IL-13 (50 ng/mouse, R&D systems n=8) twice per week for the remaining 2
weeks. At the end of this period, mice were anaesthetized with ketamine/xylazine and
the left carotid artery was exposed as described previously (Drechsler et al, 2010). All
animal experiments were approved by the local ethical committee (Regierung von
Oberbayern). Circulating leukocytes were labeled by injection of a PE-labeled anti-
mouse Gr1 antibody (clone RB6-8C5, 5ug, eBioscience) via an intravenous catheter 5
min prior to recording. Intravital microscopy was performed using an Olympus BX51
microscope (Olympus, Hamburg, Germany) equipped with a beam splitter to enable
synchronized dual-channel recording, a Hamamatsu 9100-02 EMCCD camera
(Hamamatsu Photonics, Hamamatsu City, Japan), and a 10x saline-immersion
objective. For image acquisition and analysis Olympus Cell" software was used.
Adherent monocytes (GFP) and neutrophils (GFP/PE™) were recorded at the bifurcation.
For luminal detection of VCAM-1 or CCL-2 presented on the endothelium, 50 pl of
Protein G Fluoresbrite YG Micropheres (Polysciences Inc., Warrington, Pennsylvania,
USA) were coupled to 50 pg of polyclonal antibodies against mouse VCAM-1
(eBioscience) or mouse CCL2 (eBioscience) as described recently (Engel et al, 2011).

Antibody/bead complexes were injected intravenous and allowed to circulate for 15 min.
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Complexes immobilized along the carotid artery were detected by intravital microscopy

as described above.

4.13. Statistical analysis

Statistical analyses were performed using GraphPadPrism 4.03 software
(GraphPad Software, Inc., La Jolla, California, USA). Results were analyzed by one-way
analysis of variance (ANOVA) with the post-test Bonferroni’s multiple comparison tests
for all the in vitro data. Student’s unpaired t-test was used for results of in vivo studies
(unless indicated differentially). Data are presented as mean + SEM and P < 0.05 was

considered significant.

Table II: Primer sequences for quantitative RT-PCR.

Gene Forward Reverse

CycB CAGCAAGTTCCATCGTGTCATCAAGG  GGAAGCGCTCACCATAGATGCTC
CD11b CAAGTGCCTGTCACACTGAGC TGCAACAGAGCAGTTCAGCAC
CcD68 TGGCGCAGAATTCATCTCTTC GGTCAAGGTGAACAGCTGGAG
Arg-1 GTGAAGAACCCACGGTCTGT CTGGTTGTCAGGGGAGTGTT
Ym-1 GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC
CCL9 TACTGCCCTCTCCTTCCTCA TTGAAAGCCCATGTGAAACA
iNOS AATCTTGGAGCGAGTTGTGG CAGGAAGTAGGTGAGGGCTTG
CcD86 CACGAGCTTTGACAGGAACA TTAGGTTTCGGGTGACCTTG
CXCL10 GGTCTGAGTGGGACTCAAGG GTGGCAATGATCTCAACACG
ABCA-1 GAGCAAAGCCAAGCATCTTC AGCAGGGACCACATAATTGC
ABCG-1 TTCCGGAAGGTCTCCTGCTAC ATCATGGCCTCCTGAACAGTG
LOX-1 GATGTTAGCCCAGCAGAAGG GTCCAGCTTCCGGGTGAT

LXRa GGATAGGGTTGGAGTCAGCA GCTCAGCACGTTGTAATGGA
LXRB CTTCGGGCTTCCACTACAAC CTTCCGAATCTGCTCCTCAG
CD36 GGAGCAACTGGTGGATGGTT TTGAGACTCTGAAAGGATCAGCA
SRA-1 GAACAAGCGCACGTGGAAC CCTTCAGTCTGAGGTCGTTGG
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5. RESULTS

5.1. IL-13 administration modulates established atherosclerosis.

To study the capacity of IL-13 to influence existing atherosclerosis, | performed an
intervention study in which IL-13 was administered exogenously to mice with established

atherosclerotic lesions.

LDLR™ mice were fed an atherogenic diet for 16 weeks and received biweekly
intraperitoneal injections of IL-13 or PBS during the last 5 weeks of diet. Based on my
observation that atherosclerotic LDLR"™ mice have IL-13 serum levels of approximately
2.5 ng/ml, | decided to administer 50 ng of IL-13 per LDLR’ mouse twice per week,

which corresponds to only three fold higher amounts of systemic IL-13 per day.

At time of sacrifice, mice were not different with respect to body weight, total
plasma cholesterol, (TC), triglycerides, (TG) or levels of total IgG1 or IgG2c¢ antibodies
(Table Ill). Furthermore, there were no differences in the frequencies of splenic T- or B-
cells (Table Il). Stimulated splenocytes from atherosclerotic LDLR’™ mice treated with
PBS or IL-13 produced similar amounts of Th2 (IL-4, IL-5, IL-10 and IL-13) and Th1
(INF-y) cytokines, indicating that IL-13 administration at this dose did not alter the overall
Th1/Th2 balance (Figure 6). In addition, no induction of liver or lung fibrosis due to the

continuous IL-13 injection was observed (data not shown).
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Table I1I: Overview of experimental data of the IL-13 administration study.

LDLR " inj —> PBS

LDLR inj—>IL-13

(n=11) (n=13)
Atherosclerosis
Aortic origin (104 um2/sect.) 48.16 = 3.66 4715 £1.22
En face (% of aorta) 6.63 = 0.94 6.22 + 0.66
Metabolic parameters
Weight (g) 236 £ 0.7 225+ 05
TC (mg/dl) 1493 * 49 1362 + 93
TG (mg/dl) 863 *+ 85 777 £ 81
Serum antibody titers
Total IgM (mg/ml) 097 + 0.11 0.85 £ 0.11
Total [gG1 (mg/ml) 1.11 £ 0.10 0.97 £ 0.11
Total IgG2¢c (mg/ml) 1.84 = 0.16 1.58 £ 0.16
Serum chemokines
CCL2/MCP-1 (pg/ml) 59.1 = 8.3 69.3 + 8.1
CXCL1/KC (pg/ml) 1709 * 247 1535 T 181
Characterization of PECA
Total Peritoneal cells (x105) 3.38 + 0.52 222 + 0.29
CD5* T-cells (% of total) 20.40 £ 3.74 15.25 = 2.71
CD11b* Mac cells (% of total) 13.96 + 2.16 18.78 + 2.32
CD19* B-cells (% of total) 53.25 + 3.43 51.84 + 3.29
CD11b*CD5* B1a-cells (% of B-cells) 27.24 + 2.71 24.56 + 3.29
CD11b*CD5- B1b-cells (% of B-cells) 16.95 + 1.35 19.37 + 1.47
CD19*CD23* B2-cells (% of B-cells) 28.43 + 3.39 32,60 + 368
Characterization of PBCP
Total White blood cells/ml (x10%) 1.40 £ 0.18 1.59 * 0.25
CD11b* Ly6C'> monocytes (% of total) 411+ 0.34 4.96 + 043
CD11b* Ly6Ch monocytes (% of total) 259+ 0.36 215+ 0.36
CD11b* Ly6G™* neutrophils (% of total) 397 £ 0.46 4.51 £ 0.65
Characterization of splenocytes®
Total Spleen cells (x10°) 673+ 11.3 62.3 + 9.4
CD43* T-cells (% of total) 2483 £ 226 23.39 = 1.42
B220" B-cells (% of total) 45.35 + 3.32 46.67 £1.92
CD43*IgM* B1-cells (% of B-cells) 16.29 + 1.27 17.16 = 1.22
CD437IgM* B2-cells (% of B-cells) 81.76 £ 1.21 80.97 £ 1.19

Atherosclerosis in the aortic origin was analyzed by cross-sections through the aortic origin and
values represent the average pm?/section. En face measurements are given in percent lesion area
of the entire aorta. TC, total serum cholesterol; TG, serum triglycerides; PEC, peritoneal exudate

cells; PBC, peripheral blood cells. Cellular populations in “PEC, °PBC and ‘Splenocytes were
analyzed by flow cytometry. Data are mean = SEM.

38



1.2 -

12 1
=5 9 - 0.9 |
E E
=] =)
£ £
2 6 - u? 0.6 -
=|' =
3 0.3 -
0 T T T 0 T T T
LDLR*inj PBS IL-13 PBS IL-13 LDLR*inj PBS IL-13 PBS IL13
- aCD3/CD28 - aCD3/CD28
3 5 14 -
12
aJ
) i £ 101
E 2 >
=] £ 4
£ : °
=) =2
N L 61
= 1.
4 A
2
0 T T T o T T T
LDLR *inj PBS IL-13 PBS IL-13 LDLR*inj PBS IL-13 PBS IL-13
- oCD3/CD28 - oCD3/CD28
12 1
j 9 | I
£
=)
£
VL
3
0 T T T
LDLR *inj PBS IL-13 PBS IL-13

- aCD3/CD28

Fig 6: IL-13 administration does not alter cytokine production by splenic T-cells. LDLR™"
mice were fed an atherogenic diet for 16 weeks and received biweekly intraperitoneal injections
with PBS (n=11) or IL-13 (n=13) during the last 5 weeks. At time of sacrifice spleens were
collected from all mice and splenocytes stimulated with or without anti-CD3/CD28 in vitro.
LDLR"" mice from both groups show similar production of Th2 (IL-13, IL-5, IL-4 and IL-10) and
Thl (IFN-y) cytokines. Data are presented as mean = SEM ng/ml individual cytokines of
splenocyte cultures of all mice of each group.
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As expected with the relatively short time of administration only during the last 5
weeks of a 16-week feeding period, there were no differences in the extent of
atherosclerosis in the cross-sectional analyses of the aortic origin or in the entire aorta
by en face analyses between atherosclerotic LDLR™ mice treated with PBS or IL-13,

respectively (Figure 7A and Table Ill).

As lesion size was similar between the two groups, | was able to directly compare
lesion composition. Morphological analyses of the cross-sectional lesions showed no
significant differences in the necrotic core area, suggesting that both groups of mice had
the same stage of lesion development (Figure 7B). In contrast, the collagen content was
significantly higher in atherosclerotic LDLR” mice treated with IL-13 compared to PBS
treated mice (Figure 7C), while the smooth-muscle cells content remained unchanged
between the groups (Figure 7D). These results suggest that IL-13 injections stimulated
the production of collagen by either macrophages or smooth-muscle cell rather than the

proliferation of these cells, consistent with the pro-fibrotic function of IL-13.

Remarkably, immunohistological analyses of mac-3" macrophages uncovered a
significant reduction in lesional macrophages in the IL-13 treated mice (Figure 7E).
These differences in macrophage content were not due to changes in circulating blood
cell counts, as total numbers of white blood cells, monocytes (both classical LyGChi and
nonclassical Ly6C") or neutrophils in the peripheral blood of mice were similar (Table
[ll). Moreover, the plasma levels of CCL2/MCP-1 and CXCL1/KC, the two major
chemokines involved in monocyte recruitment, were not reduced in IL-13 injected mice
(Table IlI). In addition, the numbers of lesional T-cells were not different between the two

groups (Figure 7F).

Taken together, our data showed that IL-13 modulates established atherosclerotic
lesions by inducing a more stable plaque composition with higher collagen content and
fewer macrophages.
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Fig 7: IL-13 administration alters the plaque phenotype of established atherosclerotic
lesions. LDLR"" mice were fed an atherogenic diet for 16 weeks and received biweekly
intraperitoneal injections with PBS (n=11) or IL-13 (n=13) during the last 5 weeks. (A) Equal
extent of atherosclerotic lesion size in cross-sections of the aortic origin in injected LDLR™ mice.
Values represent the average um?/section. (B) Equal necrotic core area in lesions of injected
LDLR"" mice. Values represent percentages of necrotic core area/total lesion area. (C) Increased
collagen content in lesions of LDLR™ mice injected with IL-13. Sections were stained with Sirius
Red for the presence of collagen, and values represent the percentages of Sirius Red” area/total
lesion area (*p<0.05). (D) Equal smooth-muscle cell content in lesions of injected LDLR’ mice.
Sections were stained with an anti-smooth-muscle cells actin specific antibody, and values
represent the percentages of smooth-muscle actin® area/total lesion area. (E) Decreased
macrophage content in lesions of LDLR" mice injected with IL-13. Sections were stained with
the macrophage specific anti-mac-3 antibody and values represent the numbers of mac-3"
cells/mm? of total lesion area (***p<0.001). (F). Equal numbers of T-cells in the lesions of
injected LDLR’ mice. Sections were stained with a T-cell specific anti-CD3 antibody, and values
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represent the numbers of CD3 " cells/mm? of total lesion area. All data are mean + SEM values of
all mice of each group. Images show representative examples of the respective stainings. Original
magnification: 50x (A), 100x (C, E).

5.2. IL-13 administration reduces macrophage content in lesions of
atherosclerotic ApoE” mice, independent of macrophage egress.

The observed morphological changes of atherosclerotic lesions following IL-13

administration suggested the possibility of macrophage egression.

Because CCR7 has been implicated as a key chemokine receptor in this process,
| first evaluated CCR7 expression in lesions of the cholesterol-fed LDLR" mice that were
treated with either IL-13 or PBS, respectively. There was no significant difference in the
percentage of CCR7" lesion area between the two groups, suggesting no major

contribution of CCR7-mediated emigration (Figure 8).
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Fig 8: Equal expression of CCR?7 in atherosclerotic lesions of injected LDLR"" mice. LDLR”
mice were fed an atherogenic diet for 16 weeks and received biweekly intraperitoneal injections
with PBS (n=11) or IL-13 (n=13) during the last 5 weeks. CCR7 expression was assessed in
lesions of injected LDLR’ mice by immunohistochemistry. Values represent the percentages of
CCR7" area/total lesion area. All data are mean + SEM values of all mice of each group.

We then directly evaluated the ability of IL-13 to induce macrophage egress from
existing lesions using a method that is based on the tracking of fluorescent bead-labeled

monocyte/macrophages in ApoE” mice (Potteaux et al, 2011). To achieve comparable
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lesion development in these mice, they were fed an atherogenic diet for a total of 6
weeks and received PBS or IL-13 during the last 2 weeks of diet. Following depletion of
monocyte/macrophages by clodronate-liposome injection 20 days after initiation of the
atherogenic diet, circulating monocytes were labeled with latex-beads to monitor lesional
macrophage migration. At day 28, one third of mice were sacrificed to obtain a baseline
number of beads per plaque area in the aortic root. The other mice were divided into two
groups and received biweekly injections of either IL-13 or PBS, respectively, for the

remaining two weeks (Figure 9A).

At time of sacrifice, cross-sections of the aortic origin were analyzed for the
presence of fluorescent beads as well as mac-2* cells. The numbers of beads per
plaque area at week 6 were not different between PBS- and IL-13-injected animals and
comparable to the numbers at baseline (week 4), indicating that IL-13 had no effect on
macrophage egression (Figure 9B). Nevertheless, macrophage content of the same
lesions was significantly lower in IL-13-injected mice compared to PBS-injected mice,
thereby confirming our initial observation in a different atherosclerosis-prone mouse

strain (Figure 9C).

Thus, IL-13 limits lesional macrophage content by a mechanism other than

macrophage emigration.
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Fig 9: IL-13 administration has no effect on macrophage egress from established
atherosclerotic lesions. ApoE'/ " mice were fed an atherogenic diet for 4 weeks (baseline) or 6
weeks (PBS and IL-13, respectively). After 3 weeks, circulating monocytes of all mice were
labeled with fluorescent-latex beads following clodronate-liposome depletion 24h before. One
week later, one group of mice was sacrificed for baseline (n=7) measurements of bead and
macrophage content and the remaining mice received biweekly intraperitoneal injections with
either PBS (n=7) or IL-13 (n=8) until sacrifice. (A) Diagram of experimental design. (B) Similar
content of fluorescent beads per plaque area in the aortic root of PBS and IL-13 administration
respectively compared to baseline. (C) Decreased macrophage content in lesions of ApoE” " mice
injected with IL-13. Sections were stained with the macrophage specific anti-mac-2 antibody and
values represent the percentages of mac-2" cells/total DAPI™ cells (***p<0.001). All data are

mean = SEM values of all mice of each group.
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5.3. IL-13 administration results in decreased monocyte adhesion and
VCAM-1 expression in lesions of atherosclerotic ApoE” mice in vivo.

To explain the decreased numbers of macrophages in atherosclerotic lesions
despite unchanged peripheral blood monocyte counts, similar plasma levels of important
chemokines, and no effect on macrophage egression, | hypothesized that IL-13 reduced

the recruitment and monocyte adhesion to the atherosclerotic wall.

To elucidate this directly, we assessed the adhesion of different leukocyte
populations by intravital microscopy of carotid arteries of Cxscr19®™ mice that were
available on an ApoE™ background. Mice were fed an atherogenic diet for a total of 6
weeks and received PBS or IL-13 during the last 2 weeks of diet. Following injection of a
fluorescent antibody to GR1 (Ly6C/G), this animal model enabled us to differentiate, at
the same time, between the adhesion of two subtypes of circulating monocytes

(nonclassical Gr1” Cxscr1™¥® and classical Gr1* Cxscr1'®®) and neutrophils (Gr1* gfp).

Indeed, the adhesion of circulating monocytes to carotid arteries was significantly
decreased in atherosclerotic mice injected with IL-13 compared to PBS treated mice (Fig
5), whereas adhesion of circulating neutrophils was similar (Figure 10). In addition, the
adhesion of the two monocyte subsets was equally reduced (data not shown),
suggesting that IL-13 administration reduces monocyte recruitment through a common
pathway.
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Fig 10: IL-13 administration reduces monocyte adhesion in established atherosclerotic
lesions. Cx3cr1¥"™ ApoE™" mice were fed an atherogenic diet for 6 weeks and received biweekly
intraperitoneal injections with PBS (n=8) or IL-13 (n=8) during the last 2 weeks. At time of
sacrifice, PE-conjugated anti-GR1 antibodies were injected intravenously and the number of
monocytes (GFP cells) and neutrophils (PE+ cells) adhering to the carotid bifurcation was
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assessed by intravital microscopy. Values represent the numbers of cells/optical field (*p<0.05).
All data are mean + SEM values of all mice of each group

Thus, | hypothesized that IL-13-induced changes may result in decreased
endothelial cell activation. To test this, we performed intravital microscopy of carotid
arteries of ApoE” mice that were fed an atherogenic diet for a total of 6 weeks and
received PBS or IL-13 during the last 2 weeks of diet, followed by the injection of
fluorescently labeled beads coupled with anti-VCAM-1 antibody or anti-CCL2 antibody to
analyze the carotid endothelial activation state in these mice. VCAM-1 expression was
significantly decreased in IL-13 treated mice (Figure 11A), whereas the expression of

CCL2 was similar in both groups (Figure 11B).

These data strongly suggest that the decrease in lesional macrophage content
observed in IL-13-treated mice is caused by a reduction in the VCAM-1-dependent

monocyte recruitment.
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Fig 11: IL-13 administration reduces VCAM-1 expression, but not CCL2 in established
atherosclerotic lesions. ApoE”™ mice were fed an atherogenic diet for 6 weeks and received
biweekly intraperitoneal injections with PBS (n=8) or IL-13 (n=8) during the last 2 weeks. At
time of sacrifice, fluorescent anti-VCAM-1 beads (A) or fluorescent anti-CCL2 beads (B) were
injected intravenously and the number of beads adhering to the carotid bifurcation was assessed
by intravital microscopy. Values represent the numbers of beads/optical field (***p<0.001). All
data are mean £ SEM values of all mice of each group. (A) Representative microscopy images
are shown. Bar: 100 pm.
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54. IL-13 administration skews macrophage phenotype towards
alternatively activated macrophages (M2) in vivo.

Because IL-13 is known to induce alternative macrophage differentiation, |
investigated whether IL-13 administration had the capacity to generate M2 macrophages

in vivo.

Indeed, | observed a shift within the macrophage population towards more
CD206" macrophages (M2) and less CD80" macrophages (M1) in the peritoneal cavities
of IL-13 treated-mice, as assessed by flow cytometry (Figure 12A) and further confirmed
by quantitative PCR, demonstrating a significant up-regulation of common M2-related
genes, including Arginase-1 (Arg-1), chitinase 3-like 3 protein (Chi3I3/Ym-1) and CCLY,
and a concomitant down-regulation of M1-related genes such as inducible nitric oxide
synthase (iINOS), CD86 and CXCL10 (Figure 12B). The total numbers of peritoneal
macrophages, T- and B-cells (including B1- and B2-cells) were not different between the

two groups (Table IlI).

Importantly, in analogy to the activation state of peritoneal macrophages,
immunostaining of lesional macrophages for the expression of INOS demonstrated
fewer M1 macrophages in lesions of IL-13 injected mice (Figure 13A). Moreover,
immunostaining for the expression of two different M2 markers, Ym-1 and mannose
receptor (MR, CD206), demonstrated significantly higher numbers of M2 macrophages
in lesions of IL-13 injected mice, despite an overall decreased macrophage content

(Figure 13B and 13C, respectively).
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Fig 12: IL-13 administration skews peritoneal macrophage phenotype towards alternatively activated (M2) macrophages in vivo. LDLR™"
mice were fed an atherogenic diet for 16 weeks and received biweekly intraperitoneal injections with PBS (n=11) or IL-13 (n=13) during the last 5
weeks. (A) Increased frequencies of M2 macrophages and decreased frequencies of M1 macrophages in the peritoneal cavity of LDLR’ mice
injected with IL-13. Peritoneal cells were stained with antibodies against CD80 and CD206 and identified by flow cytometry as M1 and M2
macrophages, respectively. CD80/CD206 double positive cells were classified as M1/M2 macrophages. Values represent the percentages of
individual macrophage subtypes/total macrophages (*p<0.05). All data are mean + SEM values of all mice of each group. (B) Increased expression
of M2 genes and decreased expression of M1 genes in the peritoneal cavity of LDLR’ mice injected with IL-13. The expression of indicated genes
was assessed in total peritoneal cells by quantitative RT-PCR. Data were normalized to CycB expression. Symbols indicate the normalized
expression levels of individual mice, and horizontal bars indicate means of each group (*p<0.05, **p<0.01, ***p<0.001).
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Fig 13: IL-13 administration skews lesional macrophage phenotype towards alternatively activated (M2) macrophages in vivo. LDLR" mice
were fed an atherogenic diet for 16 weeks and received biweekly intraperitoneal injections with PBS (n=11) or IL-13 (n=13) during the last 5 weeks.
(A) Decreased M1 macrophages in lesions of LDLR’ mice injected with IL-13. Sections were stained with an antibody against iNOS, which is
specifically expressed by M1 macrophages and values represent the numbers of iNOS™ cells/mm? of total lesion area (*p<0.05). (B-C) Increased M2
macrophages in lesions of LDLR"™ mice injected with IL-13. Sections were stained with an antibody against Ym-1 (B) and CD206 (C), which are
specifically expressed by M2 macrophages. Values represent the numbers of M2 cells/mm? of total lesion area (*p<0.05). All data are mean + SEM
values of all mice of each group. Images show representative examples of iNOS (A) and Ym-1 (B) staining. Original magnification: 400x.
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These changes in macrophage activation states resulted in a significantly
increased M2:M1 ratio in lesions of IL-13-treated mice (Figure 14A). Of note, the
changed M2:M1 ratio seems to be mainly a result of an absolute and relative increased
induction of M2 macrophages (Figure 14B), as the relative ratio of M1 macrophages to

total macrophages did not change (Figure 14C).

In summary, | showed for the first time that exogenous administration of I1L-13
induces alternatively activation of lesional macrophages during the course of
atherosclerosis development and furthermore | could demonstrate that the decreased
lesional macrophage content was paralleled by the induction of M2 macrophages and

concomitantly the reduction of M1 macrophages in atherosclerotic lesions.
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Fig 14: Increased ratio towards alternatively activated (M2) macrophages in lesions of LDLR" mice
injected with IL-13. LDLR" mice were fed an atherogenic diet for 16 weeks and received biweekly
intraperitoneal injections with PBS (n=11) or IL-13 (n=13) during the last 5 weeks. The ratio between
M2:M1 macrophages (A), M2:total macrophages (B), and M1:total macrophages (C) was assessed in
lesions of injected LDLR” mice. All data are mean + SEM values of all mice of each group

(¥*%p<0.001).

5.5. Alternatively activated macrophages by IL-13 show higher clearance of
OxLDL in vitro.

To study potential effects of differentially activated macrophages in
atherogenesis, | evaluated the ability of IFN-y and IL-13 to modulate macrophage foam
cell formation by promoting either classical (M1) or alternative (M2) macrophage

activation, respectively.
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Thioglycollate-elicited macrophages were stimulated with either IFN-y or IL-13,
and successful differentiation into M1 or M2 macrophages was confirmed by the

expression of INOS (M1) and Arg-1 (M2), respectively (Figure 15).
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Fig 15: Differentially activated macrophages in vitro. Thioglycollate-elicited macrophages
were differentiated with IFN-y or IL-13 into classically (M1) or alternatively (M2), respectively.
The expression of Arginase-1 (Arg-1) and iNOS was analyzed by quantitative RT-PCR. Data
were normalized to CycB expression and values represent fold increased expression over
untreated cells. Data are mean + SEM of two independent experiments performed in triplicates
(***p<0.001).

Differentially activated macrophages were then incubated with copper-oxidized
LDL (CuOx-LDL) to induce foam cell formation. Subsequent analyses of these cells
revealed an increase of total cellular cholesterol content in foam cell cultures derived
from IFN-y stimulated macrophages and to a significantly greater extent in macrophages
stimulated with IL-13 (Figure 16A). An increased uptake of CuOx-LDL was further
confirmed by Oil Red O (ORO) staining, which revealed a higher percentage of ORO"
cells in IL-13-activated macrophages compared to IFN-y-activated macrophages (Figure
16B). Consistent with that, IL-13 stimulation resulted in increased expression of the
scavenger receptor CD36, which was further induced after CuOx-LDL loading (Figure
16C). The expression of scavenger receptor A-1 (SRA-1) and LOX-1 was not different
between the two differentially activated macrophage foam cells (Figure 16D and 16E).
Addition of high density lipoproteins (HDL) to the foam cell cultures significantly reduced
the increased cellular cholesterol only in IL-13-activated macrophage cultures, thereby

abrogating the increased foam cell formation (Figure 16A). These data suggested a
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higher cholesterol efflux capacity of IL-13-activated compared to IFN-y-activated foam

cells.
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Fig 16: Increased foam cell formation in alternatively activated macrophages (M2) in vitro.
Thioglycollate-elicited macrophages were differentiated with IFN-y or IL-13 into classically
(M1) or alternatively (M2), respectively, and then incubated with CuOx-LDL for 24h to generate
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foam cells. (A) Increased cellular cholesterol levels in M2-derived foam cells are reduced in the
presence of HDL. M1 and M2 macrophages were incubated with CuOx-LDL in the absence or
presence of HDL 10 pg/ml. Lipids were extracted from cell lysates and total cholesterol and
protein were measured. Data are mean = SEM values of two independent experiments performed
in quadruplicates and represent mg cholesterol/mg protein (*p<0.05, ***p<0.001). (B) Increased
lipid uptake in M2-derived foam cells. Foam cells were stained with Oil Red O (ORO) and the
percentages of ORO" cells/total cells were quantified. All data are mean = SEM values of two
experiments performed in quadruplicates (***p<0.001). Images show representative examples of
ORO stain. Original magnification: 200x. The expression of (C) CD36, (D) SRA-1 and (E) LOX-
1 was analyzed by quantitative RT-PCR. Data were normalized to CycB expression and values
represent fold increased expression over untreated cells. Data are mean + SEM of three
independent experiments performed in triplicates (*p<0.05, ***p<0.001).

To further test this hypothesis, | performed in vitro cholesterol efflux assays using
equal amounts of [*H]-cholesterol, which demonstrated a significantly higher HDL-
dependent efflux of foam cell cultures derived from IL-13 stimulated macrophages
compared to IFN-y stimulated macrophages (Figure 17A). Moreover, to evaluate the
ability of IL-13 to directly increase cholesterol efflux in macrophage foam cells,
macrophages were first loaded with CuOx-LDL plus [*H]-cholesterol and then stimulated
with IFN-y and IL-13, respectively. Importantly, HDL-dependent efflux was significantly
increased in IL-13 stimulated foam cells using this experimental setup as well (Figure
17B).
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Fig 17: Increased cholesterol efflux by IL-13 stimulation in vitro. (A) Increased HDL-
dependent cholesterol efflux by M2-derived foam cells. Thioglycollate-elicited macrophages
were stimulated with IFN-y or IL-13 into classically (M1) or alternatively (M2) activated
macrophages, respectively, and then incubated with CuOx-LDL plus 1 pCi of [*H]-cholesterol.
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(B) Increased HDL-dependent cholesterol efflux by foam cells stimulated with IL-13.
Thioglycollate-elicited macrophages were incubated with CuOx-LDL plus 1 pCi of [*H]-
cholesterol for 24 hours and then stimulated with IFN-y or IL-13 into classically (M1) or
alternatively (M2) activated macrophage/foam cells, respectively. Subsequently, HDL-dependent
efflux was assayed as described in Methods. Data represent percentages of HDL-dependent
efflux/total efflux (*p<0.05). Data are mean £ SEM of three independent experiments performed
in triplicates.

| therefore investigated the expression levels of the two most important receptors
responsible for cholesterol efflux in macrophages, ATP-binding cassette A1 (ABCA1)
and G1 (ABCG1) by immunoblotting, and found that upon stimulation with CuOx-LDL
the expression of both ABC transporters was significantly up-regulated in foam cells
derived from IL-13-activated macrophages compared to IFN-y-activated foam cells
(Figure 18A-C) and non-activated foam cells (data not shown). This was also confirmed
by quantitative PCR on the mRNA level (Figure 18D and 18E). In contrast, IFN-y-
activated macrophages exhibited only a significant up-regulation of ABCG1 protein
following CuOx-LDL stimulation, albeit to a lesser degree than IL-13 activated
macrophages (Figure 18C). Consistent with that, IL-13 stimulation also resulted in the
increased expression of the nuclear receptor LXRa, which is the main transcription

factor controlling ABCA1 and G1 expression (Figure 18F).

To correlate these in vitro findings with effects of IL-13 on macrophage function in
vivo, lesions of cholesterol-fed LDLR™ mice that received either IL-13 or PBS (See
Figure 7), were analyzed for ABCA1 expression by immunohistochemistry. Remarkably,
atherosclerotic lesions of IL-13- treated mice showed a significantly higher number of

ABCA1 expressing cells compared to lesions from control mice (Figure 19).

Taken together, our data demonstrate that macrophages alternatively activated
by IL-13 have an overall increased capacity of OxLDL clearance, as they display
increased uptake as well as increased cholesterol efflux capacities without enhancing
foam cell formation. This should result in a more efficient removal of pro-inflammatory

OxLDL and consequently a less inflammatory environment in atherosclerotic lesions.
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Fig 18: Increased cholesterol efflux machinery in M2-derived foam cells. Thioglycollate-
elicited macrophages were differentiated with IFN-y or IL-13 into classically (M1) or
alternatively (M2), respectively, and then incubated with CuOx-LDL for 24h to generate foam
cells. (A-C) Increased ABCA1 and ABCGI expression in M2-derived foam cells. (A) Shown is a
representative Western blot for the presence of ABCA1, ABCG1, and B-actin in lysates of cells
that were treated as indicated. (B-C)The graphs show the quantification of the band intensity of
(B) ABCAL1 and (C) ABCGI related to B-actin. The expression of (D) ABCA1 and (E) ABCGl1,
and (F) LXRa was analyzed by quantitative RT-PCR. Data were normalized to CycB expression
and values represent fold increased expression over untreated cells. All data are mean + SEM
values of three independent experiments performed in triplicates (*p<0.05, **p<0.01,
*#%p<0.001).
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Fig 19: Increased ABCA1 expression in lesions of LDLR" mice injected with IL-13. LDLR”
mice were fed an atherogenic diet for 16 weeks and received biweekly intraperitoneal injections
with PBS (n=11) or IL-13 (n=13) during the last 5 weeks. Sections were stained with an antibody
against ABCAI and values represent the numbers of ABCA1™ cells/ mm® of total lesion area
(*p<0.05). All data are mean = SEM values of all mice of each group. Images show
representative ABCA1 staining. Original magnification: 400x.

5.6. IL-13 deficiency accelerates atherosclerosis.

Finally, to demonstrate the role of IL-13 in the development of atherosclerotic
lesions, | transplanted lethally irradiated LDLR’ mice with bone marrow from either /L-
13" or IL-13" mice. Four weeks after bone marrow transplantation (BMT) and
successful replenishment, mice were switched to an atherogenic diet for the subsequent

16 weeks to induce atherosclerosis (Figure 20).
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Fig 20: Successful bone marrow reconstitution in IL-13 chimeric mice. LDLR’ mice were
reconstituted with bone marrow cells isolated from either /Z-13"* mice (n=12) or IL-1 3" mice
(n=14) and fed an atherogenic diet for 16 weeks. At time of sacrifice bone marrow cells were
collected from all mice and genomic DNA extracted and amplified for IL-13, LDLR and IL-5
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genes. Tail DNA from a IL-1 3" IL-13"" and LDLR™ mouse were used as positive and negative
controls.

At time of sacrifice, the two groups of mice were not different regarding body
weight, TC and TG levels (Table V). Importantly, cross-sectional analyses of lesions in
the aortic origin revealed significantly accelerated atherosclerosis with almost two times
larger lesions in IL-13" bone marrow recipients, indicating a protective role of IL-13 in
atherogenesis (Figure 21A). In addition, en face analyses also showed a trend towards

increased lesion formation in recipients of /L-13" bone marrow (Table 1V).

Lesions of IL-13" bone marrow chimeras displayed increased necrotic core
formation, consistent with advanced plaque progression (Figure 21B). Nevertheless, the
relative macrophage content was equivalent between the two groups (Figure 21C) with
significantly less M2 macrophages in lesions of /L-13" bone marrow chimeras (Figure
21D). The predominant M1 macrophage areas were similar between the two groups
(Figure 21E).
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Table I'V: Overview of experimental data of the bone marrow transplantation study.

IL-13** — LDLR'" IL-137 — LDLR"-

(n=12) (n=14)
Atherosclerosis

Aortic origin (10* pm?/sect.) 11.44 £ 2.03 21.86 £2.38™

En face (% of aorta) 472+0.78 7.00+1.27
Metabolic parameters

Weight (g) 29.4+0.78 29.2+0.47

TC (mg/dL) 788.2 + 85.3 859.8 +46.9

TG (mg/dL) 591.2+79.6 606.1 £57.4
Serum antibody titers

Total IgM (mg/mL) 1.64+0.15 164 +£0.11

Total IgG1 (mg/mL) 2.37+£0.55 2.00£0.50

Total IgG2c (mg/mL) 1.01+0.14 1.55 + 0.22"
Splenic cytokines”

IL-4 (ng/mL) 12.44 £ 2.33 2.20+ 0.53"™

IL-5 (ng/mL) 0.75+0.03 091+0.14

IL-10 (ng/mL) 6.66 + 0.62 2.92+0.35™

IL-13 (ng/mL) 33.68 +3.34 2.23+£0.12™

IFN-y (ng/mL) 142.6 + 4.55 135.0+5.10
Characterization of splenocytes &

Total Spleen cells (x105) 8.99 + 0.56 989 +063

CD43" T-cells (% of total) 22.05 + 0.51 22.46 + 0.55

CD220* B-cells (% of total) 5814 + 1.84 55 66 + 1.61

CD43"IgM* B1-cells (% of B-cells) 1353 +1.18 14.70 £ 0.97

CD220"IgM* B2-cells (% of B-cells) 84 47 + 1.21 83.20  0.93

Atherosclerosis in the aortic origin was analyzed by cross-sections through the aortic origin and
values represent the average pm?/section. En fuce measurements are given in percent lesion area
of the aorta. TC, total serum cholesterol; TG, serum triglycerides. “Cytokine secretion in
supernatants of splenocyte cultures following stimulation with anti-CD3/CD28. Cellular
populations of ®Splenocytes were analyzed by flow cytometry Values that are statistically

skskok

different from the control group. (*p<0.05; **p<0.01; p<0.001). Data are mean + SEM.
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Fig 21: Increased atherosclerosis in IL-13-deficient LDLR" mice. LDLR" mice were
reconstituted with bone marrow from either /L-73"" mice (n=12) or IL-1 3" mice (n=14) and fed
an atherogenic diet for 16 weeks. (A) Increased extent of atherosclerotic lesion size in cross-
sections of the aortic origin in mice reconstituted with /L-1/ 3" bone marrow. Values represent
um?2/section throughout the entire aortic origin (400um) (**p<0.01). Images show representative
H&E stains. Original magnification: 50x. (B) Increased necrotic core area in lesions of recipients
of IL-13"" bone marrow. Values represent percentages of necrotic core area/total lesion area
(*p<0.05). (C) Lesional macrophage content between recipients of IL-13" or IL-13"" bone
marrow. Sections were stained with the macrophage specific anti-mac-3 antibody and values
represent the percentages of mac-3" area/cellular lesion area. (D) Decreased relative lesional M2
macrophage content in lesions of recipients of /L-/ 37 bone marrow. Sections were stained with
an antibody against Ym-1, which is specifically expressed by M2 macrophages and values
represent number of Ym-1'cells/cellular lesion area (**p<0.01). (E) Relative lesional M1
macrophage content between recipients of IL-13"" or IL-13""" bone marrow. Sections were stained
with an antibody against iNOS, which is specifically expressed by M1 macrophages and values
represent the percentages of iNOS" area/cellular lesion area. All data are mean + SEM values of
all mice of each group.
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To investigate potential immunological differences paralleling this increased
lesion formation, total splenocytes of mice from both groups were stimulated with anti-
CD3 and anti-CD28 for 72h to induce maximal T-cell activation in vitro. As expected,
splenocytes from IL-13" LDLR’" bone marrow chimeras produced only minimal amounts
of IL-13. Moreover, the production of IL-4 and IL-10, but not IL-5 and IFN-y were
significantly diminished in these mice (Figure 22A and Table V). This selective decrease
in Th2 cytokine production was also reflected by a significant increase in Th1 dependent
IgG2c antibodies in serum of the IL-13" LDLR™ bone marrow chimeric mice, while total
IgG1 antibody levels were not different (Figure 22B). IgM levels were similar between
both groups (Table V). These changes in T-cell dependent IgG levels resulted in a
significantly decreased 1gG1:19G2c ratio indicating an overall Th1-biased response
(Figure 22C).

Similar results were obtained for MDA-LDL specific 1IgG1 and IgG2c titers,
respectively (Figure 23A). Importantly, the numbers of splenic T-cells and B-cells
(including B1- and B2- cells) were not different between the two groups (Table V).
Consistent with an inherent Th1 bias, non-atherosclerotic /L-13-deficient mice that were
used as bone marrow donors were also found to display decreased IgG1 and increased

IgG2c levels compared to wild-type controls (Figure 23B).

These data indicate that IL-13 deficiency results in an overall pro-inflammatory
environment that inhibits alternative activation of lesional macrophages and promotes

atherosclerotic lesion development.
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Fig 22: Effect of IL-13-deficiency on splenic cytokine production and antibody isotype
levels. LDLR"™ mice were reconstituted with bone marrow from either /L-13""* mice (n=12) or IL-
13" mice (n=14) and fed an atherogenic diet for 16 weeks. At time of sacrifice spleens and blood
were collected from all mice. (A) Recipients of /L-13-deficient bone marrow show a decreased
production of Th2 cytokines (IL-13, IL-4, and IL-10) but not IFN-y by splenocytes stimulated
with anti-CD3/CD28 in vitro. Data are presented as ng/ml cytokine of splenocyte cultures
(***p<0.001). (B) Increased levels of total IgG2¢ antibodies in sera of IL-13-deficient LDLR"
mice. Data are presented as mg/ml of indicated serum IgG isotypes (*p<0.05). (C) Decreased
ratio of IgG1:1gG2c antibodies in IL-13-deficient LDLR™ mice (*p<0.05). All data are mean +
SEM values of all mice of each group.
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Fig 23: Effect of IL-13-deficiency on antibody isotype levels. (A) LDLR" mice were
reconstituted with bone marrow from either /L-13"" mice (n=12) or IL-1 3" mice (n=14) and fed
an atherogenic diet for 16 weeks. At time of sacrifice blood was collected from all mice, and
IgG1 and IgG2c antibodies against MDA-LDL were determined. Values represent relative light
units (RLU)/100 ms (*p<0.05). (B) IL-13" mice have increased levels of total IgG2c and
decreased levels of total IgG1 antibodies in serum. IgG isotypes in sera of IL-13"* (n=8) or IL-
137 mice (n=8) were quantified by ELISA. Data are presented as pg/ml of indicated IgG isotypes
(**p<0.01). All values are mean = SEM of all mice of each group.
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6. DISCUSSION

In this thesis | demonstrate a previously unrecognized atheroprotective role of IL-
13 in murine models of atherogenesis. It was assumed that IL-13 would have a similar
pro-atherogenic role in atherosclerosis as IL-4, because both cytokines share similar
functions by engaging the same receptor complexes. My data now point to a differential
role in atherosclerosis, which can be explained by unique functions of IL-4 and IL-13 as
a consequence of the exclusive engagement of the alternative receptors IL-4Ra/yc and
IL-13Ra2, respectively, or by differences in ligand affinity for the same IL-4Ro/IL-13Ra1
receptor complex (Kelly-Welch, 2003; LaPorte et al, 2008). This is exemplified by the
ability of only IL-4 to differentiate naive CD4" T-cells into Th2 cells (Amsen et al, 2009;
Seder & Paul, 1994) or the non-redundant role of IL-13 in parasite expulsion, allergic
inflammation, and asthma (Bancroft et al, 1998; Grunig et al, 1998; Liang et al, 2011). In
support of this, previous reports identified a protective function of IL-13 in models of
autoimmune myocarditis (Cihakova et al, 2008) and liver injury induced by
ischemia/reperfusion (Kato et al, 2003; Yoshidome et al, 1999) mainly by its capacity to

induce an overall anti-inflammatory response and to modulate macrophage activation.

Specifically, | found that cholesterol-fed chimeric IL-13" LDLR’ mice develop
nearly two-fold larger lesions in the aortic origin than LDLR”™ mice that were
reconstituted with wild type bone marrow. This pro-atherogenic effect of |IL-13-deficiency
was accompanied by an overall Th1-biased immune phenotype, as judged by cytokine
release of stimulated splenocyte cultures and Th1/Th2-dependent IgG isotype levels in
sera of these mice. These data are consistent with the known impairment in Th2 cell
development by /L-13-deficient mouse (McKenzie et al, 1998a). Likely this overall shift in
the immune response contributed in part to the pro-atherogenic effect shown. In fact, |
observed that LDLR’ mice under a hypercholesterolemic diet gradually increase serum
levels of IL-13 from basal levels of 0.67 ng/ml up to 2.28 ng/ml of IL-13 at 12 weeks of
atherogenic diet (data not shown). This is consistent with a protective endogenous
response that is induced upon diet-feeding and lesion development. Similar responses
have been described for other anti-atherogenic cytokines such as IL-10, which is also
found to increase during lesion formation (Mallat et al, 1999b). The importance of this
endogenous response is underscored by the finding that /L-13-deficient LDLR" mice

develop accelerated atherosclerosis, suggesting that not only sustained pro-
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inflammatory responses but also the failure of anti-inflammatory control mechanisms

may lead to disease progression.

To study the atheroprotective effect of IL-13 directly, | examined the impact of
exogenous |L-13 administration on established atherosclerotic lesions in cholesterol-fed
LDLR’ mice. To avoid hepatic fibrosis (Wynn, 2008), | chose a rather low dose of IL-13
administration to achieve only three times higher serum levels than found in
atherosclerotic mice. Importantly, this interventional strategy did not result in an
alteration of the Th1/Th2 phenotype of the immune response. Nevertheless, | discovered
that IL-13 administration resulted in significantly increased lesional collagen content,
which is consistent with the known strong pro-fibrotic role of IL-13 (Wynn, 2008), as well
as significantly decreased lesional macrophage content. These alterations in plaque
morphology are strongly reminiscent of changes that were reported to occur as a result
of lesion regression induced by lowering serum cholesterol or increasing serum HDL in
mice (Reis et al, 2001; Rong et al, 2001; Williams et al, 2008). Of interest, the changes
in our model of IL-13 administration occurred without changes in serum cholesterol
levels. It remains to be shown whether IL-13 is also mechanistically involved in

atherosclerotic lesion stabilization during lipid lowering or active lesion regression.

In this regard it is important to point out that Fisher and colleagues recently
reported that regression of atherosclerotic lesions is associated with the up-regulation of
markers of alternative macrophage activation (M2) (Feig et al, 2011a; Feig et al, 2011b;
Feig et al, 2012; Rayner et al, 2011b). M2 macrophages have been documented in
murine and human lesions (Bouhlel et al, 2007; Chinetti-Gbaguidi et al, 2011; El Hadri et
al, 2012; Khallou-Laschet et al, 2010). | now show that IL-13 administration also induces
relative and absolute increases in M2 macrophages in cholesterol-fed LDLR"™ mice, and
that the same lesions that show increased collagen and a decreased macrophage
content have significantly increased numbers of alternatively activated macrophages
and furthermore, concomitantly decreased numbers of classically activated
macrophages (M1). Because our quantitative assessment of lesional macrophages
suggests the presence of still “uncommitted” macrophages (i.e INOS™ and Ym-17), it can
be assumed that IL-13 primarily acts on this particular population of existing
macrophages. In contrast, lesions of cholesterol-fed chimeric /L-13" LDLR" mice
displayed decreased numbers of M2 macrophages. Although this dual classification
pattern of macrophages has been considered overly simplistic, it helped characterizing
macrophage heterogeneity and plasticity within atherosclerotic plaques (Mantovani et al,
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2009; Stoger et al, 2010). My data show for the first time that the macrophage
phenotype in atherosclerotic lesions can be modulated by IL-13 independent of

cholesterol-lowering.

| also addressed the functional consequences of increased numbers of M2
macrophages with respect to uptake of OxLDL and cholesterol efflux, rate limiting steps
in foam cell formation during atherogenesis (Steinberg & Witztum, 2010). Using murine
primary macrophages differentially activated with either IL-13 or IFN-y, respectively, to
model potential extremes of cytokine exposure inside the plaques, | observed an
increased capacity of IL-13 stimulated macrophages to take up OxLDL. This is
consistent with previous studies showing that M2 macrophages exhibit increased
expression of scavenger receptor CD36 and possess higher phagocytic activity (Berry,
2007; Gordon & Martinez, 2010). Previously, IL-4/IL-13 stimulation has been shown to
activate PPARYy leading to upregulation of CD36 through the generation of endogenous
ligands in murine and human macrophages (Huang et al, 1999; Rey, 1998), which might
be predicted to lead to enhanced foam cell formation. Indeed, | could also demonstrate
increased expression of CD36, but not SRA-1 or LOX-1, in IL-13-activated macrophage
foam cells. Herein, | show for the first time that OxLDL-loaded IL-13 activated
macrophages exhibited a higher cholesterol-efflux capacity and had increased
expression of ABCA1 and ABCG1 compared to IFN-y activated macrophages, resulting
in no net increase in cholesterol accumulation. My data is further supported by a
previous report demonstrating decreased ABCA1 expression and cholesterol-efflux of
IFN-y-treated murine foam cells compared to unstimulated foam cells (Panousis &
Zuckerman, 2000). In fact, numerous studies have shown the importance of these two
ABC transporters and the reverse cholesterol transport in promoting the regression of
atherosclerosis (Cuchel & Rader, 2006; Rayner et al, 2011a; Trogan et al, 2006; Wang
et al, 2007; YuZhen Zhang, 2005) or preventing its development (Oram & Vaughan,
2006; Out et al, 2008; Tall et al, 2008; Yvan-Charvet et al, 2007). Both receptors act
together to transport free cellular cholesterol to lipid-poor molecules, i.e. ApoAl particles
for ABCA1, and to lipidated HDL for ABCG1. Finally, the generation of larger lipid-rich
HDL molecules is cleared by the liver in a process called reverse cholesterol transport
(Kennedy et al, 2005; Tall et al, 2008). In vivo evidence demonstrated that ABCA1 and
ABCG1 are primarily involved in mediating net cholesterol efflux from macrophages to
HDL molecules (Wang et al, 2004; Yvan-Charvet et al, 2007). Of note, various

researchers have characterized the pro-inflammatory capacity of cholesterol loading in
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macrophages, and current in vitro and in vivo studies have shown that cholesterol efflux
to HDL/ApoA1 molecules abrogates this inflammation (Feig et al, 2011b; Sun et al,
2009; Yvan-Charvet et al, 2008; Zhu et al, 2008).

If translatable to the in vivo situation, my data suggest an enhanced ability of IL-
13 stimulated M2 type macrophages to clear OxLDL from the extracellular environment
and efficiently promote efflux of free cholesterol via ABCA1/G1 pathways without
enhancing foam-cell formation - a protective response that would be desirable in a
lesional macrophage. In fact, | did find increased expression of ABCA1 in lesions of IL-
13-treated mice. It is noteworthy that Chinetti-Gbaguidi et al. recently reported that IL-4
activated human monocyte-derived macrophages are less prone to foam cell formation,
although they found lower efflux capacity and increased cholesterol esterification in
these cells compared to untreated cells. This comparison to “neutral” monocytes and
differences between IL-4 and IL-13 may explain the discrepancies (Chinetti-Gbaguidi et
al, 2011). Furthermore, it has been described that human monocytes respond
differentially to IL-4/ IL-13 stimulation compared to macrophages mainly by their reduced
capacity to express the IL-2 receptor y chain - y; and the IL-13Ra1 (Hart et al, 1999a;
Hart et al, 1999b).

A prominent consequence of IL-13 administration was decreased recruitment of
monocytes to carotid arteries of atherosclerotic ApoE " mice, whereas no effect on
lesional macrophage egression was observed. The diminished recruitment seems to be
largely a consequence of decreased endothelial VCAM-1 expression, which we
observed in atherosclerotic mice treated with IL-13. A mechanistic role for VCAM-1 is
further supported by the fact that only recruitment of monocytes, but not neutrophils, was
affected by the IL-13 intervention. Furthermore, no difference between the recruitment of
nonclassical Ly6C"° or classical Ly6C"™ monocytes was observed, which is typically
dependent on the expression of specific chemokines (Combadiere et al, 2008; Ingersoll
et al, 2011; Tacke et al, 2007). In agreement with that, we did not observe an alteration
of CCL2 presentation by endothelial cells in carotid the arteries of atherosclerotic ApoE™
mice injected with IL-13. Finally, in analogy to the parallels with lesion regression
discussed above, Potteaux et al. recently reported that decreased monocyte recruitment
during lesion regression was also associated with decreased endothelial VCAM-1
expression (Potteaux et al, 2011). Endothelial VCAM-1 expression is a key event during
atherosclerotic lesion formation (Cybulsky et al, 2001; Dansky et al, 2001). However, it is

unlikely that IL-13 administration had a direct effect on VCAM-1 expression, as a
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previous study demonstrated that IL-13 in fact promoted the up-regulation of VCAM-1 on
activated-endothelial cells in vitro (Bochner et al, 1995; Woltmann et al, 2000). It is
known that VCAM-1 is strongly induced by OxLDL in endothelial cells in vitro and at
lesion prone-sites even before the appearance of visible lesions (Cybulsky & Gimbrone,
1991; Khan et al, 1995). Therefore, considering these data, one can speculate that a
more likely explanation for the decreased VCAM-1 expression is a reduced intimal
content of OxLDL as a consequence of enhanced IL-13-induced M2 macrophage-

mediated clearance.

Taken together, | propose a model in which a shift towards an anti-inflammatory
state in the local microenvironment of atherosclerotic lesions by exogenous
administration of IL-13 (or indirectly by increasing Th2 cell-mediated responses) leads to
the alternative activation of macrophages present within the plaque. Once activated,
these macrophages show increased expression of membrane scavenger receptor
CD36, which is responsible for promoting the uptake of free OxLDL trapped inside the
intima, and - at the same time - increased expression of ABC-transporters, which can
efficiently efflux the excess of free cholesterol generated to HDL molecules.
Consequently, the net foam cell formation is unaffected or even decreased, while OxLDL
is rapidly cleared (and detoxified), leading to a reduction in the activation of endothelial
cells and its presentation of VCAM-1. As a result of this, monocyte recruitment is
reduced, resulting in decreased lesional macrophage content. In parallel, IL-13 induces
collagen production, deposition, and promotes overall plaque stabilization, despite no

changes in serum cholesterol (Figure 24).
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Fig 24: Proposed model for IL-13-induced changes in established atherosclerotic lesions. IL-
13-dependent activation of macrophages leads to enhanced OxLDL clearance and an overall anti-
inflammatory state within atherosclerotic plaques, which reduces VCAM-1 presentation by
endothelial cells and thereby limits monocyte recruitment. As a direct consequence of IL-13 on
smooth-muscle cells/fibroblasts or the generation of prolines in alternatively activated
macrophages, collagen production and deposition is increased. Over time, this process results in a
loss of macrophage content and stabilization of atherosclerotic lesions, promoting plaque
regression

In conclusion, my data indicate a key role for IL-13 in halting the progression of
atherogenesis and promoting plaque stabilization. | could provide clear evidence that IL-
13 leads to decreased VCAM-1 mediated monocyte recruitment to atherosclerotic
lesions, enhanced phenotypic modulation towards the reparative and atheroprotective
M2 phenotype, and enhanced collagen deposition. Even in the absence of decreased
plasma cholesterol levels, the changes induced by IL-13 are strongly reminiscent of
effects seen during plaque regression in response to cholesterol lowering. Thus, my
findings identify a potential new target for the prevention and treatment of

atherosclerosis
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7. FUTURE DIRECTIONS

While achieving the aim of this thesis, the results demonstrated here raise at the

same time new questions, some of which | will briefly discuss below.

In our model of bone marrow transplantation, mice were unable to produce IL-13,
but at the same time displayed an impairment of IL-4 production by activated T-cells.
Because, the role of IL-4 in atherosclerosis is controversial (Davenport & Tipping, 2003;
King et al, 2007; King et al, 2002), and IL-13 and IL-4 share partially common actions by
signalling through the same receptor complex (IL-4Ra/IL-13Ra1), the specific
contribution of each of these two cytokines in atherosclerosis development could be
further examined. Thus, an intervention study using IL-13Ral vs. IL-13Ra2-deficient
LDLR" mice would be a possibility to evaluate effects that are exclusive to IL-13.
Moreover, the same study of exogenous administration of IL-13 could be performed
using atherosclerotic IL-4"" mice, as these mice were shown to develop equal lesions as
their respective controls (King et al, 2007). These studies may contribute to our

understanding in how these two Th2 cytokines differentially influence atherosclerosis.

Cytokines are known to be present in both mouse and human atherosclerotic
lesions (Ait-Oufella et al, 2011), but up to date there are no studies available regarding
IL-13 expression within plaques during disease development. It would be of interest to
evaluate if IL-13 production is regulated and has a functional role during experimental
atherosclerosis regression, because regression studies showed morphologic changes in
lesion composition that were similar to the ones observed in this thesis during
exogenous administration of IL-13 — namely decreased macrophage content, increased
collagen production and alternative activation of macrophages. Moreover, a novel innate
lymphoid cell type, termed nuocyte, which is chiefly responsible for the production of IL-
13 during parasite infection and sufficient to promote parasite expulsion, has been
discovered recently. These cells were shown to be activated by a combination of
cytokines (i.e. IL-25, IL-33) and they are present in the small intestine, spleen and
mesenteric lymph nodes (Neill et al, 2010). It will be highly important to elucidate the
presence and impact of these cells and their relatives (Moro et al, 2010; Price et al,
2010; Saenz et al, 2010) in the adventitial tissue surrounding the plaques (or even
inside) as a potential source of IL-13 production in atherosclerotic lesions. Interestingly,

IL-33 is produced by activated endothelial cells and plays an important protective role in
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atherosclerosis development. In addition, gut activation and IL-25 production due to
increased lipids present in the atherogenic diet may represent another pathway for the
activation of these new Th2- innate producing cells. Therefore, studies using an IL-13
reporter mouse to determine the activation, distribution, and contribution of IL-13-
expressing cells during atherosclerosis may contribute to our understanding of the direct

effect of this cytokine in lesion morphology during disease development and regression.

Macrophages are hallmark cells of all stages of atherosclerosis and its
importance in disease initiation and progression has been studied extensively. Cellular
diversity and plasticity are essential features of macrophages that become a potential
and interesting target for disease modulation (Mantovani et al, 2009; Saha et al, 2009).
The atherosclerotic plague microenvironment is a complex source of stimulating signals,
which contribute to very diverse pro- and anti-atherogenic programs executed in lesional
macrophages. As a result of this, differential macrophage activation can modulate lipid
metabolism, inflammatory responses, and plaque stability, and ultimately the
progression and outcome of this disease. In this regard a number of unanswered
questions exist. For example, the relationship between peripheral blood monocyte
subsets and plaque macrophage heterogeneity remains to be elucidated at different
stages of lesion formation. Furthermore, inner-plaque polarization requirements and the
molecular mechanism underlying it are still unknown. The better characterization of
atheroma-associated macrophage profiles with reliable markers and their counterparts in
humans is much needed and “omics” approaches could further help understand the
heterogeneity and polarization of macrophages during atherosclerosis development
(Feig et al, 2012; Hoeksema et al, 2012).

It is known that monocyte recruitment to atherosclerotic lesions leads to plaque
progression, thus new approachs to target cell adhesion could prevent not only the
initiation of disease but also have an important impact on established and advanced
plaques (Saha et al, 2009). In fact, a recent study pointed out the importance of other
adhesion molecules in addition of VCAM-1, such as ICAM and osteopontin in the
inhibition of monocyte recruitment upon lipid lowering (Potteaux et al, 2011). Moreover,
IL-13 has been implicated in promoting P-selectin, but not E-selectin expression in
human umbilical veins (Woltmann et al, 2000). Hence, it would be of interest to extend
the investigation on other adhesion molecules and their impact on the reduction of
monocyte recruitment induced by IL-13 treatment in established and advanced
atherosclerosis.
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By these means, we aim to further characterize the protective role of IL-13 during
atherosclerosis and identify relevant pathways modulated by this cytokine as potential

targets for therapeutic interventions.
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