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Abstract

Cardiovascular diseases have been responsible for the majority of deaths worldwide for a long
time. Atherosclerosis is the main pathology behind cardiovascular diseases and its treatment is
the key to curb the world’s leading killer. Atherosclerosis is characterized by lesion development
in medium- to large-sized arteries and its major drivers are hyperlipidemia and inflammation. Pa-
tients with hyperlipidemia are recognized to be at risk for atherosclerosis and therefore treated
with cholesterol lowering medication, such as statins. Nonetheless, inflammation is also a strong
driver of atherosclerosis and research aimed at identifying novel anti-inflammatory therapeutic
targets for atherosclerosis treatment is still ongoing. The chemokine system heavily contributes
to numerous aspects of atherosclerotic inflammation, therefore chemokines and chemokine re-
ceptors are scrutinized in the search for novel therapeutic candidates. The atypical chemokine
receptor-3 (ACKR3) gained significant interest in this field as it was revealed to be an alternative
receptor for the atherosclerotic chemokine CXCL12. Although CXCL12 and its other receptor
CXCR4 have been studied in the context of atherosclerosis, investigation of ACKR3 in this dis-

ease model remains to be explored in detail.

This study elucidated the role of ACKR3 in atherosclerosis in vivo with regards to its cell type
specific functions. In doing so, cell specific deficiency of the receptor was accomplished in hyper-
lipidemic mice prone to develop atherosclerosis. Endothelial specific deficiency of ACKR3 limited
atherosclerosis formation in mice, whereas its deficiency in smooth muscle cells, hematopoietic
cells, adipocytes and hepatocytes did not significantly contribute to atherosclerosis. ACKR3 in the
endothelium regulated cell adhesion and thereby modulated the entry of circulating immune cells
into the sub-endothelial space of the arteries. This effect was reflected by reduced lesional mac-
rophage accumulation and therefore lesion development in mice lacking endothelial ACKR3. Fur-
ther analyses revealed that ACKR3 mediated ICAM and VCAM driven endothelial adhesion via
the MAPK and NF-kB pathways. We also established that ACKR3 has an adverse impact on
PPAR-y signalling both in endothelial cells and in adipocytes. ACKR3 deficiency in the adipocytes
limited lipid accumulation within the tissue by modulating the activity of the lipoprotein lipase via
ANGPTL4 and PPAR-y. Interestingly, ACKR3 deficiency did not affect CXCL12 concentrations in

any of the mouse models.

Overall, this study establishes a significant and novel role of the endothelial ACKR3 in diet in-
duced atherosclerosis. These findings indicate that the endothelial ACKR3 has the potential to be
further investigated in therapeutic research for atherosclerosis. Furthermore, ACKR3 is charac-
terized as a functional and signalling receptor. The role of ACKRS3 in adipose tissue lipid accumu-
lation suggests that adipocyte specific ACKR3 may be a noteworthy target to study in further
disease models, such as obesity and metabolic syndrome.
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1. Introduction

1.1 Cardiovascular Diseases: A Global Concern

Cardiovascular diseases (CVDs) refer to a spectrum of disorders, which significantly compromise
the health of heart and blood vessels, such as coronary artery disease, heart failure, arrhythmia,
heart attack, lower extremity arterial disease and stroke (Flora & Nayak, 2019). A report by the
World Health Organization (WHO) evaluating foremost reasons of death worldwide reveals that
CVDs are the top ranked causes of death (World Health Organization, 2020). They identified
ischemic heart disease as the ‘world’s biggest killer’, followed by stroke (Figure 1). It is also evi-
dent that the number of deaths have been increasing from 2000 to 2019. These facts highlight
the need for more effective prevention and treatment strategies for CVDs. Therefore, a better
understanding of the main pathology behind CVDs is needed. Atherosclerosis is a disease lead-
ing to plaque formation in arteries and it is the primary cause of CVDs (Frostegard, 2013). Ather-
osclerosis can lead to arterial narrowing, ischemic cardiovascular diseases and thrombotic com-
plications (Weber & Noels, 2011).

2000 @ 2019

1. Ischaemic heart disease

2. Stroke

3. Chronic obstructive pulmonary disease
@

4. Lower respiratory infections
B
O

5. Neonatal conditions

@ O

6. Trachea, bronchus, lung cancers

7. Alzheimer’s disease and other dementias
( )

8. Diarrhoeal diseases
@ O

9. Diabetes mellitus

10. Kidney diseases

— )

0 2 4 6 8 10
Number of deaths (in millions)

@ Noncommunicable @ Communicable @ Injuries

Source: WHO Global Health Estimates.

Figure 1: Leading causes of death globally.

WHO identifies CVDs as the leading cause of death globally, according to their report 2000-2019. Adopted
from WHO'’s Global Health Estimates (World Health Organization, 2020).



1.2 Atherosclerosis

The vascular disease termed ‘atherosclerosis’ is best defined as the hardening and narrowing of
arteries as a result of plaque formation inside the arterial walls (Figure 2) (Rafieian-Kopaei et al.,
2014). Atherosclerotic plaques affect medium and large sized arteries and they commonly occur
at arterial bifurcations, where disturbed blood flow associated with higher hemodynamic shear
stress is observed (Khatana et al., 2020). The plaques are characterized by the accumulation of
lipids and immune cells underneath the endothelial lining of the arteries, known as the arterial
wall (Figure 2). Therefore, dysregulation of lipid metabolism and chronic inflammation are recog-
nized as two main factors in atherosclerosis development (Malekmohammad et al., 2021). Cur-
rently, the golden standard therapy for atherosclerosis is the mitigation of lipid levels in patients
together with hypertension treatment. Nevertheless, research for effective anti-inflammatory ther-
apeutics for atherosclerosis is still ongoing. The importance of this approach is proven by the
CANTOS trial, which demonstrated a significant decrease in cardiovascular complications in can-
akinumab (monoclonal antibody against IL-1R) treated patients targeting a highly inflammatory
molecule in comparison to placebo treated patients (Ridker et al., 2017). Progression and severity
of atherosclerosis may differ on an individual basis, especially with regards to the presence of
atherosclerotic risk factors. Main risk factors are, for example, hyperlipidemia, high blood pres-
sure, smoking, obesity, insulin resistance, older age, stress, family history, etc. (Herrington et al.,
2016; Rafieian-Kopaei et al., 2014).

Atherosclerosis

Normal human
artery

Artery narrowed by
atherosclerotic

Damaged
endothelium

Smooth

Endothelium muscle cells

Fibrous
cap
Macrophages
transformed Lipids, calcium,
Smooth muscle into foam cells cellular debris
© 2010 Encyclopaedia britannica, Inc.
Drug Discovery Today

Figure 2: Normal artery versus narrowed artery by an atherosclerotic plaque.

This image compares a healthy artery and a narrowed artery with an atherosclerotic plaque. Lipid laden
atheroma formation is observed in the sub-endothelial space. The plaque contains foam cells, lipids, calcium
and cellular debris. The image is adopted from Subbotin, 2016 (Subbotin, 2016).
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Atherosclerosis is a slowly progressing disease over a long period of time and it can advance to
a serious degree without demonstrating symptoms in patients. By the time patients experience
symptoms, the disease may have reached advanced stages with a high risk of potentially fatal
clinical manifestations, such as occlusion of the arteries leading to downstream hypoxia or rupture
of the plaques leading to thrombosis (Gatto & Prati, 2020). Atherosclerosis can lead to thrombus
formation, ischemic heart disease, coronary heart disease, myocardial infarction, stroke, as well
as sudden death (Toth, 2008).

1.2.1 Pathobiology of Atherosclerosis

The progression of atherosclerotic lesions initiates with the formation of fatty streaks (Rafieian-
Kopaei et al., 2014), which develop as a result of arterial entry of excessive lipids in the circulation
(Figure 3, A). As mentioned above, hyperlipidemia is a known risk factor for atherosclerosis and
it refers to abnormally augmented lipid levels in the blood (Nelson, 2013). Hyperlipidemia is eval-
uated by measuring the total cholesterol and triglyceride levels from the blood samples of fasted
patients, which may be done via the assessment of plasma lipoproteins (Nelson, 2013). Lipids on
their own are insoluble in the plasma due to their hydrophobic nature and are therefore carried by
lipoproteins in the circulation, which are also responsible for transporting the lipids to cells (Olson,
1998). Lipoproteins are the products of lipids binding to special proteins called apolipoproteins
(Lestavel & Fruchart, 1994) and there are five major types of lipoproteins based on their density:
chylomicrons, very low density lipoproteins (VLDL), intermediate density lipoproteins (IDL), low
density lipoproteins (LDL) and high density lipoproteins (HDL) (Eisenberg, 1983). Chylomicrons
are the biggest lipoproteins in size and they are dispensed from the intestines to deliver dietary
lipids to other cells (Mansbach & Siddiqi, 2010). VLDL, on the other hand, carries lipids from the
liver to other organs and in doing so, it is hydrolyzed into IDL and LDL in the plasma (Mahley et
al., 1984). LDL is the main transporter of cholesterol in the circulation (Mahley et al., 1984). Last
but not least, HDL, the smallest lipoprotein, is responsible for reverse cholesterol transport, a
process that allows extraction of cholesterol from tissues to be returned to the liver (Tall, 1998).
Due to the roles of LDL and HDL, their quantities in the patients’ blood samples are evaluated as
risk factors for atherosclerosis; patients with a low HDL concentration (<40mg/dL) or/and a high
LDL concentration (>190mg/dL) are considered to be at increased risk for arterial plaque for-
mation (Hao & Friedman, 2014).

Under regular circumstances, circulating and intracellular levels of LDL are balanced (Rafieian-
Kopaei et al., 2014). However, this balance may be compromised if LDL load in circulation
reaches surplus as a result of varying factors, such as excessive calorie consumption or genetic
family history (Soran et al., 2018). LDL dependent lipid transport to cells requires lipoprotein
recognition by the cells, which is enabled by lipoprotein receptors. However, surplus of LDL may
delay its clearance and lead to its oxidization (oxLDL), which as a result interferes with its recog-
nition and uptake by the cells (Lestavel & Fruchart, 1994). Excess LDL in the circulation can enter
and accumulate in the sub-endothelial space of the arteries leading to the formation oxLDL (Pirillo

et al., 2013). oxLDL in the sub-endothelial space activates tissue resident macrophages, which
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release inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a) or interleukin-13
(IL-1B). This leads to the activation of the vascular endothelium, which subsequently initiates a
cascade of pro-atherosclerotic events (Figure 3, A). Furthermore, hemodynamic shear stress can
also lead to vascular endothelial damage, which causes endothelial inflammation (Davies, 2009).
This biomechanical stress is exacerbated at regions of disturbed blood flow, such as arterial divi-
sions, as well as pathological factors, such as hypertension. (Davies, 2009). Activated endothe-
lium releases inflammatory cytokines and chemokines, such as CCLZ2, in order to recruit immune
cells to eliminate the root cause of inflammation; oxLDL (Harrington, 2000). Chemokines are

chemotactic cytokines which heavily contribute to several stages of atherosclerosis and will be

Platelet
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discussed in detail in the next chapter.
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Figure 3: Step-wise progression of atherosclerosis.

LDL breaches the vascular endothelium and becomes oxidized in the arterial intima. Endothelium is acti-
vated and it recruits immune cells which infiltrate into the intima and turn into foam cells leading to fatty
streak formation. As atherosclerosis formation advances, SMCs migrate to the luminal side and necrotic
core forms as a result of apoptotic macrophage accumulation. Eventually, atherosclerosis can result in
plaque rupture and thrombosis. This image was adopted from Steinl & Kaufmann, 2015 (Steinl & Kaufmann,
2015).

One of the foremost immune cells to infiltrate the inflamed endothelium are monocytes (Figure 3,
A) (Randolph, 2009). Infiltration of immune cells into the arterial intima occurs though a process

called transmigration and it requires passage of the cells through the vascular endothelium. Dur-
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ing this process, permeability of the vascular endothelium is a critical factor determining the in-
tegrity of the endothelial barrier function, as it regulates the trafficking of lumen materials and cells
into the vessels (Sluiter et al., 2021). Transmigration of the immune cells is a highly regulated
mechanism and it occurs through several steps: capture, rolling, firm adhesion and transmigration
(Figure 4) (Gerhardt & Ley, 2015). During this process, activated endothelium at the site of in-
flammation upregulates the surface expression of adhesion molecules in order to capture and
arrest circulating immune cells. Adhesion molecules, such as E-selectin and P-selectin mediate
the rolling and tethering of the immune cells, whereas intracellular adhesion molecule (ICAM) and
vascular adhesion molecule (VCAM) are responsible for the firm adhesion of the immune cells to
the vascular endothelium (Figure 4) (Blankenberg et al., 2003). Adhesion of the leukocytes onto
the endothelium is a crucial part of their trans-endothelial migration and the presence of ICAM-1
as well as VCAM-1 on the endothelium of atherosclerotic lesions have been steadily reported
(Blankenberg et al., 2003). Endothelial ICAM-1 and VCAM-1 bind to leukocyte function associated
antigen-1 (LFA-1) (Figure 4) and very late antigen-4 (VLA-4) present on the surface of the immune

cells, respectively (Yusuf-Makagiansar et al., 2002).
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Figure 4: Trans-endothelial migration of immune cells at the vascular wall.

Infiltration of the circulating immune cells into the sub-endothelial space requires chemo-attraction of the
leukocytes, followed by tethering and rolling, adhesion and finally transmigration through the vascular endo-
thelium. The capture step is mediated by the endothelial selectins, whereas during the adhesion step, en-
dothelial ICAM and VCAM molecules play a critical role binding to LFA-1 and VLA-4 molecules on the sur-
face of immune cells, respectively. Created with BioRender.com.
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Once in the sub-endothelial space, monocytes differentiate into macrophages (Lestavel &
Fruchart, 1994; Ley et al., 2011). These macrophages are capable of recognizing oxLDL via their
scavenger receptors (SR), such as CD36, lectin-like oxLDL receptor-1 (LOX-1), as well as clear-
ing the oxLDL by means of phagocytosis (Chistiakov et al., 2016; Yu et al., 2013). Upon engulfing
the oxLDL, macrophages hydrolyze it into cholesterol via their lysosomes, which then needs to
be removed from macrophages via cholesterol efflux (Chistiakov et al., 2016). However, when
the uptake of cholesterol is larger than the efflux of cholesterol in macrophages, they become
loaded with lipids and form the so called foam cells (Bobryshev, 2006). These foam cells are
indicators of very early steps of lesion formation, as the aggregation of these foam cells in the
arteries lead to visible fatty streaks (Figure 3, B) (Stary et al., 1994). Such fatty streaks can evolve
into atheromas by the accumulation of lipids as well as the migration of adjacent smooth muscle
cells (SMCs) at the luminal side of the vascular wall, which form a collagen rich fibrous cap by
synthesizing extracellular matrix (Figure 3, C) (Libby et al., 1996). At this stage, cell debris and
neovascularization within the plaque can be observed (Figure 3, C). Over time, oxLDL clearing
macrophages become loaded with lipids and may become apoptotic, which signals the necessity
of their clearance by other macrophages through a process named efferocytosis (Seimon &
Tabas, 2009). Essentially, this is a smart way of limiting cellularity in the plaque and therefore
inhibiting its growth (Seimon & Tabas, 2009). Nevertheless, efferocytosis may become inefficient
in lesions which have significantly advanced. In such cases, impaired efferocytosis leads to in-
creased accumulation of foam cells, which eventually become necrotic and form a necrotic core
within lesions (Figure 3, D) (Kojima et al., 2017). Moreover, cholesterol crystals are visible in the
plaques at this stage (Figure 3, D). Necrotic cores are a hallmark of vulnerable plaques, which
may lead to plaque rupture and subsequent thrombosis (Naghavi et al., 2003). Another factor that
can determine the vulnerability or alternatively the stability of the plaque is the thickness of fibrous
cap formed by the SMC; thinner fibrous cap may be indicative of a plaque that is prone to rupture

and vice versa (Seneviratne et al., 2013).



1.3 The Chemokine System

1.3.1 Chemokines & Chemokine Receptors

Chemokines are a subset of cytokines that possess the ability to prompt chemotaxis on immune
cells, hence they are also known as chemotactic cytokines (Hughes & Nibbs, 2018). Chemokines
are secreted proteins that are very small in size, 8-10 kDa, and they are grouped into four families
based on the pattern of their cysteine residues: C, CC, CXC and CXsC chemokines (Tripathi &
Poluri, 2020). In these classes, C represents the cysteine residue and X represents any amino
acid. The three dimensional structure of the chemokines was identified for the first time in 1990
with the chemokine CXCLS8 (L referring to ligand), also known as interleukin-8 (IL-8) (Clore et al.,
1990). All classes of chemokines share a common basic structure; a signaling domain (N-termi-
nal) and a core domain made up of an N-loop, three stranded R-sheets and a helix at the C-
terminal (Figure 5, A) (Clore et al., 1990). The C chemokines have two cysteine residues, one at
the C terminus and one at the N terminus, whereas the CC chemokines have two neighboring
cysteine residues at their N terminus (Figure 5, B). Such neighboring cysteine residues are di-
vided by one amino acid (X) in the CXC chemokines and three amino acids (XXX) in the CX3C

chemokines (Figure 5, B).

Chemokines signal through seven transmembrane cell surface receptors which are categorized
into two classes: the classical chemokine receptors: G-protein coupled receptors (GPCRs), as
well as the non-classical chemokine receptors: atypical chemokine receptors (ACKRs) (Gencer
et al., 2019). GPCRs make up the biggest portion of the cell surface proteins and they owe their
name to their ability to signal through G proteins (Edward Zhou et al., 2019). Chemokines bind to
the N terminus of the GPCRs, which is located on the outside of the cell (Hanlon & Andrew, 2015).
Upon ligand binding, GPCRs go through a conformational change which enables them to bind to
G-proteins; these are constituted by three subunits (a, R and y). The a subunit of the G protein
then hydrolyzes guanosine triphosphate (GTP) to guanosine diphosphate (GDP) and subse-
quently dissociates from its 3 and y subunit dimer. Activated G protein then initiates a signaling
cascade; the a subunit can activate adenylyl cyclase and its downstream signaling, whereas the
Ry subunit can summon G protein coupled receptor kinases (GRKs) to phosphorylate the GPCR
and induce a negative feedback loop via R-arrestin dependent clathrin mediated endocytosis of
the receptor (Gurevich & Gurevich, 2019; Hanlon & Andrew, 2015). Downstream signaling of
GPCRs can regulate many transcription factors and therefore gene expression. This feature of
GPCRs allows them to control many physiological responses in the cells, such as proliferation,
differentiation, development, cell survival, angiogenesis and cell migration (Marinissen & Gutkind,
2001). Due to their various roles, extensive presence as well as their easy access positioning (cell
surface), GPCRs are regarded as attractive therapeutic targets for pharmacological treatment of

many pathological conditions.
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Figure 5: Structure of chemokines.

A. Commonly shared basic tertiary structure of the chemokines consisting of an N terminus, alpha helix,
three R sheets and a C terminus. B. Classification and structure of the chemokines into four subgroups
based on their cysteine residue positioning. Image A was adopted from Metzemaekers et al (Metzemaekers
et al., 2018) and image B was adopted from Balaji et al. (Balaji et al., 2015).

In addition to GPCRs, chemokines can also bind ACKRs. ACKRs are seven transmembrane re-
ceptors which are structurally very similar to GPCRs, however they lack the ability to signal
through G proteins (Graham et al., 2012). This inability stems from the fact that the ACKRs lack
the canonical DRYLAIV motif with the following amino acid sequence: Asp-Arg-Tyr-Leu-Ala-lle-
Val (Ulvmar et al., 2011). Instead of classical GPCR signaling, ACKRs have been evaluated for
their ability to scavenge their ligands by receptor internalization, therefore they are also known as
decoy receptors (Bachelerie, Graham, et al., 2014). ACKRs are described to recruit R-arrestin
upon ligand binding, which in turn initiates receptor internalization by acting as a clathrin adaptor
(Galliera et al., 2004). This characteristic of the ACKRs allow them to regulate the bioavailability
of their chemokines and therefore indirectly modulate their signaling and thus signaling dependent
effects. Five major members of the ACKR family have been identified: ACKR1 (DARC), ACKR2
(DB), ACKR3 (CXCRY7), ACKR4 (CCX-CKR) and ACKR5 (CCRL2) (Quinn et al., 2018). The de-
coy function of the ACKRs can serve in two different ways; for example, ACKR1 is known to aid
in establishing concentrations of chemokines via chemokine transportation (Pruenster et al.,
2009), whereas, ACKR2 is known to degrade its ligands (Fra et al., 2003).



1.3.2 The Chemokine System in Atherosclerosis

Hyperlipidemia and other risk factors play a significant role in the initiation of atherosclerosis,
however, the main pathological driver of atherosclerotic lesion progression is chronic inflamma-
tion. Orchestration of the inflammation driven by the immune system relies heavily on the partici-
pation of the chemokine system. Chemokines and their receptors are best known for their chem-
otactic abilities, which is essential in the process of immune cell recruitment to the sites of inflam-
mation (Baggiolini et al., 1997). Nonetheless, their roles are not limited to immune cell recruitment

during the inflammatory events in atherosclerosis.

Under homeostatic conditions, the chemokine system is responsible for controlling cellular traf-
ficking in many tissues, proliferation, survival and differentiation of various cells, as well as homing
of stem cells (Cuesta-Gomez et al., 2021; Lapidot & Kollet, 2002; Raman et al., 2011). In addition
to their essential roles during homeostatic conditions, chemokines and their receptors are exten-
sively involved in the regulation of many inflammatory tasks. Their implications in recruitment,
activation, differentiation, phagocytosis and adhesion of immune cells are well established (van
der Vorst et al., 2019). Especially in the context of atherosclerotic inflammation, the chemokine
system plays a key role in various stages, which also renders them as significant therapeutic

targets (Figure 6).

Arterial entry of immune cells during atherosclerosis is a key step that fuels the growth of lesions
and chemokines released by the activated endothelium aid this step in numerous ways. For ex-
ample, the chemokine CXCL1, also known as GRO-q, and its receptor CXCR2 were shown to
enhance monocyte mobilization, recruitment and accumulation during atherosclerosis (Figure 6)
(Boisvert et al., 2006; Huo et al., 2001; Soehnlein et al., 2013). Furthermore, the chemokine CCL2
(monocyte chemoattractant protein-1) and its receptor CCR2 have been established to promote
atherosclerosis through their roles in monocyte trafficking and adhesion, as well as lesional mac-
rophage accumulation (Figure 6) (Boring et al., 1998; Winter et al., 2018). As mentioned before,
endothelial barrier function is another important factor allowing passage of immune cells into the
arterial intima. Our research group revealed that the chemokine receptor CXCR4 expressed by
the arterial endothelial cells is essential in the maintenance of the endothelial integrity and its
absence exacerbated endothelial permeability and atherosclerosis in hyperlipidemic mice (Figure
6) (Déring et al., 2017). Chemokines released by other cell types have also been implicated in
the progression of atherosclerosis. For example, the chemokine CCL3 was reported to be pro-
duced by activated macrophages, platelets, neutrophils, as well as mast cells (Gencer, Evans, et
al., 2021; Weber, 2005) and it was shown to contribute to plaque progression by mediating neu-
trophil adhesion and accumulation in lesions (Figure 6) (de Jager et al., 2013). Platelet derived
CCL5 was also reported to drive monocyte arrest onto the endothelium in various studies, imply-
ing its importance in atherosclerosis (Figure 6) (Schober et al., 2002; von Hundelshausen et al.,
2001). Apart from these chemokines, CCL17 and its receptor were shown to be important in the
recruitment of T cells (Andrew et al., 2001) and CCL17 expressed by dendritic cells was reported
to drive atherosclerosis by limiting the homeostasis of regulatory T cells (Weber et al., 2011).

Furthermore, analyses with human patient samples also highlighted the modulation of several
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chemokines. For example, inflammatory chemokine CXCL8, was detected to be increased in the
sera of patients with atherosclerosis and it was shown to be important in neutrophil extracellular
trap formation via its receptor CXCR2. (An et al., 2019) Moreover, CXCR3 ligands CXCLS9,
CXCL10 and CXCL11 were observed in human atherosclerotic plaque samples during the whole
course of plaque progress (Zernecke et al., 2008). CXCR3 inhibition in murine models by means
of genetic or pharmacological manipulation revealed its pro-atherosclerotic role via T cell recruit-
ment and migration into atherosclerotic plaques (van Wanrooij et al., 2008; Veillard et al., 2005).
Another important chemokine with various inflammatory roles in atherosclerosis is the macro-
phage inhibitory factor (MIF), which is also an atypical chemokine (Schober et al., 2008). MIF is
expressed by many cell types, such as T cells, monocytes, macrophages, endothelial cells,
SMCs, neutrophils, dendritic cells and B cells, and it binds to several receptors including CD74,
CXCR2, CXCR4 and ACKR3 (Bernhagen et al., 2007; Grieb et al., 2014; Lue et al., 2002; Schober
etal., 2008; Sinitski et al., 2019; van der Vorst et al., 2015). MIF is known to be highly inflammatory
and it has been reported to impact leukocyte-endothelium adhesion, vascular inflammation as
well as monocyte recruitment (Figure 6) (Chen et al., 2004; Gencer, Evans, et al., 2021; Sinitski
et al., 2019). Furthermore, its genetic ablation in atherosclerotic mice depicted clear reduction in
atherosclerosis along with diminished SMC proliferation (Pan et al., 2004), also suggesting a role
for MIF in plaque stability (Schober et al., 2004).

In addition to the above mentioned examples of chemokines and chemokine receptors, recent
advances in the field revealed the chemokine CXCL12 as an important target for cardiovascular
research. In 2007, an extensive genome wide association study (GWAS) reported by Samani and
colleagues revealed a significant association between the genetic locus of Cxc/12 and coronary
artery disease, as well as myocardial infarction (Samani et al., 2007). This finding clearly under-
pinned the importance of the chemokine CXCL12 in CVDs and it also highlighted the potential
roles of its receptors CXCR4 and ACKR3. CXCL12 is an important chemokine which plays key
roles both in homeostasis and in disease. Mouse embryo studies revealed that the CXCL12-
CXCR4 axis is essential in the embryonic development, as their lack resulted in lethal develop-
mental defects, such as impaired hematopoiesis (Ma et al., 1998; Tachibana et al., 1998). The
essential role of CXCL12 has also been implicated in hematopoietic stem cell homing, leukocyte
recruitment and neovascularization in ischemic tissues (Nagasawa, 2007; Yamaguchi et al.,
2003; Yellowley, 2013). Furthermore, our research group disclosed that CXCL12 released by the
arterial endothelial cells had a pro-atherosclerotic role in hyperlipidemic mice, as its endothelial
deficiency and thereby decrease in the circulation lead to reduced plaque sizes as well as greater
collagen content within the plaques (Déring et al., 2019). This suggested that endothelial CXCL12
mediates the expansion of atherosclerotic lesions and renders the plaques more vulnerable by

modulating the collagen levels within the plaques.
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Figure 6: Overview of the roles of the chemokine system in various stages of atheroscle-
rosis.

A. Activated endothelium releases various chemokines which interact with the chemokine receptors ex-
pressed on leukocyte subsets for immune cell recruitment. Such chemokine-receptor interactions are also
important in the trans-endothelial migration and infiltration of the immune cells into the sub-endothelial space
of the artery. Moreover, the chemokine system can also regulate other factors such as endothelial permea-
bility. B. The chemokine-receptor interactions are further involved in other stages of atherosclerosis that take
place inside the vessel wall, such as monocyte to macrophage differentiation, neutrophil extracellular trap
formation, SMC proliferation and migration as well as foam cell formation. These images were adopted from
(Gencer, Evans, et al., 2021).



1.4 ACKR3

As mentioned in section 1.3.1, ACKR3 is an atypical chemokine receptor, which, by definition,
lacks G protein mediated signaling (Bachelerie, Ben-Baruch, et al., 2014). It was first recognized
for its role as a co-receptor enabling the entry of several human immunodeficiency virus (HIV)
strains into brain derived cells (Shimizu et al., 2000). ACKR3 is expressed in various cell types,
such as endothelial cells, epithelial cells, neurons, SMCs, cardiomyocytes, adipocytes, osteo-
cytes and immune cell subsets, although it was previously thought to be absent in leukocytes
(Berahovich et al., 2014; Berahovich et al., 2010; Gencer et al., 2019; Gerrits et al., 2008; Li et
al., 2014; Shimizu et al., 2011). ACKR3 was initially named as RDC-1 and later as CXCR7 due
to its structural resemblance to CXC receptors (Wang et al., 2018). However, due to its ability to
scavenge its ligands and its inability to induce GPCR signaling pathway, it was classified as an
ACKR.

Although it is best known for its binding to the chemokine CXCL12 (SDF-1), ACKR3 has a number
of ligands: CXCL11 (also known as I-TAC) and MIF are also recognized to ligate ACKR3
(Alampour-Rajabi et al., 2015; Burns et al., 2006). Apart from these, adrenomedullin (ADM) and
bovine adrenal medulla 22 (BAM22) are also documented as ACKR3 ligands (lkeda et al., 2013;
Kapas & Clark, 1995; Klein et al., 2014). The ligand CXCL11 also binds CXCR3 and its release
can be upregulated by interferons (Van Raemdonck et al., 2015). This chemokine is reported to
be involved in infection as well as cancer processes (Puchert et al., 2020; Tokunaga et al., 2018;
Torraca et al., 2015; Wang et al., 2018). CXCL12 is perhaps the most studied ligand of ACKRS3,
potentially due to its wide ranging expression in addition to numerous roles in homeostasis as
well as disease settings, as partly explained in section 1.3.2. In addition to this point, CXCL12
was found to have a high affinity to ACKRS3, which is nearly 10 fold higher compared to CXCR4
(Balabanian et al., 2005). This is complemented by the finding that ACKR3 also has a higher
affinity to CXCL12 compared to CXCL11 (Burns et al., 2006). CXCL12 was observed to be en-
hanced under pathological conditions, such as ischemia, inflammation, autoimmune diseases and
tumor angiogenesis (Karin, 2010; Li & Ransohoff, 2009). As mentioned above, CXCL12 is espe-
cially important in the research of CVDs and atherosclerosis (Doéring et al., 2019). CXCL12 further
binds CXCR4 and elicits GPCR signaling (Busillo & Benovic, 2007). Another chemokine that
shares mutual receptors with CXCL12 is the atypical chemokine MIF. As mentioned before, MIF
can bind to CXCR4, ACKR3, CXCR2 and CD74 and it is involved in inflammatory as well as
autoimmune diseases (Lue et al., 2002). ADM, on the other hand, is a hormone with mitogenic
features (meaning it can induce cell division) and it is also recognized as a vasodilator (Kitamura
et al., 1993; Wang et al., 2018). Interestingly, ADM is a crucial factor for proper cardiac develop-
ment; according to a study, Adm” mouse embryos died at midgestation with cardiovascular ab-
normalities (Caron & Smithies, 2001). On the other hand, overexpression of Adm leads to cardiac
hyperplasia in mouse embryos (Wetzel-Strong et al., 2014). Moreover, BAM22 is broadly present
in the central nervous system (CNS) (Pittius et al., 1984) and it can bind opioid receptors

(Boersma et al., 1994). Its interaction with ACKR3 was shown to increase circadian glucocorticoid
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oscillation and anxiolytic like behavior in mice, revealing an impact of ACKR3 on emotional be-
havior (Ikeda et al., 2013). Recently another study elucidated that ACKR3 is actually activated by
many opioid peptides in the CNS and thereby capable of scavenging an array of neuromodulators
(Meyrath et al., 2020). Altogether, these facts indicate that ACKR3 is a broad spectrum receptor
binding various kinds of ligands which are involved in a plethora of physiological functions. Fur-
thermore, these ligands of ACKR3 are also capable of binding several other receptors, each of
which can further regulate numerous other pathways. Although ACKR3 was regarded as a ‘silent’
sink for its ligands in the early days, it is now well established that ACKR3 is also capable of cell

signaling.

The GPCR signalling motif DRYLAIV is reported to be DRYLSIT (Asp-Arg-Tyr-Leu-Ser-lle-Thr) in
ACKR3 (Graham et al., 2012; Wang et al., 2018). Although this implies that ACKR3 cannot signal
through G proteins like other GPCRs, one study claimed that ACKR3 can signal though G-i/o
proteins in primary rodent astrocytes and subsequently increase intracellular calcium concentra-
tion (Odemis et al., 2012). Another study showed very recently that ACKR3 ligand binding results
in the activation of GRK2 mediated by G protein Ry subunits which then leads to receptor phos-
phorylation (Nguyen et al., 2020). Interestingly, ACKR3 was also described to form heterodimers
with CXCR4, a GPCR sharing the mutual ligand CXCL12 (Décaillot et al., 2011; Levoye et al.,
2009). Through this connection, ACKR3 is suggested to modulate CXCL12-CXCR4 signaling,
potentially also directly CXCR4 mediated GPCR signaling. Other studies also stated that ACKR3
scavenges its ligands, such as CXCL11 and CXCL12, which suggests another route for modulat-
ing the signaling pathways of its ligands as well as the potential of establishing chemokine gradi-
ents (Luker et al., 2012; Naumann et al., 2010; Wang et al., 2012). Furthermore, ACKR3 has
been established to recruit 3-arrestins, which can induce mitogen activated protein kinase
(MAPK) signaling (Gravel et al., 2010; Ishizuka et al., 2021; Nguyen et al., 2020; Rajagopal et al.,
2010). Indeed, ACKR3 dependent MAPK signaling through ERK1/2 and Akt activation has been
shown in numerous cell lines (Alampour-Rajabi et al., 2015; Li et al., 2019; Lin et al., 2014;
Odemis et al., 2012).

1.4.1 ACKRS3 in health and disease

As mentioned above, ACKR3 was initially recognized for its role in enabling HIV infection, reveal-
ing a significant role of ACKR3 in pathological conditions. One of the best known and most studied
pathological roles of ACKRS is its involvement in cancer. ACKR3 expression is revealed to be
upregulated in cancerous cells, tumor microenvironment as well as tumor vasculature (Smit et al.,
2021). Studies also showed that ACKR3 stimulates growth of cancer cells as well as cancer me-
tastasis (Miao et al., 2007; Warth et al., 2014). The receptor has also been observed to be en-
hanced with malignancy (Hattermann et al., 2010) and it is suggested to be a prognostic marker
(D'Alterio et al., 2010; Gebauer et al., 2011; Schrevel et al., 2012). To this date, ACKR3 has been
detected in numerous cancer types, such as lung, breast, cervix, myeloid cell, pancreas and pros-

tate cancer (Sanchez-Martin et al., 2013). Apart from HIV infection and cancer, involvement of



ACKR3 was reported in several other diseases, such as the inflammatory bowel disease (IBD)
(Werner et al., 2011) and rheumatoid arthritis (Watanabe et al., 2010).

Remarkably, strong evidence disclosed that ACKR3 is of utmost importance for the proper devel-
opment of the cardiovascular system. For example, constitutive Ackr3” (Cxcr7--) mice died at birth
with defects in the cardiac system, such as ventricular septal defects (an abnormal hole in the
heart between ventricles) and malformation of semilunar valves reported by Sierro et al. (Sierro
et al., 2007). Furthermore, the study reported that these findings were repeated by a congenital
endothelial cell knockout (via Tie2-cre) of the receptor, indicating the importance of the endothelial
ACKR3 in cardiac development. Another study reported that 70% of Ackr3” mice died within their
birth week due to cardiac hyperplasia, whereas Ackr3deletion in adult mice revealed myocardial
degeneration and fibrosis (Gerrits et al., 2008). These findings were further confirmed by another
study in which Ackr3” mice died prenatally as a result of enlarged aortic and pulmonary valves
as well as ventricular septal defects (Yu et al., 2011). This study also confirmed similar findings
upon a constitutive endothelial deletion of ACKR3, once more depicting the importance of endo-
thelial ACKR3 in cardiac development. Remarkably, as mentioned above, an ACKR3 ligand,
ADM, was also shown to be very crucial for cardiac development. It was suggested that ACKR3
may be a decoy receptor for ADM and thereby regulate cardiac development (Klein et al., 2014).
In line with this concept, ACKR3 was found to be important in vascular homeostasis as well as
cardiac remodelling after myocardial infarction in murine studies (Hao et al., 2017). This role of

ACKRS3 is attributed to its impact on endothelial proliferation and angiogenesis (Dai et al., 2011).

The fact that the main ligand of ACKR3, CXCL12, was revealed to be strongly associated with
CVDs (refer to section 1.3.2) underpinned the significance of ACKR3 in CVDs. Since then, multi-
ple studies suggested various roles of ACKR3 in the pathological processes of atherosclerosis.
In an apolipoprotein E deficient (Apoe”") mouse model, ACKR3 expression was detected in ath-
erosclerotic plaque macrophages in the aorta of mice but not in healthy aorta samples (Ma et al.,
2013). This study further identified that ACKR3 expression was enhanced during monocyte to
macrophage differentiation and augmented macrophage phagocytosis was reported in ACKR3
activated macrophages via agonist treatments, whereas this effect was abrogated via ACKR3
silencing. This finding implied a potential role for ACKRS3 in the immune cell compartment during
atherosclerosis as monocyte to macrophage differentiation as well as macrophage phagocytosis
are key events in atherosclerosis that could be targeted to halt atherosclerotic progression. More-
over, another study investigated the role of ubiquitous ACKR3 in atherosclerosis employing a
wire-induced carotid artery injury model in mice (Li et al., 2014). This study disclosed that genetic
ablation of ACKRS3 from all somatic cells resulted in increased serum lipid levels concomitant with
monocytosis. Further investigation revealed that ACKR3 had an impact on adipose tissue (AT)
lipid uptake leading to the conclusion that ACKRS3 in AT regulated circulating lipid levels. Treat-
ment of mice with an ACKR3 ligand (CCX771) was reported to decrease blood lipid levels as well
as atherosclerotic lesion sizes in the aortic roots (Li et al., 2014). Monocytosis was also attenu-
ated, leading to the theory that it was induced by hyperlipidemia. These findings suggested an
atheroprotective role of ACKR3, although its cell specific roles still remained to be elucidated.
Another striking finding was the fact that SMCs could migrate towards the ACKR3 ligand CXCL11,
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a process that was inhibited with either ACKR3 antagonist treatment or R-arrestin silencing
(Rajagopal et al., 2010). Migration of cells was always attributed to GPCR mediated signaling,
however this study highlighted that ACKR3 was capable of inducing cell migration in SMCs
through R-arrestin activation. SMC migration during atherosclerosis establishes fibrous cap for-
mation and thereby aids in plaque stabilization. Therefore, this finding suggests a potential role

of SMC specific ACKR3 in atherosclerosis.

Last but not least, the impact of ACKR3 on cell adhesion was confirmed many times including
different cell types, such as endothelial progenitor cells and cancerous cells (Dai et al., 2011;
Gentilini et al., 2019; Jiang et al., 2020; Ma et al., 2016; Yan et al., 2012). Cell adhesion is a
crucial step during the trans-endothelial migration of immune cells in atherosclerotic lesion devel-
opment. This step enables accumulation of foam cells in the arteries which in turn fuels lesion
progression. Interfering with immune cell adhesion onto atherosclerotic arteries could present a
therapeutic approach in the treatment of atherosclerosis. Therefore, ACKR3 in the vascular en-
dothelium or on the immune cells could be potentially involved in endothelium-leukocyte adhesion

and provide a mechanism to target atherosclerosis.



1.5 Study Rationale & Aim

Atherosclerosis is the foundation of CVDs, which have been the top ranked causes of death
worldwide for a very long time. Therefore, effective treatment of atherosclerosis is of crucial ne-
cessity. Current treatment methods of atherosclerosis include drug administration to mitigate ath-
erosclerotic risk factors, such as hyperlipidemia and hypertension. Nonetheless, by the time pa-
tients experience CVD related discomfort, the disease often has already progressed so far that
such preventive treatment methods may not be fully effective any longer. Moreover, since inflam-
mation is a major driver of atherosclerosis, conventional treatment methods of CVD risk factors
leave room for improvement. Therefore, novel therapeutic approaches targeting atherosclerotic
inflammatory pathways are needed in order to firmly intervene with disease progression. To this
end, the chemokine system comes into focus because of its extensive roles in atherosclerotic
inflammation. The effectiveness of this approach is evident by the CANTOS trial, which success-
fully established that targeting IL-1R in order to combat inflammation dampened cardiovascular
risk (Ridker et al., 2017). A chemokine-receptor axis that has gained significant attention in the
cardiovascular research field is the CXCL12-CXCR4/ACKR3 axis. Previously, our research group
as well as others investigated the roles of CXCL12 and its GPCR receptor CXCR4 in atheroscle-
rosis. These studies established that both CXCL12 and CXCR4 in the vascular compartment are
significantly involved in atherosclerosis. The role of ACKRS3, however, remains to be a big gap in
this research field, which needs immediate attention. ACKR3 is recognized to be involved in var-
ious disease models and its crucial role in the cardiac development has been well established.
Furthermore, recent findings as summarized above strongly suggest a significant role of ACKR3
in atherosclerotic processes. In order to understand how ACKR3 may be involved in atheroscle-
rosis, this study is designed to scrutinize the receptor with regards to its cell specific roles as
opposed to a bulk study involving various cell types at once. In doing so, a well-established in
vivo atherosclerotic mouse model (Apoe™) is employed. These mice develop atherosclerotic le-
sions when introduced to western diet (WD). Furthermore, investigation of cell-specific ACKR3 in
this mouse model is achieved with the cre-lox recombination technology, allowing site specific
deletion of the flanked Ackr3 gene via the enzyme Cre recombinase activity. We utilized this
model in order to study the role of endothelial (BmxCre), SMC (SmmhcCre), adipocyte (Adi-
poqCre) and hepatocyte (AlbuminCre) specific ACKR3 in atherosclerosis, as well as hematopoi-
etic ACKR3 via bone marrow transplantation using UniCre mice. Mapping cell specific roles of
the receptors allows thorough understanding of its roles in addition to predictions of possible com-

plications or side effects in case the receptor is planned to be targeted therapeutically.
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Materials

2.1.1 Animals

Table 1: List of mouse models used in in-vivo experiments

Species Origin Background Strain Stock Number
Mouse Jackson Laboratories Apoe” #002052
Mouse ChemoCentryx, Inc. Ackr3™ N/A
(Mountain View, CA)
Mouse Dr. R. Adams (MPI Miin- | BmxCrefR™ N/A
ster, Germany)
Mouse Jackson Laboratories AdipoqCrefR? #025124
Mouse | Jackson Laboratories SmmhcCrefR'? #019079
Mouse | Taconic Laboratories CrefR™2 (Gt(ROSA)26) #10471-F
#10471-M
Mouse Janvier Labs C57Bl/6J N/A
2.1.2 Cell Culture
Table 2: List of cell culture materials
Material Source Catalog Number
Human Coronary Artery Lonza Cat# CC-2585
Endothelial Cells
(HCAEC)
Reagent Pack Subculture | Lonza Cat# CC-5034
Reagents
EGMTM -2 MV Microvas- | Lonza Cat# CC-3202

letKitTM

cular Endothelial Cell
Growth Medium-2 Bul-




2.1.3 Antibodies

Table 3: List of antibodies

Antibody Source Catalog Number

APC anti-human CD54 Antibody BioLegend Cat# 353111
PE anti-human CD106 Antibody BioLegend Cat# 305805
Anti-mouse Ly6C Alexa Fluor488 BioLegend Cat#128022
(clone HK1.4)

Anti-mouse Ly6G PE (clone 1A8) BioLegend Cat#127608
Anti-mouse/human CD11b PE/Cy7 BioLegend Cat#101216
(clone M1/70)

PE anti-human/mouse CXCR7 Anti- BioLegend Cat# 331103

body

CXCR7 Recombinant Rabbit Mono-
clonal Antibody (SN65-09)

ThermoFisher

Cat# MA5-32281

Anti-Mouse/Human Mac-2 (Galectin-
3), Purified (Clone M3/38) (rat IgG2a)

Cedarline Labs

Cat# CL8942AP

Monoclonal Anti-Actin, a-Smooth Sigma-Aldrich Cat# F3777-.5ML
Muscle - FITC antibody produced in

mouse

p-NFkB p65 Antikorper (27.Ser 536) | SantaCruz Cat# sc-136548
Anti-NF-kB p65 antibody Abcam Cat# ab16502
Recombinant Anti-ERK1 + ERK2 an- | Abcam Cat# ab184699
tibody [EPR17526]

Recombinant Anti-ERK1 (phospho Abcam Cat# ab201015
T202) + ERK2 (phospho T185) anti-

body [EPR19401]

PPAR-gamma (Phospho-Ser112) Mybiosource Cat# MBS9402552
Polyclonal Antibody

Recombinant Anti-PPAR gamma an- | Abcam Cat# ab178860
tibody [EPR18516] (ab178860)

Purified Hamster Anti-Mouse CD54 BD Pharmingen Cat# 553250
Clone3E2

Anti-Von Willebrand Factor antibody | Abcam Cat# ab11713




Cy™3 AffiniPure Donkey Anti-Rat Jackson ImmunoResearch | Cat# 712-165-150
IgG (H+L)

APC anti-mouse CD45 Antibody BioLegend Cat# 103111
(clone 30-F11)

CD45 Monoclonal Antibody (30-F11), | eBioscience Cat# 47-0451-82

APC-eFluor 780, eBioscience™

CD115 (c-fms) Monoclonal Antibody | eBioscience Cat# 14-1152-82
(AFS98)
Ly-6G/Ly-6C Monoclonal Antibody eBioscience Cat# 45-5931-80

(RB6-8C5), PerCP-Cyanine5.5

CD11b Monoclonal Antibody eBioscience Cat# 25-0112-82
(M1/70), PE-Cyanine7

CD45R (B220) Monoclonal Antibody | eBioscience Cat# 48-0452-82
(RA3-6B2), eFluor 450

CD3e Monoclonal Antibody (145- eBioscience Cat# 14-0031-82
2C11)

2.1.4 Chemicals, buffers and solutions

Table 4: List of chemicals, buffers and solutions

Chemical/Buffer/Solution/Reagent Source Catalog Number / De-

scription

Antibody blocking solution (ABS) Lab 6ml PBS + 1% BSA + 3

drops of horse serum

Antibody staining solution Lab 6ml PBS + 90 pl block-

ing solution

Antigen retrieval solution A Lab 21,019 citric acid in 1L

deionized water (dH20)

Antigen retrieval solution B Lab 29,49 sodium citrate in
1L dH20

Red blood cell lysis buffer Lab 8.26g ammoniumchlo-
ride + 1g potassiumbi-
carbonate + 200ul 0.5M
EDTA added up to 1L
dH.0, pH 7.2
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Hank’s buffer Lab HBSS, 0.5 mM EDTA,
0.1% BSA

Oil Red O Sigma-Aldrich Cat# 00625-25G

Hematoxylin Sigma-Aldrich Cat# H9627-25G

Eosin Y solution 0.5 % Carl Roth Cat# X883.1

Paraformaldehyde Sigma-Aldrich Cat# P6148

Xylene Merck Cat# 108297

Ethanol Merck Cat# V1.00983.1000

Methanol Roth Cat# 8388.1

Gibco Phosphate Buffered Saline (PBS)

ThermoFisher

Cat# 10010023

Gibco HBSS, calcium, magnesium, no

ThermoFisher

Cat# 14025100

phenol red

Restore™ Western Blot Stripping Buffer | ThermoFisher Cat# 21059
M-PER Mammalian protein extraction re- | ThermoFisher Cat# 78503
agent

Pierce™ 20X TBS Tween™ 20 Buffer ThermoFisher Cat# 28360
Cell Lysis Buffer (10X) #9803 Cell Signaling Cat# 9803S

Technologies

10x Tris/Glycine Buffer for Western Blots | BioRad Cat# 1610734

and Native Gels

10x Tris/Glycine/SDS #1610732 BioRad Cat# 1610732

Weigert's Iron Hematoxylin Stock Solu- Lab 5gr hematoxylin +

tion A 500mI 95% ethanol

Weigert's Iron Hematoxylin Stock Solu- Lab 5.8gr ferric chloride dis-

tion B solved in 50ml dH20 +
500ml dH20 + 5ml ace-
tic acid

Acid Fuchsin, 1% Aqueous Solution Lab 1gr acid fuchsin in
100ml dH.0

Aniline Blue Stock Solution Lab 6.25gr aniline blue +
5ml acetic acid + 245ml
dH.0

Biebrich Scarlet, 1% Aqueous Solution Lab 10gr biebrich scarlet in
1L dH20

Phosphomolybdic (PM)-Phosphotung- Lab 3.125 gr PM acid +

stic(PT) Acid Solution

3.125 gr PT acid +
250ml dH.0




2-propanol 99% Merck Cat# 1.096342511
Bouin’s solution Sigma Aldrich Cat# HT10132
Opti-MEM™ | Reduced Serum Medium ThermoFisher Cat# 31985070
Glycerine Roth Cat# 3908.2

2.1.5 Kits and miscellaneous

Table 5: List of kits and further products

Kits / Products Source Catalog Number
Gelatine Sigma Cat# G-1890
Mounting Medium Dako Cat# S3023
Stainless Steel Beads, 5mm Qiagen Cat# 69989
DirecT-ZOL™ RNA MICROPREP ZymoResearch | Cat# R2062
Tamoxifen Sigma-Aldrich Cat# T5648-5G

ProLong™ Diamond Antifade Mountant
with DAPI

ThermoFisher

Cat# P36962

Life Technolo-

Tissue-Tek O.C.T. compound Sakura Cat# 94-4583
siPORT™ NeoFX™ Transfection Agent Invitrogen by Cat# AM4510
Life Technolo-
gies
Hoechst Invitrogen by Cat# H3570

rxns

gies

Droplet Generation Oil for Probes BioRad Cat# 1863005
ddPCR™ Droplet Reader Oill BioRad Cat# 1863004
DG8™ Cartridges for QX200™/QX100™ | BioRad Cat# 1864008
Droplet Generator

DG8™ Gaskets for QX200™/QX100™ BioRad Cat# 1863009
Droplet Generator

iScript™ cDNA Synthesis Kit, 100 x 20 yl | BioRad

Cat# 1708891

Hitachi 704 Analyzer-cholesterol

Roche Diagnos-

tics

Cat# 11489232

Hitachi 704 Analyzer-triglycerides

Roche Diagnos-

tics

Cat# 11488872

Mouse CXCL12/SDF-1 alpha Quantikine
ELISA Kit

R&D Systems

Cat# MCX120




ddPCR Supermix for Probes (No dUTP) | BioRad Cat# 1863024
Human/Mouse MAPK Phosphorylation RayBiotech Cat# AAH-MAPK-1-8
Array

Human 18s (Hs99999901_s1) ThermoFisher Cat# 4331182
Human ACKR3 (Hs00664172_s1) ThermoFisher Cat# 4331182
Human PPARG (Hs01115513_m1) ThermoFisher Cat# 4331182
Silencer™ Negative Control No. 1 siRNA, | ThermoFisher Cat# AM4611
AM4611

Silencer validated siRNA CXCRY7, Ambion by Life | Cat# AM51331
AM51331 Technologies

CountBright Absolute Counting Beads ThermoFisher Cat# C36950
Western Diet sniff Cat# E15721-347
Halt™ Phosphatase Inhibitor Cocktail ThermoFisher | Cat# 78420
(100x)

Halt™ Protease Inhibitor-Cocktails ThermoFisher Cat# 87785
Lipoprotein Lipase Assay Kit (Fluoromet- | Abcam Cat# ab204721
ric) (ab204721)

NF kappaB p65 (pS536 + Total) ELISA Abcam Cat# ab176663
Kit

AAV-ALB(1.9)-EGFP Vector Labs Cat# VB1586
Pierce™ BCA™ Protein-Assay ThermoFisher Cat# 23225

CXCR7 Agonist, VUF11207 - Calbio- Merck Cat# 239824-10MG
chem

12% Mini-PROTEAN® TGX™ Precast Bio-Rad Cat# 4561043
Protein Gels

Precision Plus Protein™ WesternC™ Bio-Rad Cat# 1610376

blotting standard

SuperSignal™ West Pico PLUS Chemilu-

minescent Substrate

ThermoFisher

Cat# 34579

Bovine Serum Albumin Merck Cat# A9418-50G
GoTaq Flexi DNA Polymerase Promega Cat# M8308
dNTP mix Fermentas Cat# R0182

100 bp marker Fermentas Cat# SM0321




2.2 Methods

All materials mentioned in the Methods section below are documented in the Materials section

above, unless otherwise stated.

2.2.1 Mice

Ackr3-floxed (Ackr3™) mice were crossed with Apoe” mice to generate Ackr3""Apoe” mice. For
arterial endothelial cell-specific deletion of Ackr3, Ackr3" Apoe” mice were crossed with BmxCre-
ERT2 expressing mice (BmxCre). SMC specific deletion of Ackr3 was accomplished by crossing
Ackr3""Apoe” mice with SmmhcCretR™? expressing mice (SmmhcCre). Adipocyte specific dele-
tion of Ackr3 was accomplished by crossing Ackr3”"Apoe” mice with AdipoqCreER™2 expressing
mice (AdipoqCre). CretRT?Ackr3" Apoe” (UniCre) mice, a ubiquitous model, were used for bone
marrow transplantation study (refer to section 1.2.3) The knockouts were induced with daily ta-
moxifen injections (Sigma; 1.5 mg per 20g body weight, dissolved in corn oil) for 5 consecutive
days. Liver specific knockout of ACKR3 was succeeded by injecting 1x10'" adeno associated
virus (AAV) (expressing iCre driven by a liver ALB (1.9) promoter) into Ackr3""Apoe” mice. For
atherosclerosis development, mice were put on a 4 or 12-week WD containing 21% fat and 0.15%
to 0.2% cholesterol (Sniff Diets). All mice were on a C57BL/6J background. All animals were bred
and housed in the local animal facility under specific pathogen free (SPF) conditions. Prior to the
start of the WD, all mice were fed a normal chow diet. All animal experiments were approved by
the local ethical committee (Regierung von Oberbayern, Sachgebiet 54, Germany; Az. 55.2.1.54-
2532-177-2016 and ROB-55.2-2532.Vet_02-18-96).

2.2.2 Genotyping

Genotyping of mice as described in Table 1, such as assessment of Cre expression, Ackr3 flox
and Ackr3 knockout, was carried out utilizing tail samples. Ackr3 knockout genotyping in mice
subjected to bone marrow transplantation (2.2.4) was carried out in spleen samples due to high
blood content. Tail and spleen samples were first digested at 55°C in 500 pl lysis buffer containing
50 pl proteinase K for 3 to 4 hours at 600 rotations per minute (rpm). Samples were then pro-
ceeded to deoxyribonucleid acid (DNA) extraction as follows: tubes were inverted 20-30 times
and centrifuged at 14,000 rpm for 10 minutes. Supernatants were added to tubes containing 550
pl isopropanol. Tubes were again inverted 20-30 times to ensure mixing and a white precipitate
was observed. Samples were centrifuged at 14,000 rpm for 2 minutes and supernatant was dis-
carded. 2 mililiter (ml) of ethanol (EtOH) was added to the pellets and incubated at room temper-
ature (RT) for 3 minutes. EtOH was then discarded and tubes were evaporated at RT overnight.
80 pl of distilled water was added to the tubes and samples were vortexed vigorously. Samples
were then stored at 20°C until analysis. Analysis was accomplished with a QlAxcel Advanced
System gel electrophoresis examination of polymerase chain reaction (PCR) samples. PCR was
performed containing primers designed to detect control (wildtype) or mutant alleles. A general

PCR reaction mix for all samples was prepared containing the following components with final
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concentrations unless specified otherwise: 1X green GoTaq Flexi buffer, 1,5 mM magnesium
chloride (MgCl2), 0,2 mM deoxynucleoside triphosphates (dNTPs), 0,5 uM forward primer, 0,5 pM
reverse primer, 0,05 U/ul Gotag DNA polymerase and 200 nanograms (ng) of genomic DNA
(gDNA). Details of the PCR primers and cycling conditions will be specified for each genotyping
below.

Apoe Genotyping

Forward wildtype primer: 5 GCC TAG CCG AGG GAG AGC CG 3
Reverse wildtype primer: 5 TGT GAC TTG GGA GCT CTGCAGC 3
Forward mutant primer: 5 GCC TAG CCG AGG GAG AGC CG ¥
Reverse mutant primer: 5 GCC GCC CCG ACT GCATCT &

Cycling was performed in steps as follows: 5 minutes at 94°C, 30 seconds at 94°C, 30 seconds
at 60°C, 30 seconds at 72°C, repeat steps 2 to 4 for 35 cycles, 5 minutes at 72°C, 5 minutes at
21°C.

Ackr3 Flox Genotyping

Forward primer: 5 GGA ACC CAG GCG AAG TCT GAG 3’
Reverse primer: 5 CCT GTA CTT CAG TAG GAG TCCAC 3

In this protocol, 100 ng of gDNA was used. Cycling was performed in steps as follows: 3 minutes
at 94°C, 30 seconds at 94°C, 30 seconds at 55°C, 45 seconds at 72°C, repeat steps 2 to 4 for 35

cycles, 5 minutes at 72°C, 5 minutes at 21°C.

BmxCre ER™? Genotyping

Forward primer: 5 AAATAC CTT CAG TTT TCATCT 3
Reverse primer: 5 TTG CGAACC TCATCACTC GTT 3

In this protocol, 400 ng of gDNA was used. Cycling was performed in steps as follows: 2 minutes
at 94°C, 30 seconds at 94°C, 30 seconds at 58°C, 1 minute at 72°C, repeat steps 2 to 4 for 35

cycles, 5 minutes at 72°C, 5 minutes at 21°C.

SmmhcCre ERT2 Genotyping

Forward wildtype primer: 5 TGA CCC CAT CTC TTCACTCC &
Reverse wildtype primer: 5 AAC TCC ACG ACCACCTCATC 3
Forward mutant primer: 5 TGA CCC CAT CTC TTC ACT CC 3’

Reverse mutant primer: 5 AGT CCC TCA CAT CCT CAG GTT 3
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Cycling was performed in steps as follows: 5 minutes at 94°C, 30 seconds at 94°C, 30 seconds
at 60°C, 30 seconds at 72°C, repeat steps 2 to 4 for 35 cycles, 5 minutes at 72°C, 5 minutes at
21°C.

Cre ERT2 Genotyping

Forward wildtype primer: 5 CAT GTC TTT AAT CTA CCT CGATGG 3
Reverse wildtype primer: 5 CTC TTC CCT CGT GAT CTGCAACTCC 3
Forward mutant primer: 5 CCA TCA TCG AAG CTT CACTGAAG &
Reverse mutant primer: 5 GGA GTT TCA ATA CCC GAG ATCATGC 3’

In this protocol, 500 ng of gDNA was used. Cycling was performed in steps as follows: 15 minutes
at 95°C, 45 seconds at 94°C, 1 minute at 60°C, 1 minute at 72°C, repeat steps 2 to 4 for 35

cycles, 5 minutes at 72°C, 5 minutes at 10°C.

AdipogCre ER™2 Genotyping

Forward wildtype primer: 5 CCG CAT CTT CTT GTG CAG T 3’
Reverse wildtype primer: 5 ATC ACG TCC TCC ATC ATCC 3

Forward mutant primer: 5 GAG TCT GCC TTT CCC ATGAC ¥
Reverse mutant primer: 5 TCC CTC ACATCC TCAGGT TC &

Cycling was performed in steps as follows: 2 minutes at 95°C, 20 seconds at 94°C, 15 seconds
at 65°C, 10 seconds at 10°C, repeat steps 2 to 4 for 10 cycles, 15 seconds at 94°C, 15 seconds
at 60°C, 10 seconds at 72°C, repeat steps 6 to 8 for 28 cycles, 2 minutes at 72°C, 5 minutes at
72°C, 5 minutes at 21°C.

Ackr3 Knockout Genotyping

Forward primer: 5 GAG TCA ATT GAG TGG GCA AGG 3’
Reverse primer: 5 GCT ACATTG CTT TCT TGA AGA AACC 3’

In this protocol, 400 ng of gDNA was used. Cycling was performed in steps as follows: 2 minutes
at 95°C, 30 seconds at 95°C, 30 seconds at 63°C, 2 minutes 30 seconds at 68°C, repeat steps 2
to 4 for 35 cycles, 5 minutes at 72°C, 5 minutes at 12°C. Representative knockout genotyping of
mice are shown in Appendix A.



2.2.3 Anesthesia

Mice were sacrificed via anesthesia administration as follows: 90-120mg ketamine per kg of
mouse, 6-8mg xylazine per kilogram (kg) of mouse. The components of the anesthesia were
provided by the animal facility of Institute for Cardiovascular Prevention (IPEK), LMU upon the

approval of the local ethical committee issued ethical statement for the mouse experiments.

2.2.4 Bone Marrow Transplantation

Mice were treated with the following antibiotic solution for 4 weeks in their drinking water (pro-
tected from light) prior to irradiation: 1:1 neomycin (100mg/ml in sterile dH20) and polymyxin
(0.1g/ml in sterile dH20). All mice were irradiated twice in an X-ray machine (FAXITRON CP-160)
by the following program: 5Gy; kV160; mA 6.3; time 8.5; level 7. Post-irradiation, mice received
bone marrow from CrefR™2Ackr3""Apoe” and CrefR™*Ackr3""Apoe” mice via intravenous injec-
tion. Bone marrow from donor mice was prepared as follows: femurs and tibia of donor mice were
collected without fractures and the bones were sterilized in 70% ethanol for 30 seconds and
washed in PBS. The marrow of the bones was carefully extracted under sterile conditions and a
single cell suspension was prepared in sterile PBS by filtering the bone marrow using a 70um cell
strainer. Syringes were prepared with 100uL of cell suspension (maximum amount of 2.5x10"6
cells per 100l and a minimum amount of 1.5x1076 cells per 100ul). After 4 weeks of recovery
time, mice were treated with tamoxifen (1.5 mg per 20g body weight, dissolved in corn oil) for 5
consecutive days. Mice were then subjected to 12 weeks of Western Diet (WD) containing 21%
fat and 0.15% to 0.2% cholesterol.

2.2.5 Atherosclerotic Lesion Analysis

Atherosclerotic plaque sizes were examined in regions which are predisposed to developing le-
sions: the aortic root, the aortic arch and the aorta. Heart samples collected from mice were first
fixated in 4% PFA and then embedded using Tissue-Tek compound to cryo-section the aortic
roots areas of the hearts into 4 pm thick sections. Aortic arch samples were fixated in the same
fashion and embedded in paraffin for sectioning into 4 uym thick sections using the microtome.
Aortic root and arch sections collected on slides were stained with hematoxylin & eosin to visual-
ize atherosclerotic lesions. The sizes of the lesions were evaluated on ImageJ Software using 3
sections per mouse. Aortas were prepared en face and stained with Oil Red O to visualize lipid
loaded lesions. The sizes of the lesions were also evaluated on ImageJ Software. Lesion stability
was characterized via the Masson Trichrome stained aortic root samples (see section 2.2.6 Mas-
son Trichrome Staining) via Leica Software. Cellular composition of the plaques characterized by
the amount of macrophages and SMCs in the lesions, as well as adhesion molecule (ICAM) ex-
pression were evaluated via immunofluorescent stainings on the aortic root samples. Antigen
retrieval was performed on the samples prior to immunofluorescent stainings. Antigen retrieval
working solution was prepared by mixing 630ml dH20 with 12,6ml solution A and 57,4ml solution
B, followed by the addition of 350uL Tween 20 Buffer. Samples were washed in PBS. The antigen

retrieval working solution was pre-heated in the microwave and the samples were boiled in the
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working solution for 10 minutes at 90Watt in the microwave. Samples were again washed in PBS
after cooling down. Macrophages were identified with anti Mac-2 antibody, whereas SMCs were
identified with anti SMC antibody. Secondary antibodies were then used to fluorescently tag the
mentioned primary antibodies. Nuclei were identified via 1:2000 diluted Hoechst staining for 5
minutes or by labeling nuclei with DAPI in the mounting medium. Lesion composition was ana-
lyzed on ImageJ Software. All lesion sample images were taken with a Leica DM4000 microscope
attached with a Leica DFC 365FX camera. NF-kB expression in endothelial cells found in aortic
root lesions was examined via immunohistochemical stainings with van Willebrand factor (vVWF)
and phospho-NF-kB p65 antibodies. Images were taken with Thunder Imaging Systems (Leica

Microsystems) and analyzed with Imaged Software.

2.2.6 Masson Trichrome staining

Working solutions are as follows:

Weigert's Iron Hematoxylin Working Solution: 1:1 stock solution A and stock solution B (refer to
Table 4).

Biebrich Scarlet-Acid Fuchsin Working Solution: 222.5ml Biebrich Scarlet (1% stock) 222.5 mL +
25ml Acid Fuchsin (1% stock) + 2.5 ml Acetic Acid

Aniline Blue Working Solution: 250ml aniline stock solution + 5ml acetic acid

Tissue samples were incubated in Bouin’s solution overnight and washed in dH20. Samples were
then stained in Weigert's Iron Hematoxylin working solution for 7 minutes and washed. This was
followed by staining in Biebrich Scarlet-Acid Fuchsin sorking solution for 1 minute. Samples were
washed again and incubated in PM-PT acid solution for 30 minutes. Samples were then stained
with Aniline Blue working solution for 7 minutes and washed again. Samples were incubated in
1% acetic acid solution for 4 minutes. Stained samples were then dipped into 96% ethanol, fol-
lowed by 100% ethanol and then into xylene and finally mounted with mounting medium. Images
were taken with a Leica DM4000 microscope attached with a Leica DFC 365FX camera and

analyzed on Leica Software.

2.2.7 Oil Red O Staining

Oil Red O stock solution was prepared by dissolving 1 gram of Oil Red O in 200ml 2-propanol.
Working solution for the Oil Red O staining was then prepared with 180ml Oil Red O stock solution
added into 120ml dH20. The solution was filtered after 1-hour incubation time. Kaiser’s glycerin
jelly was prepared by mixing 4 grams of gelatin in 21ml dH20 followed by addition of 25ml glycerin.
Samples were washed in 60% 2-propanol for 10 minutes and then stained in Oil Red O working
solution for 15 minutes. Samples were again washed in 60% 2-propanol followed by washing in
dH20. Samples were mounted with Kaiser's glycerin jelly. Images were taken with a Leica
DM4000 microscope attached with a Leica DFC 365FX camera and analyzed on Imaged Soft-

ware.



2.2.8 Exvivo Perfusion Assay

Adhesion of immune cells onto the vascular endothelium lacking ACKR3 was examined by ex-
vivo perfusion of carotid arteries with pre-labeled bone marrow cells according to the protocol
published by van der Vorst et al. (van der Vorst et al., 2017). Briefly, carotid arteries extracted
from control and endothelial ACKRS3 deficient mice were attached onto vessel chambers and cell
tracker green labelled bone-marrow cells were perfused through the artery. The assay employed
2-photon excitation microscopy. Mounted carotid arteries were then washed with HBSS and im-
aged using a LeicaSP5IIMP two-photon laser scanning microscope with a Ti:Sapphire Laser
(Spectra Physics MaiTai Deepsee) tuned at 800nm and a 20xNA1.00 (Leica) water dipping ob-
jective. Spectral detection was performed using Hybrid Diode detectors (n=4) tuned for maximum
intensity of the (auto)fluorescence signal of the vessel wall and clear detection of cell tracker
green: second harmonics generation of collagen (395-405nm), autofluorescence; (470-490nm),
cell tracker green + autofluorescence; (500-550nm), autofluroescence (570-600nm). Adhered cell
tracker positive leukocytes were counted manually by three observers in 3D sections of the arte-
rial wall. 3D image processing was performed using LASX software including 3D analysis plugin

(Leica).

2.2.9 Intravital Microscopy

The right jugular vein was cannulated with a catheter to inject antibodies. After revealing the left
carotid artery, 1 pg antibody to each CD11b, Ly6C and Ly6G were consecutively administered to
tag myeloid cells, neutrophils and classical monocytes, respectively. Recordings were started 3
minutes after antibody injection. Intravital microscopy was performed using an Olympus BX51
microscope equipped with a Hamamatsu 9100-02 EMCCD camera and a 10x saline-immersion

objective. For image acquisition and analysis, Olympus Cell-R software was used.

2.2.10 Leukocyte Infiltration Assay

Circulating leukocyte tracking assay was executed according to the protocol described in Winter
et al., 2018 (Winter et al., 2018). Briefly, mice were intravenously injected with a rat anti-CD45
antibody and sacrificed 2 hours after injection. Hearts were collected and the aortic roots were
cryosectioned as described above. The aortic root samples were then stained with an anti-rat
secondary antibody to identify the pre-labelled blood-borne leukocytes which infiltrated into the
atherosclerotic lesions in the 2-hour timeframe. Images were taken with a Leica DM4000 micro-

scope attached with a Leica DFC 365FX camera and analyzed on Leica Software.

2.2.11 In vivo Endothelial Permeability Assay

0.5% Evans blue (EVB) was prepared in 0.9% saline solution and the solution was filter-sterilized.
Mice were intravenously injected with the EVB solution (40mg/kg) and sacrificed 30 minutes after
injection. Mice were then perfused with phosphate-buffered saline (PBS) prior to organ collection

in order to analyze the retained amount of EVB in the lung, aorta and aortic arch samples. Aortic
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arches were fixed with 4% PFA for 30 minutes and placed on objective slides to be imaged.
Excitation peaks of EVB are 470 and 540 nm and the emission peak is at 680 nm. Tilescan z-
stacks of the whole aortic arch samples were joined together and processed using Imaris 8.4
(Oxford Instruments). The endothelial EVB positive signal was quantified as a volume after 3D
segmentation based on appropriate fluorescence intensity thresholding. Aortas and lungs were
weighed, air dried for half a day, fixed with formamide and cut into small pieces. The organs were
then incubated at 56°C shaking for 24 hours in order to release the retained EVB into the solution.
Optical density (OD) of the formamide solutions containing the EVB were measured with a plate

reader at 620 nm and the results were normalized to tissue weights.

2.2.12 Flow Cytometry

Whole blood was collected from mice in EDTA-buffer tubes. Red blood cells were lysed with the
lysis buffer mentioned in Table 4 for 2-5 minutes prior to the staining procedure. Hematopoietic
cell populations in blood samples were stained as follows: anti-CD45, anti-CD115, anti-Gr1, anti-
CD11b, anti-B220 and anti-CD3. Cell populations were gated and analyzed as follows on FlowJo
Software: leukocytes  (CD45+), neutrophils  (CD45+CD115-Gr1high),  monocytes
(CD45+CD11b+CD115+), T cells (CD45+ CD115- Gr1-B220-CD3+) and B cells (CD45+ CD115-
Gr1-CD3-B220+). Flow cytometry analysis on cell culture experiments were performed as follows:
post in-vitro treatments, the cells were washed and trypsinized to be collected as single cell sus-
pensions. The samples were stained with the following antibodies: anti-ICAM, anti-VCAM and
anti-E-selectin. All samples were analyzed with FACS Canto Il together with FACSDiva software

(BD Biosciences).

2.2.13 Tissue Homogenization

Mice were sacrificed and were fully perfused with PBS prior to organ collection in order to remove
blood from the tissues. AT and liver samples were weighed and washed with ice cold PBS. Tissue
samples were homogenized with a bead-based tissue lyser using 500ul cell lysis buffer (including
protease and phosphatase inhibitors) per 250 mg of tissue. After homogenization, samples were
centrifuged at 10,000 x g for 10 minutes at 4°C. Total protein content of the homogenates was

measured via a commercially available BCA assay kit according to the manufacturer’s protocol.

2.2.14 Protein Isolation and Total Protein Measurement

Lysis of cell culture samples was achieved with M-PER™ Mammalian Protein Extraction Reagent
(see Table 4) according to the manufacturer’s protocol. Briefly, following the completion of the in-
vitro assays, the cells were washed and trypsinized to be collected for protein isolation. Since the
in-vitro experiments were performed in 6-well plates, 200ul of the protein extraction reagent (min-
imum amount according to the manufacturer’s protocol) containing 1X protease and phosphatase
inhibitors was used for the cells collected from each well. The samples were incubated on ice and

shaken gently for 5 minutes. Samples were then centrifuged at 14,000 x g for 5-10 minutes to
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pellet the cell debris. The supernatants were collected in a new tube to proceed with total protein
level measurement. The total protein level of tissue homogenate as well as cell culture samples
was analyzed via a commercially available BCA assay kit according to the manufacturer’s proto-
col. Briefly, standards were prepared by diluting the bovine serum albumin (BSA) stock provided
in the kit. BCA working reagent was prepared by mixing 50 parts of reagent A with 1 part of
reagent B of the kit. Working reagent was added to the samples with a 1:8 ratio, respectively.
Samples were then incubated at 37°C for 30 minutes. The absorbance was measured at 550nm
on a TECAN infinite 200pro plate reader.

2.2.15 Measurement of Lipid Levels

Cholesterol and triglyceride levels were quantified in EDTA-plasma and homogenized tissue us-
ing enzymatic assays according to the manufacturer’s protocol. Briefly, plasma samples of mice
fed with 4 weeks of WD were diluted 1:5 for cholesterol measurement, whereas samples were
not diluted for triglyceride measurement. Plasma samples of mice fed with 12 weeks of WD were
diluted 1:20 for cholesterol measurement and 1:5 for triglyceride measurement. Standard curve
was established by diluting a series of the standard sample (c.f.a.s., Cobas® 10759350 190).
200yl of either cholesterol or triglyceride reagents were added to 5ul of sample on a 96-well plate
and the mixes were incubated 30 minutes in dark at room temperature. The absorbance was
measured at 505nm on a plate reader.

2.2.16 Lipoprotein Lipase Activity Measurement

Lipoprotein lipase (LPL) activity in AT homogenate samples was quantified by a commercially
available LPL kit according to the manufacturer’s protocol. LPL activity was normalized to total
protein levels of the AT homogenate samples.

2.2.17 Fast-Performance Liquid Chromatography

The amount of the lipoprotein fractions (vLDL, LDL, HDL) in mouse plasma samples was meas-
ured via fast-performance liquid chromatography (FPLC) (gel filtration on Superose 6 column (GE
Healthcare)). Lipoprotein fractions were separated and assessed based on the flow-through time.
Cholesterol levels were quantified as described before.

2.2.18 Cell Culture

Human Primary Coronary Artery Endothelial Cells (HCAECs) were kept at 37 °C and 5% CO2
under sterile conditions in a humidified incubator. Thawing, sub-culturing and medium refreshing
were performed according to the manufacturer’s protocol. In order to silence Ackr3, cells were
transfected with either 30 nM negative control siRNA (Silencer™ Negative Control No. 1 siRNA)
or 30 nM ACKR3 siRNA (Silencer validated siRNA CXCR?7) with the following sequence: Sense
GGAUGACACUAAUUGUUAGtt and Antisense CUAACAAUUAGUGUCAUCCIt. Transfection
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was performed via sSiPORT™ NeoFX™ Transfection Agent (see Table 5) according to the manu-
facturer’s protocol. Briefly, 6ul of the siPORT reagent was used per well on a 6-well plate and a
reverse transfection protocol was followed. The siPORT reagent and siRNA were mixed in Opti-
MEM medium and added to the wells prior to adding the cells to the wells. Cells were incubated
in 37°C until seeding equal amounts to the wells containing the siRNA-transfection reagent mix.
Cells were transfected for 48-72 hours and the transfection efficiency was evaluated by analyzing
the gene expression via droplet digital PCR. Protein expression was also analyzed via western
blot. VUF treatments were done at 1TuM concentration. All cells were stimulated with 10ng/ml
TNFa 2-4 hours. ACKR3 transfected HEK cells were kindly donated by Prof. Alexander Faussner.
The cells were treated with tetracycline for 24 hours to induce Ackr3 expression and treated with

10ng/ml TNFa for 1 hour before evaluating the impact of ACKR3 overexpression.

2.2.19 ELISA

In order to measure circulating CXCL12 levels, plasma samples were analyzed with a commer-
cially available Mouse CXCL12/SDF-1 alpha Quantikine ELISA Kit, according to the manufac-
turer’s instructions. Phosphorylation of NF-kB p65 subunit in cell culture protein isolates was
measured via a commercially available NF kappaB p65 (pS536 + Total) ELISA Kit, according to

the manufacturer’s instructions.

2.2.20 RNA Isolation

Total RNA was isolated from cell culture samples, mouse aortic arch samples as well as mouse
AT samples using a commercially available RNA isolation kit from Zymoresearch according to the
manufacturer’s protocol. The quality (Aze0/Az2s0) and the quantity (ng/pl) of the RNA samples were
analyzed via NanoPhotometer N60/N50 (Implen). A ratio of ~2 for Azeo/A2s0 was accepted as good
quality RNA.

2.2.21 cDNA Synthesis

Prior to cDNA synthesis, all RNA samples were diluted to the equal concentrations. cDNA syn-
thesis was achieved via a commercially available iScript cDNA synthesis kit according to the
manufacturer’s protocol. Briefly, 20 pL reaction mixes were prepared using <1ug RNA and the
reaction protocol was as follows: priming was performed for 5 minutes at 25°C, reverse transcrip-
tion was performed for 20 minutes at 46°C and reverse transcriptase inactivation was executed
for 1 minute at 95°C.

2.2.22 Droplet Digital PCR

Digital PCR was executed on the QX200 Droplet Digital PCR (ddPCR) system from Bio-Rad.
20pL reaction mixes consisted of the following: 10ul of 2X ddPCR SuperMix for probes, 1uL of
20X FAM labeled primer/probe for the target gene, 1ul of 20X VIC labeled primer/probe for the
housekeeping gene, RNase-/DNase-free water and the cDNA sample. Droplet generation was
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achieved using the QX200 droplet generator as follows: 20ul reaction mix and 70pl droplet gen-
eration oil for probes were added onto cartridges, covered with gaskets and inserted into the
droplet generator. 42yl of the droplet solution including up to 20,000 droplets was collected from
the droplet generator and transferred to the appropriate PCR plate. Cycling was performed in the
ddPCR cycler with the following conditions: 10 min at 95°C (enzyme activation), 30 seconds at
94°C (denaturation) and 1 min at 60°C (annealing/extension) for 40 cycles, 10 min at 98°C (en-
zyme deactivation). The PCR plate was then inserted into the droplet reader. Analysis was done
on QuantaSoft software.

2.2.23 Imaging of ACKR3 in Human Atherosclerotic Endothelium

Human atherosclerotic plaque samples obtained during carotid endarterectomy collected in the
Maastricht Pathology Tissue Collection (MPTC) in line with the Dutch Code for Proper Secondary
use of Human Tissue (http://www.fmwv.nl) and the local Medical Ethical Committee (protocol
number 16-4-181). This study conforms to the Declaration of Helsinki, all participants have given
informed written consent prior to the inclusion. Sections were stained immunohistochemically as
follows: sections were washed in PBS followed by antigen retrieval and permeabilization by boil-
ing the sections in 10mM sodium citrate buffer (pH=6) containing 0.05% Tween-20. Slides were
washed with PBS again and tissue sections were blocked with a 1% BSA solution for 30 minutes
at room temperature. Samples were then incubated with the primary antibodies Willebrand factor
(VWF) and CXCRY7 (ACKR3) overnight at 4°C, washed in PBS and incubated with the secondary
antibody (1:300) 1 hour at room temperature. Nuclei were stained via 1:2000 diluted Hoechst

solution for 5 minutes.

2.2.24 Western Blot

All protein samples were diluted to the same concentration and mixed with sample loading buffer.
The mixes were boiled at 95°C for 5 minutes. Samples and the blotting standard were loaded
onto 12% gels. Western blot was carried out with Mini Trans-Blot® Cell and Criterion™ Blotter
according to the manufacturer’s protocol (Bio-Rad). Briefly, protein separation was accomplished
by gel electrophoresis with running buffer (Tris/Glycine/SDS) for about 1 hour with 100-150 Volts
(V). Proteins were then transferred from the gel to the membrane in transfer buffer (Tris/Glycine
buffer with 20% methanol added) for 1 hour at 100V. The membrane was blocked with 5% bovine
serum albumin (BSA) in Tris-buffered saline with Tween 20 (TBST) buffer for 1 hour. Primary
antibody incubation (p-Erk1/2, p-p65-NFkB, p-PPAR-y) was carried out overnight at 4°C. The
membrane was then washed with TBST buffer and incubated with the HRP-labelled anti-rabbit
secondary antibody for 1 hour at room temperature. After washing with TBST buffer, the mem-
brane was developed with a chemiluminescent substrate. After the acquisition of the phospho-
protein signal, the membrane was washed in TBST and stripped for 30 minutes with a stripping
buffer followed by 1 hour blocking with 5% BSA solution. Next, the membrane was incubated with
antibodies (t-Erk1/2, t-p65-NFkB and t-PPAR-y) for 1 hour followed by 1-hour secondary antibody

incubation, both at room temperature. The signal was captured as explained above. Analysis of



phospho and total protein signals was done on Imaged and the phospho-protein band was nor-
malized by dividing it to total protein band.

2.2.25 Phosphorylation Array

Protein samples of control and Ackr3 silenced HCAEC lysates were analyzed for the changes in
the phosphorylation of MAPK pathway proteins via a commercially available Human/Mouse
MAPK Phosphorylation Array kit, according to manufacturer’s protocol.

2.2.26 Statistical Analysis

All data are expressed as mean +SEM. Statistical analyses were performed using GraphPad
Prism version 7.0 or higher (GraphPad Software, Inc.). Outliers were identified with an outlier test
ROUT=1 and the distribution of the data was tested via the D’Agostino-Pearson omnibus normal-
ity test. Statistical significance was tested via unpaired Student’s t-test with Welch correction for
normally distributed data and Mann-Whitney U test for non-normally distributed data. A result of

<0.05 for p-value was considered statistically significant.



3. Results

The development of mouse models for atherosclerosis studies allowed researchers to investigate
potential therapeutic concepts in vivo. In 1992, an atherosclerosis mouse model was developed
based on the deficiency of ApoE, which is a lipoprotein receptor ligand facilitating the uptake of
chylomicrons and vLDL by the lipid receptors in the liver (Zhang et al., 1992). Absence of ApoE
leads to accumulation of cholesterol-rich particles in the circulation leading to hyperlipidemia, a
known risk factor for atherosclerosis. As a result, Apoe” mice develop atherosclerotic lesions,

which is even more pronounced upon high-fat diet feeding (Lo Sasso et al., 2016).

Furthermore, the use of the Cre (Cre recombinase)-loxP (locus of X over P1) technology enabled
researches to study target genes in a cell specific manner. The enzyme Cre recombinase recog-
nizes loxP sites (34 basepair specific DNA sequences) and excises the floxed DNA sequence
(DNA sequence flanked by two loxP sites (")), which leads to the deletion of the targeted gene
(Kim et al., 2018) (Figure 7, A). In order to carry out a spatial deletion of the target gene, Cre is
expressed by a cell-specific promoter. For example, the promoter Bmx targets arterial endothelial
cells, whereas Smmhc targets SMCs, Adipoq targets adipocytes and Albumin hepatocytes (Fig-
ure 7B). In addition to site specificity, gene editing by Cre can also be controlled temporally. Cre
can be fused to an estrogen receptor (CreER) with a mutated ligand binding domain, which then
allows the Cre to be induced in the presence of tamoxifen (CreERT) but not natural ER ligand
estrogens (Brocard et al., 1997; Metzger & Chambon, 2001). A more sensitive version of the
CreER?T to the active metabolite of tamoxifen (4-Hydroxytamoxifen (4-OHT)) is named CreER™
(Indra et al., 1999; Kim et al., 2018). For simplicity purposes, the CreER™ mouse models in this

study will be referred to as X-Cre, where X represents the name of the promoter.

In order to study the cell-specific roles of ACKR3 in atherosclerosis, Ackr3""Apoe” mice were
crossbred with Apoe” mice expressing cell specific Cre recombinase to allow tamoxifen induced
deletion of Ackr3 in specific cell types as depicted in Figure 7B. Upon intraperitoneal tamoxifen
injections, mice were placed on a Western Diet (WD) containing 21% fat and 0.15% to 0.2%
cholesterol for either 4 or 12 weeks to assess early or advanced stage atherosclerotic lesion

development, respectively.
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Figure 7: Models of cell-specific ACKR3 deficiency studies in atherosclerotic mice.

A. The tissue specific mechanism of Cre-loxP system. B. ACKR3 was studied in arterial endothelial cells via
Bmx®r, smooth muscle cells via Smmhc®®, adipocytes via Adipog®® and hepatocytes via Albumin©e in
Apoe” mice on WD. Furthermore, studying ACKR3 in hematopoietic cells during WD was accomplished
with a bone marrow transplantation from Uni€™ mice into Apoe” mice (created with BioRender.com).

3.1  The role of arterial endothelial ACKR3 in atherosclerosis

ACKRS is a crucial receptor for the development of the cardiovascular system; postnatally, it was
shown to be expressed specifically in cardiomyocytes and vascular endothelial cells (Gerrits et
al., 2008). Moreover, ACKR3 deficient mice suffered cardiovascular defects and died at or soon
after birth (Gerrits et al., 2008; Sierro et al., 2007). Further studies confirmed the expression and
the importance of ACKR3 in endothelial cells (Berahovich et al., 2014; Hao et al., 2017). Previ-
ously, our research group studied the impact of vascular CXCR4, alternative receptor of the main
ACKR3 ligand CXCL12, during atherosclerosis (Déring et al., 2017). The study revealed a pro-
tective role of endothelial CXCR4, leaving endothelial ACKR3 to be elucidated. In this chapter,
we will focus on the role of arterial endothelial cell specific ACKR3 (aEC-ACKR3) in atheroscle-

rosis.

3.1.1 Assessment of atherosclerotic lesion sizes

Ackr3""Apoe” and Bmx“"®Apoe” were crossed to generate Bmx‘eAckr3""Apoe” mice, which
were then treated with tamoxifen for 5 consecutive days and subsequently subjected to 4 or 12
weeks of WD feeding (Figure 8, A). Lesion sizes were analyzed in the aortic roots of 4-week WD
fed mice and in the aortic roots, arches and the aortas of 12-week WD fed mice (Figure 8, B). It
could be revealed that aEC-ACKR3 deficiency in Apoe” mice fed a 4-week WD led to significantly
reduced atherosclerotic lesion sizes in the aortic roots compared to control mice (Figure 8, C-D),
indicating a pro-atherosclerotic role for aEC-ACKR3. This pro-atherosclerotic effect was con-
firmed in mice fed a 12-week WD, as deficiency of aEC-ACKRS3 resulted in significantly decreased
lesion sizes in the aortic roots (Figure 8, E-F). Likewise, lesion sizes were significantly smaller in
the arches (Figure 8, G-H) of aEC-ACKR3 deficient mice, compared to controls. No significant

changes were observed in the aortas of control and aEC-ACKR3 deficient mice (Figure 8, I). Apart
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from this, blood cholesterol and triglyceride levels did not change between the two genotypes
upon 12 weeks of WD (Table 7). Surprisingly however and in sharp contrast to the observed
effects on atherosclerotic lesion size, aEC-ACKR3 deficient mice developed neutrophilia upon 4
weeks of WD feeding as well as leukocytosis attributed to significantly elevated counts of neutro-
phils and B cells upon 12 weeks of WD feeding (Table 6 & 7).
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Figure 8: Endothelial ACKR3 deficiency attenuates atherosclerotic lesions in Apoe” mice.

A. Schematic representation of the 4 and 12-week WD experimental setup (created with BioRender.com).
B. Schematic representation of the studied atherosclerosis prone regions. Aortic root and aortic arch lesions
were visualized via hematoxylin & eosin (H&E) staining, whereas the lipid deposits in the aortas were visu-
alized with an Oil Red O staining. C-D. Representative images (C; scale bar: 500 pm) and quantification (D)
of atherosclerotic lesion sizes in the aortic roots of mice fed with 4 weeks of WD (n=22-32). E-F. Repre-
sentative images (E; scale bar: 500 uym) and quantification (F) of atherosclerotic lesion sizes in the aortic
roots of mice fed 12 weeks of WD (n=12-14). G-H. Representative images (G; scale bar: 500 ym) and
quantification (H) of atherosclerotic lesion sizes in the aortic arches of mice fed 12 weeks of WD (n=12-14).
I. Quantification of atherosclerotic lesion sizes in the aortas of mice fed 12 weeks of WD (n=12-14). Bar
graphs represent £SEM. *p<0.05, **p<0.01.



3.1.2 Atherosclerotic plaque composition and stability analysis
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Figure 9: Endothelial ACKR3 deficiency improves plaque composition and stability in
Apoe’ mice.

A-B. Representative images (A, scale bar: 250 um, red=MAC2, blue=DAPI) and quantification (B) of mac-
rophage (MAC2+) content in the aortic roots (n=12). C. Quantification of SMC (SMA+) content in the aortic
roots (n=12-13). D-E. Representative images of Masson Trichrome staining (D; scale bar: 250 um, blue=col-
lagen, red=muscle fibers, cytoplasm, keratin) and quantification (E) of collagen (n=12-14) in the aortic roots
(n=12-13). F. Pearson r correlation of lesional SMC content and collagen content in atherosclerotic lesions
(r=0.45, p=0.02), (n=25). G. Quantification of necrotic core content in the aortic roots (n=12-13). Bar graphs
represent +SEM. *p<0.05, **p<0.01.

In order to further characterize the plaques, cell composition of the advanced lesions (12-week
WD) was analyzed by evaluating the number of macrophages (MAC2+) and SMCs (SMA+) in the
plagues. Analyses disclosed that aEC-ACKR3 deficient mice had significantly less macrophage
content inside their plaques compared to control mice (Figure 9, A-B). Meanwhile, SMC quantity

within lesions showed an insignificant trend towards an increase in aEC-ACKRS3 deficient mice



52

(Figure 9, C). Plaque stability analysis through Masson Trichrome staining revealed a significantly
increased amount of collagen in plaques of aEC-ACKR3 deficient mice (Figure 9, D-E). Intra-
plaque collagen content also correlated positively with the SMC content (Figure 9, F). Further-
more, lesions of the aEC-ACKRS deficient mice contained significantly less necrotic cores (Figure
9, G). Altogether, these findings establish that aEC-ACKRS3 drives a pro-atherosclerotic cellular

composition in lesions as well as a more unstable plaque phenotype.

3.1.3 Investigation of the main ACKR3 ligand CXCL12 levels
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Figure 10: Endothelial ACKR3 deficiency does not impact CXCL12 levels.

A. Plasma CXCL12 levels (n=12-14). B. Bone marrow CXCL12 levels (n=12-14). C. Pearson r correlation
of plasma CXCL12 levels and aortic root lesion content in mice fed 12 weeks of WD (R=0.719, p=0.013),
(n=12-14). Bar graphs represent +SEM.

ACKR3 has two main chemokine ligands; CXCL11 and CXCL12, which further bind to CXCR3
and CXCR4, respectively (Burns et al., 2006). In some studies, ACKR3 was reported to regulate
the bioavailability of its ligands by scavenging its chemokine ligands (Boldajipour et al., 2008;
Naumann et al., 2010). In this study, we used mice on a C57BL/6 (B6) background which were
reported to not express CXCL11 (Sierro et al., 2007). We also confirmed this lack of CXCL11 in
our mice via ELISA analysis in plasma samples (Appendix C). The other ligand, CXCL12 is a
chemotactic cytokine which is described to regulate homing and recruitment of hematopoietic
progenitor cells (Ddring et al., 2014). Accordingly, potential changes in CXCL12 gradient upon
aEC-ACKR3 deficiency could be responsible for the observed leukocytosis in knockout mice.
Therefore, we investigated the levels of the main ACKR3 ligand CXCL12 in the plasma samples
of mice in order to understand how aEC-ACKR3 deficiency affected circulating CXCL12 levels.
Interestingly, CXCL12 levels did not differ between control and aEC-ACKR3 deficient mice in the
plasma (Figure 10, A). Next, we investigated the levels of CXCL12 in bone marrow and found no
differences between the two groups (Figure 10, B). These results confirm that aEC-ACKR3 defi-
ciency did not lead to any changes of CXCL12 gradient or levels. Previously, we established that
circulating CXCL12 originating from endothelial cells drives atherosclerosis in Apoe” mice
(Doring et al., 2019). Analysis of a link between circulating CXCL12 levels and atherosclerotic
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lesion sizes indeed confirmed a positive and significant correlation between the two factors in our
control mice (Figure 10, C). Surprisingly, this correlation was lost in the absence of endothelial
ACKR3 (Figure 10, C), suggesting that the interaction between circulating CXCL12 and aEC-
ACKR3 drives atherosclerosis regardless of significant changes in plasma/bone marrow CXCL12
levels. Apart from CXCL11 and CXCL12, MIF was also reported to bind ACKR3 (Alampour-Rajabi
et al., 2015). Although a decrease was observed in the plasma levels of MIF in aEC-ACKR3

deficient mice, no significant changes were disclosed (Appendix D).

3.1.4 Assessment of leukocyte infiltration into lesions

Mice with aEC-ACKR3 deficiency disclosed less macrophage content within their lesions. We
theorized that aEC-ACKR3 may be involved in leukocyte extravasation through the vascular en-
dothelium, which may lead to differences in lesional macrophage accumulation. To test this the-
ory, we performed a leukocyte infiltration assay as described by Winter et al. (Winter et al., 2018).
Briefly, control and aEC-ACKR3 deficient mice were fed with a 4-week WD and subsequently
injected intravenously with an anti-CD45 antibody. Injection of this antibody into the bloodstream
labeled the leukocytes in the circulation and therefore allowed identification of blood-borne leuko-
cytes. Later, the antibody was tracked in the atherosclerotic lesions as an indicator of newly re-
cruited circulating leukocytes that infiltrated the lesions (Figure 11, A). Imnmunohistochemical anal-
ysis of the aortic root lesions revealed that aEC-ACKRS3 deficient mice had significantly less leu-
kocyte infiltration into their lesions compared to control mice (Figure 11, B-C), confirming a role

of aEC-ACKRS3 in the arterial invasion of immune cells.
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Figure 11: Endothelial ACKR3 deficiency significantly reduces immune cell infiltration into
atherosclerotic lesions.

A. Schematic representation of the leukocyte tracking experimental setup (created with BioRender.com). B-
C. Representative pictures (B; scale bar: 250 ym, dotted line= atherosclerotic lesion) and fold change (C) of

infiltrated leukocytes in aortic root lesions (n=7-10). Bar graphs represent +SEM. ***p<0.001.



3.1.5 Examination of vascular integrity
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Figure 12: Endothelial ACKRS3 deficiency does not affect vascular endothelial permeability.

A. Schematic representation of the endothelial permeability experiment (created with BioRender.com). B-C.
Representative images (B; yellow=Evans Blue) and quantification (C) of infiltrated EVB in the aortic arches

(n=4-5). D. Quantification (ug/ml) of infiltrated EVB in the lysates of aortas (n=7) and E. lungs (n=6). Bar
graphs represent +SEM.

Investigation of the vascular CXCR4 revealed that the endothelial CXCR4 deficiency resulted in
the loss of endothelial barrier function leading to arterial leakage (Déring et al., 2017). In order to
understand how the alternate CXCL12 receptor ACKR3 in endothelial cells mediates leukocyte
infiltration through the vascular endothelium, we first investigated endothelial permeability in mice.
The permeability of the endothelium in the vasculature is a critical factor in trafficking of blood-
borne elements into the sub-endothelial space. In order to find out if the aEC-ACKRS3 can lead to
a ‘leaky’ phenotype of the vascular endothelium in mice, we injected the animals intravenously
with Evans Blue (EVB) introducing the dye into the bloodstream of the mice. Injection of the EVB
dye allows to observe the amount of a traceable dye that passed through the endothelium of the
mice. The dye was traced back in the aortic arch and the aorta of the mice, as well as the lungs.
After 30 minutes of incubation, we perfused the mice with saline to remove the blood and eliminate
excess EVB from the organs. Next, we measured the amount of EVB that breached through the
endothelium and remained in the organs (Figure 12, A). There were no significant differences in
EVB quantities that infiltrated in the aortic arches (Figure 12, B-C), aortas (Figure 12, D) or in the
lungs (Figure 12, E) of the control and aEC-ACKRS3 deficient mice, indicating that aEC-ACKR3
does not affect vascular integrity.



3.1.6 Endothelium-immune cell adhesion analysis

Following the above described findings, we postulated that aEC-ACKR3 may be involved in en-
dothelial adhesion, a crucial step in trans-endothelial migration of the immune cells during ather-
osclerosis, as well as other diseases. Deficiency of aEC-ACKR3 may be limiting the adhesion of
leukocytes to the vascular endothelium and thereby curbing arterial invasion of the immune cells.
In support of this notion, ACKR3 was previously shown to impact cell adhesion in endothelial
progenitor cells in-vitro (Dai et al., 2011). The potential impact of aEC-ACKR3 on endothelial
adhesion was first tested via ex-vivo perfusion of fluorescently labeled leukocytes through carotid
arteries collected from control and aEC-ACKRS deficient mice (Figure 13, A). Leukocyte adhesion
onto aEC-ACKR3 deficient arteries was significantly diminished, suggesting that ACKR3 is indeed
involved in the regulation of the endothelial adhesion process (Figure 13, B-C). Next, ACKR3
mediated adhesion was further confirmed in-vivo via intravital microscopy (Figure 13, A). The
experiment involved testing of three different subsets of leukocytes in order to comprehend the
extent of ACKR3 mediated endothelial adhesion: myeloid cells (CD11b"*), classical monocytes
(Ly6C*) and neutrophils (Ly6G*). Adhesion of all leukocyte subsets onto the carotid arteries was
strongly limited in the absence of aEC-ACKR3 regardless of the immune cell type (Figure 13, D-
G), suggesting a strong, general effect of aEC-ACKRS3 on leukocyte adhesion.
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Figure 13: Endothelial ACKR3 regulates endothelium-leukocyte adhesion.

A. Schematic representation of the experimental setup (created with BioRender.com). B-C. Representative
images (B; green= fluorescently labeled CD45+ cells, blue=arterial wall) and fold change (C) of adhered
leukocytes onto ex-vivo perfused carotid arteries (n=5). D. Representative images of intravital microscopy
(scale bar: 100 um). Quantification of adherent E. CD11b+, F. Ly6C+ and G. Ly6G+ cells (n=6-8). Bar graphs
represent +SEM. **p<0.01.



3.1.7 Assessment of adhesion molecule expression in mice

During atherosclerosis, endothelial cells in the vasculature are subjected to inflammatory stimuli
and therefore upregulate the surface expression of adhesion molecules, such as intracellular ad-
hesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1) and selectins (Gimbrone
& Garcia-Cardena, 2016). This process allows immune cells to adhere to the endothelial cells

and transmigrate into the sub-endothelial space to combat the source of inflammation.

In order to elucidate the mechanism behind aEC-ACKR3 mediated adhesion, we examined the
presence of ICAM-1+ cells in atherosclerotic lesions of mice via immunofluorescent staining. The
analysis revealed a significant decrease in ICAM-1+ cells in the endothelial lining of the aortic
root lesions of aEC-ACKR3 deficient mice (Figure 14, A-B). Along with this, macrophage content
within the lesions correlated positively and significantly with the amount of ICAM-1+ cells of the
lesions (Figure 14, C), indicating a significant link between vascular adhesion and lesional mac-
rophage accumulation. Furthermore, expression of Ackr3, Icam and Vcam was analyzed in whole
aortic arches via ddPCR. The expression of the adhesion molecules correlated positively with
Ackr3 expression in the arches, although a stronger correlation was observed with /cam (Figure
14, D).
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Figure 14: Endothelial ACKR3 deficiency decreases adhesion molecule expression.

A-B. Representative images (A; scale bar: 250 um, red=ICAM) and quantification (B) of ICAM+ cells on the
endothelial lining of mouse aortic root lesions (n=12-14). C. Pearson r correlation of lesional macrophages
and ICAM+ endothelial cells in aortic root lesions (r=0.5, p=0.01) (n=24). D. Pearson r correlation of lcam
(r=0.6, p=0.08) and Vcam (r=0.4, p=0.19) expression with Ackr3 expression in whole aortic arches (n=9).

Bar graphs represent +SEM. ***p<0.001.



3.1.8 Adhesion molecule expression in human endothelial cells

In order to better understand and validate the role of ACKR3 in endothelial adhesion, we investi-
gated the impact of ACKR3 on adhesion molecule expression in human coronary artery endothe-
lial cells (HCAECs). To this end, ACKR3 was silenced in inflamed HCAECs, as it would be the
case under atherosclerotic conditions (Figure 15, A). Flow cytometry analysis revealed that
ACKRS silenced HCAECs had decreased ICAM, VCAM and E-selectin expression, all of which
are known to be upregulated in endothelial cells during atherosclerosis to facilitate immune cell
adhesion (Figure 15, B-F). Further strengthening this finding, expression of these adhesion mol-

ecules correlated very significantly with ACKR3 expression in the cells (Figure 15, G-H).
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Figure 15: ACKR3 regulates adhesion molecule expression in HCAECs.

A. ddCPR quantified expression of ACKR3 in control and silences HCAECs stimulated with TNF-a (n=6). B
Representative flow cytometry histograms of ACKR3 and ICAM-1. C-F. Expression (geometric mean by flow
cytometry) of C. ACKR3, D. ICAM, E. VCAM and F. E-selectin in control and silenced HCAECs stimulated
with TNF-a (n=3 independent batches). Pearson r correlation of G. ICAM (n=31-34), H. VCAM (n=21-23)
and l. E-selectin expression with ACKR3 expression in HCAECs stimulated with TNF-a; r=0.6, p=0.00001
and r=0.6, p=0.0059, respectively. Bar graphs represent +SEM. **p<0.01, ***p<0.001, ****p<0.0001.



3.1.9 Assessment of endothelial ACKRS3 signaling

For a long time, ACKR3 was considered a non-signaling, decoy receptor for its main ligand
CXCL12 (Boldajipour et al., 2008; Naumann et al., 2010; Wang et al., 2012). In our study however,
we showed that CXCL12 levels were not affected in aEC-ACKR3 deficient mice. Furthermore,
recent findings unveiled the ability of ACKRS to signal through B-arrestin and mitogen activated
protein kinase (MAPK) pathway, as well as NF-kB (Alampour-Rajabi et al., 2015; Ishizuka et al.,
2021; Li et al., 2019; Lin et al., 2014). MAPK and NF-kB signaling are well-known inflammatory
pathways that are established to prompt ICAM and VCAM expression in endothelial and other
cell types (X. L. Chen et al., 2005; Choi et al., 2010; Zhong et al., 2012). In order to understand
whether ACKRS silencing affected these pathways in inflamed HCAECs, we carried out a MAPK
phosphorylation antibody array experiment. ACKR3 silencing led to significant downregulation of
the key MAPK pathway mediators, including reduced ERK1/2 phosphorylation (Figure 16, A-B).
The decrease in ERK1/2 phosphorylation upon ACKR3 silencing was further confirmed in
HCAECs via western blot analysis (Figure 16, C). Moreover, stimulation of ACKR3 with its agonist
VUF confirmed an increase in ERK1/2 phosphorylation in the cells (Figure 16, D). Activated Akt
and ERK1/2 can phosphorylate the NF-kB inhibitor IkBa kinase (lIK), leading to the activation of
NF-kB (Bai et al., 2009; Chen et al., 2016). NF-kB is an upstream promoter of ICAM, VCAM and
E-selectin (Ledebur & Parks, 1995; Shu et al., 1993). Quantitative ELISA analysis showed a sig-
nificant decrease of NF-kB p-65 phosphorylation in ACKR3 silenced HCAECs (Figure 16, E).
Western blot analysis confirmed this finding and an increase in NF-kB p-65 phosphorylation was
also observed in VUF treated HCAECs (Figure 16, F). To further confirm these findings, we used
ACKR3-transfected HEK cells overexpressing ACKR3 compared to control cells (Figure 16, G).
Indeed, ACKR3 overexpressing cells showed increased NF-kB p-65 phosphorylation analyzed
quantitatively by ELISA (Figure 16, H). Previously, we and others revealed that ACKR3 can con-
trol PPAR-y expression in AT (Gencer, Doring, et al., 2021; Li et al., 2014). PPAR-y is anti-inflam-
matory and it is well established to negatively regulate the inflammatory NF-kB (Remels et al.,
2009; Scirpo et al., 2015; Sung et al., 2006). In addition, studies also confirmed inhibition of ICAM
and VCAM expression upon PPAR-y activation (Pasceri et al., 2000; Sasaki et al., 2005). Further
supporting our findings described above, ACKR3 silenced HCAECs showed a significant de-
crease in PPAR-y expression, (Figure 16, |), whereas ACKR3-overexpressing HCAECs revealed
an increase in PPAR-y expression, although statistically insignificant (Figure 16, J). Following our
in-vitro findings revealing marked regulation of NF-kB, a significant transcription factor for ICAM
and VCAM expression, we sought to assess the levels of phospho-p65 NF-kB in atherosclerotic
endothelial cells of aEC-ACKR3 deficient mice. In line with our findings, analyses of immunofluo-
rescently stained endothelial cells (vWF+) on mouse lesions revealed a significant decrease in
phospho-p65 NF-kB (red) expression (Figure 16, K-L). Altogether, these findings establish a pro-
inflammatory role for aEC-ACKRS3, which promotes NF-kB phosphorylation and thereby adhesion

molecule expression in endothelial cells.
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Figure 16: Endothelial ACKR3 signals through MAPK and NF-kB pathways.

A-B. Representative images (A; blue=Akt, red=CREB, green=ERK1/2, purple: MEK, yellow: MKK6) and fold
change (B) of protein phosphorylation in the MAPK pathway (n=4) in control and silenced HCAECs stimu-
lated with TNF-a. C. Western blot analysis of ERK1/2 phosphorylation in control and silenced HCAECs
stimulated with TNF-a. Numbers below indicate phospho/total signal quantifications. D. Western blot analy-
sis of ERK1/2 phosphorylation in control and VUF treated HCAECs stimulated with TNF-a. E. Phosphoryla-
tion of the NF-kB p-65 subunit quantified by ELISA in control and silenced HCAECs stimulated with TNF-a
(n=3). F. Western blot analysis of NF-kB p-65 subunit phosphorylation in control and silenced, as well as
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control and VUF treated HCAECs stimulated with TNF-a. G. Upregulation of ACKR3 expression in ACKR3-
transfected HEK cells quantified by ddPCR (n=6). H. Phosphorylation of the NF-kB p-65 subunit quantified
by ELISA in control and ACKR3-induced HEK cells stimulated with TNF-a (n=6). Expression of PPAR-y
measured by ddPCR in I. control and silenced cells (n=8-9) and in J. control and ACKR3-induced HEK cells
stimulated with TNF-a (n=6). K-L. Representative images (K; green=von Willebrand factor, red=ACKR3,
blue=DAPI) (scale bar: 100 um) and quantification (L) of phospho-p65 NF-kB expression in aortic root en-
dothelial cells from control and knockout mice (n=3). Bar graphs represent +SEM. *p<0.05, **p<0.01,
***p<0.001.

3.1.10 Presence of ACKR3 in human atherosclerotic endothelium

ACKR3 in the endothelium of mice revealed significant contribution to atherosclerotic plaque de-
velopment concomitant with the regulation of arterial immune cell invasion through endothelial
adhesion. Further analyses confirmed that human ACKRS is also involved in adhesion molecule
expression in endothelial cells. In order to understand if these findings could indicate a potential
relevance of ACKR3 in human atherosclerosis, we sought to establish the presence of human
ACKRS3 specifically in the endothelium of atherosclerotic lesions. Immunofluorescent staining of
ACKRS3 together with the endothelial marker vVWF confirmed the presence of ACKR3 in human
atherosclerotic endothelium (Figure 17), indicating a relevance of aEC-ACKR3 in human athero-

sclerosis.

Figure 17: ACKR3 is present in human atherosclerotic endothelium.

Immunofluorescent staining of ACKR3 (red), von Willebrand Factor (green) and nuclei (DAPI, blue).



3.1.11 The impact of aEC-ACKR3 on atherosclerosis

Altogether, our data establish that aEC-ACKR3 contributes to atherosclerotic lesion growth by
supporting immune cell adhesion to the arterial wall and thereby regulating infiltration of the cells
into atherosclerotic lesions (Figure 18). In-vitro analyses in HCAECs disclosed that ACKR3 si-
lencing results in downregulation of adhesion molecules and phosphorylated ERK1/2, Akt and
NF-kB p65, which are inflammatory pathways involved in cell adhesion. Meanwhile, PPAR-y,

which negatively regulates NF-kB, is upregulated.

v

XACKR3 ICAM VCAM

¢ER:k1t/ 2 TPPAR-Y *NFkTB

EC-ACKR3 - | \ \

L
[
|

endothelial cell

Figure 18: Summary of the roles of aEC-ACKR3 in atherosclerosis.

Graphical representation of aEC-ACKR3 mediated processes in atherosclerotic lesions and endothelial cells
(created with BioRender.com).



3.2 The role of smooth muscle cell specific ACKR3 in

atherosclerosis

ACKR3 was found to be expressed in SMCs (Berahovich et al., 2014; Neusser et al., 2010), which
are apart from endothelial cells an important cell type in the vasculature that is involved in the
pathobiology of atherosclerosis. In this chapter, | will focus on the role of SMC specific ACKR3
(SMC-ACKR3) in atherosclerosis.

3.2.1 Atherosclerotic plaque size analysis

Ackr3""Apoe” and SmmhctApoe” were crossed to generate SmmhcCeAckr3" Apoe” mice,
which were then treated with tamoxifen and subsequently subjected to 12 weeks of WD feeding
(Figure 19, A).

Three regions were selected to analyze lesions in 12-week WD fed mice: the aortic roots, arches
and the aortas (Figure 19, B). Lesions in the aortic roots were visualized via H&E staining (Figure
19, C) and the lesion sizes between control and SMC-ACKR3 deficient mice did not differ (Figure
19, D). Similarly, lesions in the aortic arches did not exhibit a significant difference in size between
the two groups (Figure 19, E-F). Likewise, lesion size analyses via Oil-Red O staining in the aortas
showed no difference upon SMC-ACKR3 deficiency in atherosclerotic mice (Figure 19, G-H). In

summary, the findings disclosed that SMC-ACKRS3 does not affect atherosclerotic lesion sizes.
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Figure 19: SMC-ACKR3 deficiency does not affect atherosclerotic lesion sizes in Apoe”’
mice.

A. Schematic representation of the experimental setup (created with BioRender.com). B. Schematic repre-
sentation of atherosclerosis prone regions assessed for lesion sizes. C-D. Representative images (C; scale
bar: 500 ym) and quantification (D) of atherosclerotic lesion sizes in the aortic roots stained with H&E (n=8-
9). E-F. Representative images (E; scale bar:250 um) and quantification (F) of atherosclerotic lesion sizes
in the aortic arches (n=8-9). G-H. Representative images (G) and quantification (H) of atherosclerotic lesion

sizes in the abdominal aortas (n=8-9). Bar graphs represent +SEM.



3.2.2 Examination of plaque composition and stability

Initial analyses did not indicate a role for SMC-ACKRS in atherosclerotic lesion growth. In order
to understand whether SMC-ACKR3 could be involved in further parameters of atherosclerosis,
we analyzed the cellular composition of the plaques by quantifying the amount of macrophages
and SMCs via immunofluorescent stainings. There were no significant differences in either cell
type within the lesions (Figure 20, A-C). Furthermore, plaque stability was examined via Mason
Trichrome staining exhibiting the collagen content within lesions. Interestingly, SMC-ACKR3 de-
ficient mice had significantly higher amounts of lesional collagen compared to control mice (Figure
20, D-E), which was not correlated to the amount of SMCs in the lesions (Figure 20, F). These
results indicate that SMC-ACKR3 does not play a role in atherosclerosis, other than a potential
plaque-stabilizing effect through lesional collagen content.

Another interesting finding in SMC-ACKR3 deficient mice was leukocytosis, similar to aEC-
ACKR3 deficient mice (Table 8). Leukocytosis in SMC-ACKRS3 deficient mice was attributed to
the significant increase in neutrophils and B cells in the circulation (Table 8). Lipid levels in the

plasma were not affected (Table 8).
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Figure 20: SMC-ACKRS3 deficiency does not alter plaque composition but stability in Apoe-
" mice.

A. Representative images (scale bar: 250 um) and B. quantification of macrophage (MAC2+) content in the
lesions (n=8-9). C. Quantification of SMC (SMA+) content in the aortic roots (n=8-9). D. Representative
images (scale bar: 250 ym) and E. quantification of collagen content in the aortic roots (n=8-9). F. Pearson
r correlation between lesional SMC content and lesional collagen content (r=-0.2, p=0.41). Bar graphs rep-
resent £SEM. *p<0.05.



3.3 The role of hematopoietic cell specific ACKR3 in

atherosclerosis

ACKR3 in the vascular endothelium disclosed a significant role for the receptor in endothelium-
leukocyte adhesion and thereby immune cell accumulation in atherosclerotic lesions. Further-
more, aEC- as well as SMC-specific deficiency of the receptor led to leukocytosis in Apoe” mice.
In order to find out whether ACKR3 found on immune cells plays a role in atherosclerosis, the
receptor was knocked out in the hematopoietic compartment of Apoe” mice (htACKR3). To this
end, bone marrow was extracted from Uni®®*Ackr3""Apoe” mice (ubiquitous knockout) as well
as Uni®*Ackr3"Apoe” mice and transplanted into into irradiated Apoe” mice. After 4 weeks of
recovery time from the irradiation, mice were treated with tamoxifen to induce hematopoietic de-

letion of Ackr3 and then mice were placed on a 12-week WD (Figure 21, A).

3.3.1 Atherosclerotic plaque size analysis

In 12-week WD fed mice, the aortic roots, arches and the aortas were analysed for atherosclerotic
lesion size assessment (Figure 21, B). Lesion sizes in the aortic roots between control and
htACKR3 deficient mice did not differ (Figure 21, C-D). Similarly, lesions in the aortic arches did
not show a significant difference in size between the two groups (Figure 21, D-E). Likewise, lesion
size analyses in the aortas showed no difference upon htACKR3 deficiency in atherosclerotic

mice. These findings indicate that htACKR3 may not be involved in atherosclerosis.
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Figure 21: htACKR3 deficiency does not affect atherosclerotic lesion sizes in Apoe”’- mice.

A. Schematic representation of the experimental setup (created with BioRender.com). B. Schematic repre-
sentation of atherosclerosis prone regions assessed for lesion sizes. C. Representative images (scale bar:
500 ym) and D. quantification of atherosclerotic lesion sizes in the aortic roots (n=14-16). E. Representative
images (scale bar: 500 ym) and E. quantification of atherosclerotic lesion sizes in the aortic arches (n=8-
14). F. Quantification of atherosclerotic lesion sizes in the abdominal aortas (n=15-16). Bar graphs represent
+SEM.



3.3.2 Assessment of plaque composition and stability

In order to understand whether htACKR3 could be involved in further characteristics of athero-
sclerotic lesions, we analyzed the cellular composition of the plaques by quantifying the amount
of macrophages and SMCs via immunofluorescent stainings. There were no significant differ-
ences in either cell type within the lesions (Figure 22, A-C). Furthermore, plaque stability was
examined via Mason Trichrome staining exhibiting the collagen content within lesions. Although
there was a trend towards a decrease in htACKR3 deficient mice, amounts of lesional collagen

did not differ significantly between the two groups (Figure 22, D-E).
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Figure 22: htACKRS3 deficiency does not affect atherosclerotic lesion composition or sta-
bility in Apoe” mice.

A. Representative images (scale bar: 250 um) and B. quantification of macrophage (MAC2+) content in the
lesions (n=15). C. Quantification of SMC (SMA+) content in the aortic roots (n=15). D. Representative im-
ages (scale bar: 250 ym) and E. quantification of collagen content in the aortic roots (n=15). Bar graphs

represent £SEM.

Moreover, further analyses confirmed that the amount of circulating leukocytes as well as leuko-
cyte subsets, circulating CXCL12 and cholesterol levels did not change between control and
htACKR3 deficient mice (Table 9). Altogether, these findings indicate that htACKR3 does not

affect atherosclerosis development nor leukocytosis.



3.4 The role of adipocyte and hepatocyte specific ACKR3 in

lipid level regulation and atherosclerosis

Few studies focused on the role of ACKR3 in metabolic complications. WD fed mice were reported
to upregulate ACKR3 in AT during obesity (Peng et al., 2016), suggesting a role for AT-ACKR3
during hyperlipidemia. Another study revealed that systemic knockout of ACKR3 led to increased
cholesterol levels in the sera of Apoe” mice and the activation of ACKR3 with a synthetic ligand
decreased serum lipid levels (Li et al., 2014). These findings were associated with modulated lipid
uptake by the AT, suggesting that AT-ACKR3 may be responsible for the regulation of systemic
lipid levels. Furthermore, deficiency of ACKR3 in this study was shown to increase neointima
formation in atherosclerotic lesions, proposing a beneficial role of ACKR3 dependent lipid level
regulation in atherosclerosis. However, the study was performed on a systemic level with regards
to ACKR3 manipulation and tissue specific knockout models, such as AT or liver specific studies,
have not yet been implemented in order to draw more specific conclusions. AT is a dynamic
metabolic tissue that carries out substantial functions, such as lipid storage, glucose and energy
balance, as well as thermogenesis (Frayn, 2002). Liver, on the hand, is another important meta-
bolic organ taking part in lipid metabolism in addition to its other important functions, such as
aiding metabolism (Kalra et al., 2021). Nonetheless, these organs may become dysfunctional
upon excessive build-up of lipids, leading to complications such as metabolic syndrome, which is
also associated with atherosclerosis (Benedict & Zhang, 2017; Giorgino, 2009; Liu et al., 2010;
Matafome & Seiga, 2017; Oda, 2008; van Greevenbroek et al., 2016; Varghese et al., 2018).
Therefore, the role of ACKR3 in terms of lipid accumulation within these organs should be inves-

tigated carefully.

In this study, we investigated the impact of adipocyte specific ACKR3 (adACKR3) on atheroscle-
rotic lesions as well as systemic lipid levels. To this end, Ackr3""Apoe” and Adipog“"Apoe” were
crossed to generate Adipoq©Ackr3""Apoe” mice, which were then treated with tamoxifen and
subsequently subjected to 4 or 12 weeks of WD (Figure 23, A, H).



3.4.1 Assessment of atherosclerosis
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Figure 23: Adipocyte specific ACKR3 does not impact atherosclerotic lesions.

A. Schematic representation of the 4-week experimental setup. B. Schematic representation of atheroscle-
rosis prone regions assessed for lesion sizes (created with BioRender.com). C. Representative images
(scale bar: 500 um) and D. quantification of atherosclerotic lesion sizes in the aortic roots (n=14). E. Quan-
tification of macrophage (MAC2+) content in the lesions (n=10). F. Representative images (scale bar: 250
pm) and G. quantification of collagen content in the aortic roots (n=13-16). H. Schematic representation of
the 12-week experimental setup (created with BioRender.com). I. Quantification of atherosclerotic lesion
sizes in the aortic roots (n=14). J. Representative images (scale bar: 250 um) and K. quantification of ath-
erosclerotic lesion sizes in the aortic arches (n=14). L. Quantification of atherosclerotic lesion sizes in the
aortas (n=12-14). M. Representative images (scale bar: 250 um) and N. quantification of collagen content
in the aortic roots (n=13-14). Bar graphs represent +SEM.

Mice with adACKR3 deficiency were examined for atherosclerotic lesion sizes in the aortic roots
after 4 weeks of WD. H&E stained lesions in the roots did not show a significant difference in size
between the control and the adACKR3 deficient mice (Figure 23, C-D). Further analysis of the
plaques also did not reveal any differences in the macrophage (Figure 23, E) or collagen content
in the lesions (Figure 23, F-G). General characteristics of the mice, such as leukocyte and leuko-
cyte subset counts in circulation, as well as plasma CXCL12 levels were not altered either (Table
10). In order to understand whether a longer WD could unveil a potential impact of adACKR3 on
atherosclerotic lesions, mice were fed with 12 weeks of WD. Atherosclerotic lesions in the aortic
roots (Figure 23, |), aortic arches (Figure 23, J-K) and aortas (Figure 23, L) did not show any
significant changes in size. Furthermore, plaque stability characterization also did not indicate
any lesional collagen differences between the control and adACKRS3 deficient mice (Figure 23,
M-N). Altogether, these findings suggest that adACKR3 is not involved in atherosclerosis devel-

opment.



3.4.2 Examination of lipid levels

In order to understand whether ACKR3 in adipocytes was involved in regulating lipid levels, as
indicated in the literature based on systemic studies, we examined lipid levels in control and
adACKR3 deficient mice. Adipocyte deficiency of ACKRS3 revealed decreased triglyceride as well

as cholesterol levels in the AT of Apoe” mice (Figure 24, A-B).
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Figure 24: Adipocyte specific ACKR3 deficiency decreases lipid levels in the adipose tis-
sue of Apoe” mice.

A. Total triglyceride (n=12-14) and B. total cholesterol (n=9-10) levels in visceral white AT samples normal-

ized to total protein levels. Bar graphs represent +SEM. **p<0.01.

Following these findings, we sought to investigate how the lipid levels were affected in the circu-
lation of the mice. Surprisingly, despite a decrease in the AT lipid levels, there were no differences
in triglyceride (Figure 25, A) or in cholesterol levels in plasma samples (Figure 25, B). In order to
expose possible changes in the circulating lipoprotein levels, we performed fast-performance lig-
uid chromatography to quantify the levels of lipoprotein fractions in the plasma samples. There
were no differences observed in the levels of vLDL (Figure 25, D), LDL (Figure 25, E) or HDL
(Figure 25, F) between the two groups.
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Figure 25: Adipocyte specific ACKR3 deficiency does not impact plasma lipid levels of
Apoe’ mice.
A. Total triglyceride and B. total cholesterol levels in the plasma samples (n=13-14). C. Representative

HPLC chromatogram of plasma lipoprotein fractions (VLDL, LDL and HDL). Plasma levels of D. VLDL, E.
LDL and F. HDL levels (n=12-14). Bar graphs represent +SEM.

In addition, lipid levels were quantified in liver samples to inspect the possible impact of altered
AT lipid levels on hepatic lipids. Assessment of liver samples confirmed that adACKRS3 deficiency
did not impact hepatic lipid levels, characterized by triglyceride (Figure 26, A) and cholesterol
(Figure 26, B) levels in the tissue.
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Figure 26: Adipocyte specific ACKR3 deficiency does not impact hepatic lipid levels of
Apoe’ mice.

A. Total triglyceride (n=12-14) and B. total cholesterol (n=9-10) levels in the liver samples normalized to total
protein levels. Bar graphs represent +SEM.

3.4.3 Lipid receptor expression in adipose tissue

Analyses in control and adACKR3 deficient mice suggest a local impact of adACKR3 on lipid
metabolism as the lipid levels were only affected in the AT of mice. Next, we assessed the ex-
pression of lipid receptors in the AT samples in order to understand how adACKR3 deficiency
altered AT lipid levels. To do so, RNA was extracted from the AT samples and the expression of

well-known receptors involved in lipid metabolism was measured by means of ddPCR analysis.
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Figure 27: Expression of lipid receptors in AT samples.

Relative gene expression of A. Abcg1, B. Abca1, C Sort1, D. Ldlr and D. VIdir to housekeeping genes (HK)
(Gapdh or 18S) analyzed on ddPCR (n=4-7). Bar graphs represent +SEM. **p<0.01.



74

No significant differences were observed in the expression of Abcg1, Abca1, Ldlr and Sort1 be-
tween the two groups (Figure 27, A-D). Interestingly, VIdIr expression was significantly higher in

the adACKR3 deficient mice reflecting a possible compensatory mechanism (Figure 27, E).

In order to evaluate further potential mechanisms involved in the regulation of lipid levels in AT
samples, the expression of Angtpl/4 and Ppar-y was analyzed via ddPCR. Angptl4 and PPAR-y
are play a key role in triglyceride metabolism as they negatively modulate the activity of lipoprotein
, 2015; Sukonina
2006). As a result, Angptl4 and PPAR-y limit lipid uptake into AT by limiting LPL activity.
Expression of both Angptl4 and Ppar-y was found to be significantly upregulated in the AT of

lipase (LPL), which is responsible for lipid uptake into the tissue (Ben-Zvi et al.
et al.,

adACKR3 deficient mice compared to control mice (Figure 28, A-B). In line with these findings,
PPAR-y phosphorylation was higher in the AT of adACKR3 deficient mice (Figure 28, C-D). Fur-
ther advancing these findings, LPL activity in the AT samples correlated significantly with triglyc-
eride levels in the AT (Figure 28, E), indicating that the observed lipid level changes in the AT
may be due to the modulation of LPL activity as also suggested by the increase of Angpt/4 and
Ppar-y in the tissue.
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Figure 28: Adipocyte specific ACKR3 modulates AT lipid levels via Angptl4 and PPAR-y.

Relative gene expression of A. Angptl4 and B. Pparg to housekeeping genes (HK) (Gapdh or 18S) analyzed
on ddPCR (all n=4-7). C. Quantification of the western blot analysis of phospho-PPAR-y normalized to total
PPAR-y on Image-J Software (n=4). D. Representative western blot images of phospho-PPAR-y and total
PPAR-y protein expression in AT samples. E. Pearson r correlation between AT total triglyceride content
and AT LPL activity (r=0.8137, p=0.0002), (n=15). Bar graphs represent +SEM. *p<0.05, **p<0.01.



3.4.4 The impact of adACKR3 on adipocytes

Altogether, these findings indicate that adACKR3 indeed regulates AT lipid levels by upregulating
Angptl4 and PPAR-y which in return downregulate LPL activity (Figure 29). Nonetheless,
adACKR3 deficiency was not enough to alter blood lipid levels in our mouse model and no poten-

tial consequent effects on atherosclerosis were observed.

adipocyte

Adipose Ti

Figure 29: The impact of adACKR3 on adipocytes.

Adipocyte specific ACKR3 decreases AT lipid levels by upregulating Angptl4 and PPAR-y, which in turn
inhibit LPL activity and thereby limit lipid uptake into the adipocytes. Created with BioRender.com.



3.4.5 The role of hepatocyte specific ACKR3

In the ACKRS study reported by Li et al., lipid uptake by the liver was not affected upon synthetic
ligand treatment for ACKR3 (Li et al., 2014). We also did not observe any differences in hepatic
lipid levels upon adACKR3 knockout. However, the liver itself is a central organ in lipid metabolism
and because adACKR3 exhibited tissue specific, local changes in lipid levels, we investigated
whether hepatocyte specific ACKR3 (hRACKR3) could impact liver lipid levels. To this end, hepato-
cyte specific knockout of ACKR3 was induced by adeno-associated virus mediated expression of
iCre recombinase under the Albumin promoter in Ackr3”Apoe” mice (Figure 30, A). hACKR3
deficiency did not show any differences in triglyceride or cholesterol levels in the liver samples of
Apoe” mice (Figure 30, B-C). Similarly, lipid levels did not change between the two genotypes in
the AT (Figure 30, D-E) and in the plasma samples (Figure 30, F-G). Counts of leukocytes and
leukocyte subsets in the blood via flow cytometry analysis also did not reveal any changes upon
hACKRS deficiency in mice (Table 11). Furthermore, aortic root lesion sizes upon 4 weeks WD
did not differ between control and hACKR3 deficient mice (Figure 30, H-1), indicating that hACKR3

is not involved in lipid metabolism or in atherosclerosis.
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Figure 30: Hepatocyte specific ACKR3 deficiency does not affect lipid levels or atheroscle-

rosis.

A. Schematic representation of the 4-week experimental setup (created with BioRender.com). B. Total tri-

glyceride and C. total cholesterol levels in the liver samples normalized to total protein levels (n=11-12). D

Total triglyceride and E. total cholesterol levels in the visceral white AT samples normalized to total protein
levels (n=9-10). F. Total triglyceride and G. total cholesterol levels in the plasma samples (n=10-11). H.
Representative images (scale bar: 500 um) and I. quantification of atherosclerotic lesion sizes in the aortic

roots (n=11-12). Bar graphs represent +SEM.



4. Summary

Atherosclerosis is the underlying pathology of CVDs which are recognized as the major deadly
diseases worldwide. The chemokine system plays various significant roles in the progression of
atherosclerosis and therefore establishes a potential therapeutic target for the treatment of ather-
osclerosis. ACKRS is the alternative receptor of the atherosclerotic chemokine CXCL12, although
there is a significant lack of knowledge in terms of the roles of ACKR3 in atherosclerosis. In this
thesis, ACKR3 was studied in atherosclerotic mouse models. In doing so, the impact of ACKR3
was characterized during atherosclerosis with regards to its cell specific roles. To this end, the
cre-lox recombination system was utilized to allow cell specific deletion of Ackr3 in mice develop-
ing atherosclerosis in response to a diet rich in lipids. The study investigated ACKR3 in arterial
endothelial cells, SMCs, hematopoietic cells, adipocytes and hepatocytes. Intriguingly, endothe-
lial cell deficiency of ACKR3 in arteries protected mice significantly against atherosclerotic lesion
development. This was attributed to the role of ACKR3 in endothelial cell adhesion, which plays
a significant role in arterial immune cell adhesion followed by transmigration. Surprisingly, the
same effect was not observed when ACKR3 was knocked out in the hematopoietic compartment,
suggesting an endothelial cell specific role of ACKR3 in cell adhesion. Furthermore, ACKR3 in
SMCs did not affect atherosclerosis other than lesional collagen content, pointing towards a role
of SMC specific ACKR3 in plaque stabilization. ACKR3 in adipocytes controlled AT lipid levels,
however this did not affect circulating lipid levels and therefore did not have an impact on athero-
sclerosis. Hepatic ACKR3 was not involved in atherosclerosis. In summary, this study provides
detailed analysis of the impact of ACKR3 in certain cell types during atherosclerosis and estab-
lishes that ACKR3 expressed in arterial endothelium is heavily involved in diet induced athero-

sclerosis.



5. Discussion

The aim of this study was to elucidate cell specific roles of ACKR3 in atherosclerosis. To this end,
atherosclerotic mouse models were used in order to conditionally knock the receptor out in spe-
cific cell types. Below, the findings of this research will be discussed in three chapters; vascular,

hematopoietic and organ specific ACKR3 in atherosclerosis.

5.1 The role of vascular ACKR3 in atherosclerosis

The role of ACKR3 in the vascular compartment during atherosclerosis was studied in two main

arterial cell types, ECs and SMCs in addition to the hematopoietic compartment.

5.1.1 Arterial endothelial ACKR3 is a novel driver of atherosclerosis

The findings of this study established that the deficiency of aEC in hyperlipidemic mice partially
protected against atherosclerosis. The protective role of aEC ACKR3 in atherosclerosis was char-
acterized by attenuated plaque sizes and reduced macrophage accumulation within plaques. In
addition, plaque stability was increased, as evident by a decrease in necrotic core content and an
increase in collagen content within the lesions. Altogether, these data reveal a pro-atherosclerotic
role of endothelial ACKRS3.

A key event driving plaque growth during atherosclerosis is the entry of circulating immune cells
into the arterial intima through the inflamed endothelium (Blankenberg et al., 2003; Gerhardt &
Ley, 2015; Maguire et al., 2019). This phenomenon stimulates accumulation of macrophage foam
cells in the sub-endothelial space of arteries, which then exacerbates fatty streak formation (Libby
et al., 1996; Maguire et al., 2019; Schwartz et al., 1991). Interfering with this key step can offer a
therapeutic potential in the treatment and management of atherosclerosis. As aEC-ACKR3 defi-
ciency diminished macrophage content within the lesions, we sought to investigate its role in leu-
kocyte infiltration into atherosclerotic lesions. Previous studies of other disease models estab-
lished a role for ACKR3 in immune cell infiltration. For example, knockdown of ACKR3 in the
lungs of mice with an allergic airway inflammation reduced immune cell infiltration into the lungs
(Chang et al., 2018). Furthermore, another study employing a multiple sclerosis mouse model
revealed that endothelial ACKR3 expression was augmented at the CNS vasculature under in-
flammatory conditions and the blockade of ACKR3 with an antagonist attenuated leukocyte infil-
tration into the CNS parenchyma (Cruz-Orengo et al., 2011). In line with these findings, our study
also revealed that aEC-ACKR3 regulates entry of blood borne leukocytes into atherosclerotic le-

sions, confirming that ACKR3 plays a significant role in immune cell extravasation.

Next, we sought to understand how aEC-ACKRS regulates the trans-endothelial entry of leuko-
cytes. The vascular wall is made up of an endothelial lining and its integrity is a crucial factor that
maintains the barrier between the arterial intima and the peripheral blood (Mazurek et al., 2017).
Loss of endothelial integrity can lead to the formation of gaps between the endothelial cells (inter-

endothelial gaps) and thereby allow leakage of peripheral substances (Ochoa & Stevens, 2012).
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For example, in the case of atherosclerosis, a leaky phenotype of the arterial endothelium can
permit increased entry of immune cells into the lesions. Chemokines and chemokine receptors
have been shown to be involved in regulating endothelial permeability. Previously, our research
group established that the chemokine receptor CXCR4 expressed by the arterial endothelium
was responsible for regulating the endothelial barrier function in mouse vessels (Déring et al.,
2017). Furthermore, the chemokine CCL2 and its receptor CCR2 were shown to participate in the
blood brain barrier permeability in vitro using a co-culture of astrocytes and brain endothelial cells
(Dimitrijevic et al., 2006). We speculated that the modification of the arterial endothelial cells
through an endothelial receptor knockout (ACKR3) may have played a role in the permeability of
the arterial endothelium. However, surprisingly the EVB assay revealed that aEC-ACKR3 did not
play a role in the maintenance of the vascular integrity. Another key mechanism that could be
altered through aEC-ACKRS3 knockout is the adhesive properties of the endothelial cells. Adhe-
sion of immune cells onto the vascular wall is a critical step during transmigration of the immune
cells into the sub-endothelial space (Blankenberg et al., 2003; Desideri & Ferri, 2005). Previous
in vitro studies using endothelial progenitor cells (EPCs) and cancer cells established that ACKR3
plays a significant role in cell adhesion (Dai et al., 2011; Gentilini et al., 2019; Ma et al., 2016). An
in vitro study using EPCs established that anti-ACKR3 antibody treatment interfered with EPC
adhesion onto extracellular matrix components as well as human umbilical vein endothelial cell
(HUVEC) monolayer (Dai et al., 2011). This was again confirmed in another study, in which
ACKR3 transfected activated endothelial cells (via TNF-a and IL-1 stimulation) adhered mark-
edly less to a HUVEC monolayer compared to control activated endothelial cells (Burns et al.,
2006). However, the role of ACKR3 in cell adhesion has never been confirmed in in-vivo disease
models before, especially in the context of atherosclerosis. Evident by the ex-vivo perfusion as-
say, as well as the intravital microscopy; adhesion of the mouse immune cells onto aEC-ACKR3
deficient arteries was very significantly reduced. This finding confirms that ACKR3 indeed regu-
lates endothelial adhesion. Intravital microscopy allowed testing of three different subsets of im-
mune cells; myeloid cells (CD11b*), classical monocytes (Ly6C*) and neutrophils(Ly6G*). Adhe-
sion of all three immune cell types decreased very significantly and showed no cell type depend-
ent difference. These findings are therefore novel and robustly confirm that aEC-ACKR3 is a
strong regulator of endothelial adhesion. In conjunction with the previous findings, it is safe to
conclude that the elimination of aEC-ACKR3 allows protection against atherosclerotic lesion de-
velopment by curbing immune cell adhesion and thereby infiltration into the arteries. Thus, target-
ing ACKR3 in the arterial endothelial cells holds great value and potential for further investigation
of therapeutic approaches; not only in the treatment of atherosclerosis but also of other disease
models, in which immune cell adhesion and infiltration can be a key target. Nevertheless, there
are some aspects that need to be addressed first. For example, aEC-ACKR3 deficiency mediated
leukocytosis is not yet understood. This could be due to a number of reasons, such as regulation
of haematopoiesis or rise in chemotactic ligand gradients as a result of loss of ACKR3 mediated
scavenging activity. Although, the latter seems rather unlikely due to the fact that the circulating
and bone marrow levels of CXCL12 did not change in the aEC-ACKR3 knockout. This suggests
that aEC-ACKR3 might not scavenge and form CXCL12 gradients. Another possibility is that the
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arterial ACKR3 is involved in the homing and recruitment of the immune cells and given its role
in cell adhesion it may be possible that this is a functional role of ACKR3 in the arteries. Further-
more, there is a possibility that the immune cells may have accumulated in the circulation due to
the restriction of trans-endothelial migration mediated by the loss of aEC-ACKR3. The exact
mechanism behind leucocytosis driven by loss of aEC-ACKR3 needs to be elucidated in further

studies.

Additional analyses to expand the understanding of ACKR3 driven endothelial adhesion revealed
that ACKR3 deficiency decreases the expression of crucial adhesion molecules, such as ICAM,
VCAM and E-Selectin, in inflamed endothelial cells. This impact of ACKR3 was observed con-
comitant with a downregulation of the key mediators of the MAPK pathway, such as Akt and
ERK1/2, as well as NF-kB. MAPK and NF-kB pathways are well described inflammatory pathways
implicated in various disease settings (X. L. Chen et al., 2005; Choi et al., 2010; Dragoni et al.,
2017; Lin et al., 2014; Tamanini et al., 2003). ERK/NF-kB signaling was reported to activate ICAM
and VCAM expression in endothelial cells and NF-kB is a well-known transcription factor of en-
dothelial adhesion molecules (Liu et al., 2017; Zhong et al., 2012). These observations were ac-
companied by the upregulation of PPAR-y, which negatively regulates and suppresses NF-kB
(Remels et al., 2009; Scirpo et al., 2015; Sung et al., 2006). These findings were in line with
previous studies that disclosed the ability of ACKR3 to signal through R-arrestin 2 mediated MAPK
pathway, including Akt and ERK1/2 (Alampour-Rajabi et al., 2015; Chatterjee et al., 2014;
Ishizuka et al., 2021; Lefkowitz & Shenoy, 2005; Li et al., 2019; Rafiei et al., 2019). Former studies
investigating inflammatory disease models in mice, such as acute pulmonary and acute peritoneal
inflammation, also reported that ACKR3 inhibition reduced NF-kB phosphorylation (Ngamsri et
al., 2020; Ngamsri et al., 2017). Apart from suppressing NF-kB, PPAR-y was also shown to sup-
press ICAM and VCAM expression in endothelial cells, which are downstream targets of NF-kB
(Pasceri et al., 2000; Sasaki et al., 2005). Thus, ACKR3 silencing dependent downregulation of
MAPK and NF-kB and upregulation of PPAR-y are in line with the observations of downregulated
adhesion molecule expression. In addition, we and others previously also showed that ACKR3
deficiency can upregulate PPAR-y in the AT of mice (Gencer, Déring, et al., 2021; Li et al., 2014).
The fact that this observation is also true in endothelial cells indicates a general effect of ACKR3
on PPAR-y, although the mechanism is not yet understood. Remarkably, however, PPAR-y and
NF-kB were also revealed to affect ACKR3 expression in turn, implying a potential feedback
mechanism between these molecules (Shi et al., 2020; Tarnowski et al., 2010; Zhao et al., 2015).
For example, a study revealed that pioglitazone (an anti-diabetic medication) treatment lead to
suppression of ACKR3 expression in differentiated macrophages via the activation of PPAR-y
(Zhao et al., 2015). Even more interestingly, the study further looked into the effects of pioglita-
zone treatment in patients who underwent surgical carotid endarterectomy. After 2 months of
treatment, patients who received pioglitazone had significantly less ACKR3 as well as ACKR3
ligand (CXCL11 and CXCL12) expression in their atherosclerotic lesions compared to that of pa-
tients without pioglitazone treatment. PPAR-y expression, on the other hand, was increased sig-
nificantly in pioglitazone treated patients. Furthermore, the authors did not observe any differ-

ences in CXCR4 or CXCR3 expression (Zhao et al., 2015). This is an intriguing finding because
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PPAR-y activation via agonist treatments, such as rosiglitazone and GW7845, was shown to re-
strict atherosclerosis development in mice (Levi et al., 2003; Li et al., 2000). Taking these findings,
as well as our findings into account, activation of PPAR-y and inhibition of ACKR3 may offer
therapeutic potential in atherosclerosis treatment. Therefore, the relationship and mechanism be-
tween PPAR-y and ACKR3 as well as the effects of PPAR-y agonists on ACKR3 need to be
elucidated. Since pioglitazone treatment did not affect CXCR4 or CXCR3 expression in the study
by Zhao et al. (Zhao et al., 2015), the effect of PPAR-y agonists may have the potential to be
specific to ACKR3, which would then also overcome the problem of the complex interaction be-

tween ACKR3 and the alternative receptors of ACKR3 ligands.

Interestingly, aEC-ACKR3 deficiency did not change the levels of the main ACKR3 ligand,
CXCL12, in the circulation or in the bone marrow of Apoe” mice. ACKR3 was previously consid-
ered as a non-signaling, decoy receptor for its ligands CXCL11 and CXCL12 (Boldajipour et al.,
2008; Naumann et al., 2010). This characterization of ACKR3 may be true depending on the
animal model and disease model. In our study, however, ACKR3 did not act as a scavenger
receptor, on the contrary, it proved to be a functional, signalling receptor. A limitation of our study
is the fact that C57BL/6 (B6) mice do not express the other ACKR3 ligand, CXCL11 (Sierro et al.,
2007). Therefore, our observations in mice cannot account for possible roles of CXCL11 in ath-
erosclerosis. The in vivo effects of ACKR3 in the presence of CXCL11 can be studied using other
mouse models expressing CXCL11, such as Swiss Webster mice (Widney et al., 2000). It is im-
portant to understand how the presence of CXCL11 might affect the signalling behaviour of
ACKRS3 in vivo and how ACKR3 may in turn affect the CXCL11-CXCR3 axis. CXCR3 was sug-
gested to promote atherosclerosis in hyperlipidemic mice, as its antagonism restricted infiltration
of CXCR3+ effector cells into atherosclerotic lesions (van Wanrooij et al., 2008). Furthermore,
MIF is also reported to bind ACKR3 (Wang et al., 2018). MIF is a pro-inflammatory ligand and it
was reported to enhance adhesion molecule expression in endothelial cells, which increased leu-
kocyte adhesion onto endothelium (Cheng et al., 2010). Of note, plasma MIF levels in aEC-
ACKR3 deficient mice exhibited a tendency towards a decrease, however, there were no statisti-
cally significant changes. Although this decrease was insignificant, the possibility that MIF may
be involved in the observed ACKR3 dependent adhesion effects on the endothelial cells cannot
be ruled out. Moreover, ligands of ACKR3 are reported to bind other receptors, for example
CXCL12 is also a ligand for CXCR4 and MIF is also a ligand for CXCR4, CD74 as well as CXCR2
(Wang et al., 2018). These receptors and ligands also play various roles in the context of athero-
sclerosis, especially with regards to their cell-specific roles. For example, arterial endothelial
CXCR4 was shown to play an atheroprotective role by sustaining the barrier function of the arterial
endothelium (Déring et al., 2017). The atheroprotective role of CXCR4 was also revealed in B
cells, which coincided with a significant decrease in immunoglobulin M levels in the plasma sam-
ples of mice (Doring et al., 2020). On the other hand, MIF is established to be a highly inflamma-
tory atypical chemokine with pro-atherosclerotic roles (Bernhagen et al., 2007; Déring et al., 2014;
Wu et al.,, 2017). CXCR2, an alternative receptor of MIF, also mediates atherogenic signaling via
MIF in addition to its pro-atherosclerotic immune cell recruitment roles via its other ligand CXCL1

(Gencer, Evans, et al., 2021; Krammer et al., 2021). As a result, these receptor-ligand interactions
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are very complex, and it is difficult to de-couple their effects. Ligand interactions of ACKR3 remain
to be studied in further detail. Despite no significant changes in terms of amount, we noticed that
the CXCL12 levels in the plasma correlated significantly with atherosclerotic lesion sizes in our
control mice, implying that circulating CXCL12 may be associated with lesion development. This
observation is in line with our recent publication revealing that circulating CXCL12 released by
endothelial cells drives atherosclerosis in hyperlipidemic mice (Déring et al., 2019). It is important
to note, that this conclusion was based on an endothelial knockout of the chemokine CXCL12,
which decreased the levels of circulating CXCL12 in mice and lead to a decrease in atheroscle-
rotic lesion sizes (Ddring et al., 2019). This study, on the other hand, investigates the endothelial
knockout of the receptor ACKR3. Remarkably, the correlation between circulating CXCL12 levels
and the lesion sizes observed in our control mice was lost in aEC-ACKRS3 deficient mice, sug-
gesting that the interaction between circulating CXCL12 and endothelial receptor ACKR3 may be
driving atherosclerosis. Although, the study by Déring et al. (Ddring et al., 2019) suggests that the
endothelial knockout of CXCL12 significantly decreases circulating levels of CXCL12, in our study
we cannot state whether or not the circulating CXCL12 is mainly derived from the endothelial
cells. Previously, our research group also established that the alternate receptor of CXCL12,
CXCR4, plays an atheroprotective role in endothelial cells (Déring et al., 2017). Although the
results do not overlap fully, significant contrasting effects between endothelial ACKR3 and endo-
thelial CXCR4 were observed. Most importantly, in sharp contrast to ACKR3, CXCR4 deficiency
in arterial endothelial cells of the atherosclerotic mice revealed increased ICAM+ cells in the ath-
erosclerotic endothelium and accordingly, leukocyte adhesion onto the CXCR4 deficient endo-
thelium was increased. These findings may be indicating that there might be changes of the sig-
naling behavior of CXCL12 depending on the availability of the receptors. In support of this notion,
it is important to note that the affinity between ACKR3 and CXCL12 is reported to be higher than
that of CXCR4 and CXCL12 (Balabanian et al., 2005). One possibility is that CXCL12 signaling
may be skewed towards ACKR3 when the receptor is present and this signaling preference might
shift to CXCR4 in the absence of ACKR3, which may not be reflected in the quantities of CXCL12.
It is not clear whether or not this may have happened in our study as the signaling activity of
CXCL12/CXCR4 in vivo cannot be solely assessed by the expression levels of the receptor or the
abundance of the ligand. One approach to evaluate whether or not the observed atheroprotective
impact of aEC-ACKR3 deficiency in our study could be a result of CXCL12/CXCR4 signaling may
be to treat aEC-ACKR3 deficient mice with CXCR4 inhibitors. If CXCR4 inhibition during aEC-
ACKR3 deficiency reveals significant differences to aEC-ACKRS3 deficient mice in terms of athero-
protection, then the involvement of CXCR4 in the absence of ACKR3 may be considered. These
theories need to be studied in detail in further studies in order to draw more robust conclusions
with regards to the ACKR3-CXCL12-CXCR4 axis.



5.1.2 Smooth muscle cell specific ACKR3 in atherosclerosis

Apart from ECs, SMCs make up another main cell type in the vascular system and are important
in the onset and development of atherosclerotic disease of the arteries (Bennett et al., 2016;
Rafieian-Kopaei et al., 2014; Schwartz et al., 1991). Deficiency of ACKR3 in the SMCs of hyper-
lipidemic mice did not reveal any impact on atherosclerotic lesion sizes. Further characterization
of the plaques also did not show any changes in the cell composition of the lesions. Interestingly,
however, lesional collagen content was significantly increased in SMC-ACKR3 mice compared to
control mice. These results indicate that SMC specific ACKR3 does not significantly affect ather-
osclerosis, although its deficiency may play a role in the mechanical stabilization of the plaques
through increased collagen content. This type of mechanical stabilization may protect the plaques
from rupture. Nonetheless, plaque rupture is not a common feature in Apoe” mice and extremely
long fat feeding, such as 37 to 59 weeks according to Johnson and Jackson would be necessary
to induce plaque rupture (Johnson & Jackson, 2001). Therefore, studying the impact of increased
collagen content in SMC-ACKR3 deficient mice with regards to the stabilization of the plaques
was out of scope of this study. Moreover, collagen increase within lesions may not always be
atheroprotective. While decreased collagen within lesions may result in the susceptibility of the
plaque to rupture, too much collagen may support atherosclerotic lesion advancement by allowing
deposition of more lipoproteins and growth factors (Rekhter, 1999). Furthermore, a study reported
that collagen can stimulate monocyte differentiation into macrophages and promote accumulation
of intracellular lipid in macrophages, resembling the characteristic of pro-atherosclerotic events
(Wesley et al., 1998). Hence, SMC-ACKR3 driven increase in collagen content is inconclusive

with regards to its effects in atherosclerosis.

SMCs within the lesions are a primary source of collagen synthesis (Nadkarni et al., 2009). Nev-
ertheless, the amount of collagen within the plaques of mice was not correlated to the quantity of
the SMCs in our study. Lesional SMC count was not significantly altered between the two geno-
types, suggesting that SMC-ACKR3 might not have impacted SMC proliferation or migration
within the lesions. It is also interesting to note that the role SMC-ACKR3 deficiency in mice did
not sharply contrast the results of SMC-CXCR4 deficiency, as in the case of aEC specific roles
of the two receptors. Doring et al. studied CXCR4 in SMCs via two promoters; Tag/n and Smmhc
(Doring et al., 2017). Although Tagin is a widely used promoter for cre dependent deletion of
flanked genes in SMCs, it is also known to be expressed by non-SMC cell types, such as cardiac
myocytes, megakaryocytes, spleen, myeloid cells and platelets (Chakraborty et al., 2019). The
Smmhc promoter, on the other hand, is known to be expressed in vascular and non-vascular
SMCs, therefore potentially offering more specificity in comparison to Tagin promoter when stud-
ying SMCs (Xin et al., 2002). The Tag/n°™ model allowed Déring et al. to study the constitutive
deletion of CXCR4 presumably in SMCs, whereas the Smmhc©® model was a conditional knock-
out of CXCR4 in SMCs. TagIn®® mediated deletion of CXCR4 in SMCs revealed increased lesion
sizes in the aortas and aortic roots of hyperlipidemic mice, which was observed with a decrease
in lesional SMC content (Déring et al., 2017). Interestingly, SmmhcC©™ mediated conditional dele-

tion of CXCR4 in SMCs increased lesion sizes in the aortic roots and arches of hyperlipidemic
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mice, however, lesional SMC content did not change between the two genotypes. The collagen
levels were not reported. Although the effects of both receptors on lesional collagen cannot be
compared, it is clear that SMC-CXCR4 is involved in atherosclerosis, whereas SMC-ACKR3 does
not seem to be under conditional knockout conditions. Further studies including constitutive de-
letion of ACKR3 specifically in SMCs can be done in mice in order to draw stronger conclusions.
Of note, in order to ensure consistency and comparability, this study only involved conditional
knockout mouse models as constitutive lack of ACKR3 ubiquitously as well as in endothelial cells
was previously established to be lethal in mice (Sierro et al., 2007).

5.2 ACKRS3 in the hematopoietic compartment

Hematopoietic cells are important components of the circulatory system and their role in athero-
sclerosis is of utmost prominence. Although ACKR3 was previously thought to be absent in leu-
kocytes (Berahovich et al., 2010), recent studies revealed its expression in several subsets of
immune cells, such as B cells, T cells, monocytes, macrophages and neutrophils (Koenen et al.,
2019). An in-vitro study previously suggested that monocytic ACKR3 might contribute to athero-
sclerosis, due to the observation that ACKR3 was upregulated during monocyte to macrophage
differentiation, which also increased the phagocytic activity of the macrophages (Ma et al., 2013).
These findings may suggest a role of immune cell ACKR3 in lesional macrophage accumulation.
In order to find out whether immune cell specific ACKR3 contributes to atherosclerosis, we studied
the impact of hematopoietic ACKR3 in Apoe” mice. Our analyses revealed that the absence of
ACKR3 in bone marrow derived cells did not affect atherosclerosis by any means. Lesion sizes
as well as characteristics, such as lesional macrophage content, remained the same between the
two genotypes, ruling out the contribution of ht-ACKR3 to atherosclerotic disease. Of note, a lim-
itation of this study is that potential effects of ACKR3 in immune cells were investigated by means
of a general knockout of the receptor in the whole hematopoietic compartment. This was mainly
to understand whether or not the lesional macrophage accumulation would be affected similarly
to the endothelial knockout model. Future studies could be aimed at dissecting the role of ACKR3
in specific immune cell types, such as myeloid cell specific deletion of ACKR3 via the CD71b°
or LysM®® mouse models or mononuclear phagocyte cell specific deletion via the CX3CR71¢™
mouse model. Interestingly, as opposed to the aEC and SMC specific ACKR3 deletion models,
ht-ACKR3 deficiency did not impact circulating immune cell numbers, at all. This may be suggest-
ing that the ACKR3 expressed in the arteries might be responsible for the homing and recruitment
of the immune cells. This could also imply that a certain ACKR3 ligand expressed by the immune
cells may be responsible for their response to arterial ACKR3. The fact that ht-ACKR3 did not
have an impact of immune cell quantities in the circulation may also suggest that ACKR3 might

not be involved in haematopoiesis.
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5.3 The role of AT and liver specific ACKR3 in atherosclerosis

The role of organ specific ACKR3 during atherosclerosis was studied in two main metabolic or-

gans; AT and liver.

5.3.1 Adipocyte & hepatocyte specific ACKR3 in atherosclerosis

The study by Li and colleagues suggested that ACKR3 in AT was responsible for regulating blood
lipid levels (Li et al., 2014). The authors studied this role of ACKR3 with a systemic knockout of
Ackr3, as well as ACKRS3 agonist injections into mice. CCX771, produced by Chemocentryx (com-
mercially unavailable) was used as an ACKR3 agonist in the study of Li et al. Of note, studies
reported contradicting effects of CCX771; for example several researchers used CCX771 as an
antagonist of ACKR3 (Luo et al., 2018; Qian et al., 2018; Sartina et al., 2012; Yamada et al.,
2015), whereas others reported using CCX771 as an agonist of ACKR3 (Li et al., 2014; Zabel et
al., 2009). Li and colleagues reported that activating ACKR3 reduced the expression of Angptl4
and Ppar-y in the AT and thereby increased the activity of LPL, which resulted in greater lipid
uptake into the AT of mice. Meanwhile, mice with ubiquitous ablation of Ackr3 developed mono-
cytosis, which the authors attributed to increased blood lipid levels. Nonetheless, considering our
tissue specific mouse models, increase in circulating immune cell subsets could be due to the
action of arterial ACKR3. Furthermore, the reported monocytosis was observed concomitant with
increased macrophage accumulation within plaques which were induced via wire injury (Li et al.,
2014). Nevertheless, the authors drew these conclusions based on a systemic genetic knockout
of Ackr3, as well as systemic administrations of CCX771 in mice. As a result, it is not clear whether
or not these observations are causative and or coupled. In order to de-couple the ACKR3 driven

effects in these studies, tissue / cell specific examinations should be implemented.

The aim of this study was to elucidate precisely the role of adipocyte specific ACKR3 in athero-
sclerosis. Our study revealed that AT-ACKR3 deficiency did not impact atherosclerotic lesions in
mice in early or in advanced stages. On the other hand, in line with some of the findings from Li
et al. AT-ACKR3 deficiency decreased lipid levels in the AT of mice, indeed confirming that adi-
pocyte specific ACKR3 regulates AT lipid levels. Further confirming the findings of Li et al. our
results also revealed that AT-ACKRS regulates tissue lipid levels by altering LPL activity through
the modulation of Angptl4 and Ppar-y. As already discussed above, this impact of ACKR3 on
Ppar-y was also evident in endothelial cells.

Surprisingly, however, lipid altering effect of ACKR3 in the AT was not reflected on the systemic
lipid levels of mice; plasma triglyceride and cholesterol levels did not change between control and
AT-ACKR3 deficient mice. In order to rule out potential changes in lipoprotein levels that may
have been masked in general lipid level measurements, we quantified the amounts of vLDL, LDL
and HDL in plasma samples, however no differences were observed. Further analyses disclosed
that the hepatic lipid levels were also unaltered. Along with this, unlike in our EC and SMC specific
ACKR3 deficiency mouse models, AT-ACKR3 deficiency did not impact blood leukocyte or leu-

kocyte subset counts. Altogether, these findings establish that ACKR3 exerts local effects in terms
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of lipid level regulation. The finding that the blood lipid levels and the circulating leukocyte levels
did not change in our mouse model may explain why we did not observe any differences in ath-
erosclerotic lesions. These findings also suggest that another cell type may be responsible for the
effects that were observed in addition to the AT specific effects of ACKR3 in the study of Li et al.,
such as monocytosis and altered serum lipid levels. Both their and our study ruled out the potential
impact of liver specific ACKR3. Hepatocyte specific deficiency of ACKR3 did not alter any lipid
levels in the liver, circulation or in the AT of the mice. Moreover, atherosclerotic lesion sizes were
unchanged between the two genotypes, indicating that hAACKR3 does not play a role in the regu-
lation of lipid levels or in atherosclerosis. This also implies that the lipid regulating effect of ACKR3
may be tissue specific. Considering this theory, further organs involved in lipid metabolism, such
as the intestines, heart and skeletal muscle, should also be studied separately. Perhaps one as-
pect that may be easily overlooked in this field despite its highly significant role in the management
of systemic metabolism and the lipid homeostasis is the nervous system. CNS is reported to
communicate with the liver in a bidirectional manner and modulate liver lipid metabolism and
VLDL production (Taher et al., 2017). Furthermore, the sympathetic nervous system (SNS) has
also been shown to modulate the triglyceride storage in the AT and triglyceride production in the
liver (Geerling et al., 2014). There is a possibility that the systemic manipulation of ACKR3 may
have heavily involved the nervous system. This idea is more intriguing by the fact that the ACKR3
is extensively present in the brain (Banisadr et al., 2016; Ehrlich et al., 2021; Puchert et al., 2017;
Quinn et al., 2018).

It is also important to note that our findings are specific to hyperlipidemic conditions and these
observations may not be reproducible under normolipidemic conditions. For example, lipid lower-
ing effects of soy protein in hemodialysis patients were shown to be effective in hyperlipidemic
patients, but not in normolipidemic patients (S. T. Chen et al., 2005). Furthermore, our studies
investigating the impact of organ specific ACKR3 on lipid level regulation did not include fasting
or feeding approaches, which may also reveal potential effects that may otherwise be overshad-
owed. Another important factor to consider is the potential role of ACKRS3 in the muscle tissues.
Clearly, systemic knockout of ACKR3 reveals far more effects than those observed upon single
tissue specific effects. There is a possibility that ACKR3 may also impact muscle tissue specific
LPL activity, as LPL is also abundantly present in the muscle tissues beside AT. Interestingly, the
activity of LPL was reported to be contrasting between the AT and muscle tissue in starvation and
refeeding experiments (Bonnet et al., 2000; Zechner et al., 2000). Further studies with tissue
specific approaches are required in order to dissect the role of ACKR3 in lipid level regulation.
The observation that ACKRS3 deficiency can limit lipid accumulation in the AT may provide insight
into the research of lipotoxicity induced diseases as well as obesity and metabolic syndrome re-
search.



5.4 The therapeutic potential of ACKR3

This study revealed that aEC-ACKR3 holds great potential in the treatment of atherosclerosis.
The principles of the actions of aEC-ACKR3 also highlight it as a candidate for other disease
models, in which interfering with immune cell adhesion onto the endothelium could be a thera-
peutic target, such as multiple sclerosis. Nevertheless, these observations are based on genetic
ablation of ACKR3 under certain circumstances, such as diet induced atherosclerosis in Apoe™
mice. These findings need to be further investigated via ACKR3 inhibitor treatments in order to
observe whether the genetic knockout effects could be reproduced via pharmacological inhibition

of the receptor.

Moreover, the desired ‘inhibition’ of ACKR3 needs to be specified; ACKR3 has several ligands
and the ‘inhibition’ technique can either mean interference with one or several ACKR3 ligands,
interference with the internalization of the receptor or interference with the inhibition of its signal-
ing abilities, such as R-arrestin recruitment. Studying the pharmacological inhibition of ACKR3
has been a challenging endeavor over the past couple of years as there is a lack of commercially
available, well-described chemical tools to do so. Nonetheless, there have been some publica-
tions very recently reporting the discovery of candidates for ACKRS3 inhibition. In May 2020, a
group of researchers proposed diphenylacetamides as ACKR3 inhibitors, showing that they can
inhibit R-arrestin in vitro (Menhaji-Klotz et al., 2020). This is a great tool, as antagonism of ACKR3
recruited R-arrestin would in theory interfere with the downstream MAPK signaling. Moreover, at
the end of 2020, an ACKR3 antagonist was discovered and named ACT-1004-1239 (Richard-
Bildstein et al., 2020). The antagonist is reported to interfere with the scavenging activity of
ACKRS, as treated mice showed an increase in circulating CXCL12 levels, according to the study.
This antagonist was then tested in humans with regards to its safety. The study reported that
ACT-1004-1239 treatment in humans was well tolerated and it increased CXCL12 levels in the
plasma, whereas CXCL11 levels were not affected (Huynh et al., 2021). This is contrasting our
study with genetic manipulation of ACKR3 and it implies that there may be mechanistic differ-
ences during pharmacological inhibition of ACKR3. The study did not investigate the impact of
increased circulating CXCL12 concentrations in the patients on parameters such as leukocyte
counts or lipid levels. This would be highly important in the interpretation of systemic ACKR3
antagonism in humans. Of note, previously our research group established that CXCL12 drives
atherosclerosis (Doring et al., 2019) and in addition, GWAS study also reported a strong associ-
ation of the Cxcl12 locus and CVDs (Farouk et al., 2010). While inhibition of ACKR3 may offer
therapeutic potentials, such as interfering with ACKR3 driven immune cell accumulation in the
parenchyma during inflammatory demyelinating diseases as reasoned in the study (Huynh et al.,
2021), elevating CXCL12 may be detrimental in other disease aspects, such as atherosclerosis.
Therefore, the effects of pharmacological inhibition of ACKR3 need to be studied in detail. As
eluded to before, the effect of ACKR3 in the nervous system needs to be scrutinized and further
evaluated. Without understanding the impact of ACKR3 in various compartments of the body, it

would remain as a premature target. Especially given the discrepancies between genetic and
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pharmacological targeting of ACKR3, its mechanism needs to be understood better before pro-
ceeding to ubiquitous anti-ACKR3 treatments. A safer option to approach therapeutics based on
ACKR3 mediated processes could be cell specific targeting of ACKRS3 activity. Endothelium is the
primary site of atherosclerosis initiation and a concept of endothelial specific drug delivery could
offer a breakthrough treatment strategy avoiding the drug reaching other cells types with potential
adverse outcomes as well as avoiding the rapid elimination of the circulating drug by the kidneys
and the liver (Moghimi & Szebeni, 2003). For this purpose, drug cargoes that are specifically
designed to bind the endothelium via specific markers, such as ICAM and platelet endothelial cell
adhesion molecule (PECAM), may be utilized (Simone et al., 2009). In order to do so, drugs can
be coated in carriers, such as phospholipid based liposomes, and to ensure the delivery of this
cargo to the endothelium, molecules such as ICAM and PECAM can be used as affinity moieties

and the cargo can be conjugated with targeting peptides (Simone et al., 2009).



6. Concluding Remarks and future perspectives

The chemokine and chemokine receptor system is highly complex and the actions of these mol-
ecules vary significantly based on cell type, disease model, types of stimuli, etc. Furthermore,
there is a great interplay between the ligands and their respective receptors; several different
ligands can bind to several different receptors and both the ligands and the receptors may form
homo- or heterodimers, making the interpretation of their actions and effects very difficult. It is
therefore very important to study the members of the chemokine & chemokine receptor system
with regards to their cell-specific effects in the context of certain disease models. This is especially
beneficial in understanding possible outcomes and side effects when a stimulatory or an inhibitory
approach of a certain candidate is considered for therapeutic purposes. Another coat of complex-
ity is presented by the fact that the observed cell specific effects of chemokines or chemokine
receptors may alter when a systemic treatment approach is taken. Despite these difficulties, due
to their wide ranging and substantial effects, targeting the chemokine & receptor system is highly
promising in the treatment of inflammatory diseases, especially atherosclerosis.

So far, limited success with chemokine / chemokine receptor treatment based clinical trials is
reported in the field of atherosclerosis. Two clinical trials targeting the chemokine receptors CCR5
(ClinicalTrials.gov identifier: NCT03402815) and CCR2 (ClinicalTrials.gov identifier:
NCT00715169) can be highlighted in terms of preliminary promising results. CCR5 antagonism
with the molecule maraviroc in human immunodeficiency virus patients showed improvements in
cardiovascular risk factors, such as arterial stiffness and endothelial dysfunction (Francisci et al.,
2019). Furthermore, blocking CCR2 with the humanized monoclonal antibody MLN1202 in pa-
tients with atherosclerosis risk significantly decreased serum levels of C-reactive protein, a well-
known inflammatory marker linked to coronary artery disease (Gilbert et al., 2011). Nonetheless,
these studies are based on systemic treatments and local treatment options targeting the chem-
okine system are not yet in place. Considering the highly complex interactions within the chemo-
kine system and the intricate roles based on cell and disease specificity, enabling local targeting
of the chemokines & chemokine receptors may aid in eliminating some limitations in this field.
Henceforth, tissue or cell specific delivery of drugs is a highly exciting concept, especially in
scheming treatments with minimal off target effects and high therapeutic efficiency (Zhao et al.,
2020). For this purpose, drug cargoes with cell specific markers can be utilized in order to deliver
molecules to specific cells. Such drug cargoes are already being explored in the field of cancer,
for example nanoparticles of organic (liposomes, polymers), synthetic (carbon nanotubes) and
hybrid (liposome-silica hybrid) origins are being studied in the treatment of certain cancer types
(Yao et al., 2020). Such strategies can also be adapted and developed for cell specific treatments

targeting specific chemokines or chemokine receptors in the context of atherosclerosis.

This study identifies endothelial ACKR3 as a novel and prominent target to be studied further in
the context of atherosclerosis. This may also apply to other disease models in which inhibiting
endothelial translocation of the immune cells may be targeted as a therapeutic approach, such
as multiple sclerosis. This potential of ACKR3 was also previously addressed in another study

with an experimental autoimmune encephalomyelitis study in mice (Cruz-Orengo et al., 2011)
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Moreover, adipocyte specific ACKR3 may have the potential to be studied further in the context
of adipose tissue lipid accumulation and associated disease models, such as obesity and adipose

tissue inflammation.
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Apendix A:

Figure 31: Genotyping of Bmx°™ mediated deletion of Ackr3 in Apoe” mice.

The control band is observed at 1.9 kb and the knockout band is observed at 0.3 kb.

e
-

— L R _E F L B =B W
g SmmhcCre SmmhcCre*
8 Ackr3i#Apoe Ackr3i#Apoe

Figure 32: Genotyping of Smmhc®™ mediated deletion of Ackr3 in Apoe” mice.

The control band is observed at 1.9 kb and the knockout band is observed at 0.3 kb.
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Figure 33: Genotyping of Ackr3 deletion in bone marrow transplantation study.

The control band is observed at 1.9 kb and the knockout band is observed at 0.3 kb.
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Figure 34: Genotyping of Adipog©™ mediated deletion of Ackr3 in Apoe” mice.

The control band is observed at 1.9 kb and the knockout band is observed at 0.3 kb.
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Figure 35: Genotyping of Albumin©™ mediated deletion of Ackr3 in Apoe” mice.

The control band is observed at 1.9 kb and the knockout band is observed at 0.3 kb.
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Apendix B:

Table 6: Quantification of circulating leukocytes and leukocyte subsets via flow cytometry
analysis in 4-week WD fed control and arterial endothelial ACKR3 deficient mice.

Leukocytes 1.9+0.5 34+0.8 0.15
[x 108/ml]

Neutrophils 44+14 10+£1.9 0.03*
[x 105/ml]

Classical Monocytes 0.5+£0.1 1.0+£0.2 0.15
[x 10%/ml]

Non-classical 7123 15+£4.0 0.09
Monocytes

[x 10%/ml]

B cells 8.6+27 11.6 £3.7 0.5

[ x 10%/ml]

T cells 3.6+0.8 54+1.3 0.42
[x 10%/ml]
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Table 7: Quantification of circulating leukocytes and leukocyte subsets via flow cytometry
analysis and quantification of plasma lipid levels in 12-week WD fed control and arterial
endothelial deficient mice.

Leukocytes 1.3+£0.2 21+£0.2 0.011*
[x 108/ml]
Neutrophils 3.5+£0.8 6.4+0.8 0.017*
[x 105/ml]
Classical Monocytes 1.0+£0.2 12101 0.541
[x 10%/ml]
Non-classical 89+19 82+1.5 0.776
Monocytes
[x 10%/ml]
B cells 50%1.0 821%0.9 0.022*
[ x 10%/ml]
T cells 1.8+0.3 26+0.3 0.072
[x 10%/ml]
Cholesterol

1208.0+ 100.9 984.8+ 1444 0.219
[mg/dL]
Triglycerides

181.4+17.8 132.2+26.0 0.133
[mg/dL]
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Table 8: Quantification of circulating leukocytes and leukocyte subsets via flow cytometry
analysis and quantification of plasma lipid levels in 12-week WD fed control and SMC-
ACKRS3 deficient mice.

Leukocytes 44+0.5 25+£0.3 0.01*
[x 10%/ml]

Neutrophils 13.5+27 43+07 0.01*
[x 105/ml]

Classical Monocytes 47+1.3 3.1+£0.5 0.27
[x 10%/ml]

Non-classical 25+0.5 39106 0.13
Monocytes

[x 10%/ml]

B cells 16.9+ 1.8 8.2+1.1 0.002*
[ x 105/ml]

T cells 26+04 1.8+0.2 0.23
[x 10%/ml]

Cholesterol 1293.0+ 139.7 940.3+180.4 0.14
[mg/dL]

Triglycerides 107.5 £ 20.23 114.9 £ 13.79 0.76
[mg/dL]
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Table 9: Quantification of circulating leukocytes and leukocyte subsets via flow cytometry
analysis and quantification of plasma lipid levels, as well as plasma CXCL12 levels in 12-
week WD fed control and htACKR3 (hematopoietic) deficient mice.

12-week WD
Control ht-ACKR3 P-value
Leukocytes 2903 2903
0.91
[x 108/ml]
Neutrophils
55+0.6 7.0+0.7 0.14
[x 10%/ml]
Classical Monocytes
1.7+£0.2 21+0.2 0.22
[x 10%/ml]
Non-classical Monocytes
1.2+0.1 1.7+£0.2 0.19
[x 10%/ml]
B cells
9.1+0.9 11+£1.6 0.31
[ x 10%/ml]
T cells
3.6+04 3.9+0.5 0.93
[x 10%/ml]
Cholesterol 713.4+77.8
656.3 + 68.18 0.58
[mg/dL]
Plasma CXCL12
132.6 + 11.68 128.9 + 9.064 0.80
[pg/mL]
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Table 10: Quantification of circulating leukocytes and leukocyte subsets via flow cytome-
try analysis and quantification of plasma lipid levels, as well as plasma CXCL12 levels in
4-week WD fed control and adipocyte ACKR3 deficient mice.

Leukocytes

24+0.2 21+£0.1 0.3445
[x 10%/mL]
Neutrophils

6.5+0.5 58105 0.3701
[x 10%/mL]
Classical Monocytes

1.9+£0.3 21+0.2 0.5925
[x 10%/mL]
Non-classical Monocytes

77113 9.3+1.7 0.5826
[x 10%/mL]
B cells

8.7+11 72+0.6 0.2358
[ x 105/mL]
T cells

3.1+£0.3 25+0.2 0.1476
[x 10%/mL]
Plasma CXCL12

452.1 £ 50.2 386.3 + 66.08 0.4360
[pg/mL]
Mouse weight

245+0.5 256 0.7 0.2575
a]
wAT weight

341.6 £62.71 384.6 £72.18 0.6633
[mg]
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Table 11: Quantification of circulating leukocytes and leukocyte subsets via flow cytome-
try analysis in 4-week WD fed control and hepatic ACKR3 deficient mice.

Leukocytes 26+0.3 23103
0.5180

[x 108/ml]
Neutrophils

58+1.2 53116 0.8075
[x 10%/ml]
Classical Monocytes

1.7+0.2 23+0.7 0.6009
[x 10%/ml]
Non-classical Monocytes

99+14 11.1+28 0.7396
[x 104/ml]
B cells

10.0+1.5 77+1A1 0.2094
[ x 10%/ml]
T cells

42+0.6 3.6+0.6 0.4722
[x 10%/ml]
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Apendix C:

CXCL11 ELISA O.D.
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Figure 36: CXCL11 measurement in mouse plasma samples.

Apoe” mouse plasma samples were screened for the presence of CXCL11 in the plasma via
ELISA (n=64). Std = standard, samples = mouse plasma samples. Error bar indicates +SEM.
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Apendix D:
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Figure 37: MIF levels in mouse plasma samples.

MIF was measured in the plasma of A. 4 week (n=9-11) and B. 12 week (n=12-13) WD fed control
and aEC-ACKR3 mice. Error bars indicate +SEM.
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