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Introduction — Sphingosine 1-phosphate (S1P)

1. Sphingosine 1-phosphate (S1P)

1.1. Production and metabolism

Sphingolipids (SLs) constitute an essential class of lipids present in all eukaryotic cell
membranes. Traditionally, SLs have been brought into conjunction with the modulation of
the membrane formation or the energy metabolism®. However, over the last three decades,
various studies regarding SLs metabolism suggested that some metabolites, including
ceramide (Cer), sphingosine (Sph) and sphingosine-1-phosphate (S1P) play a role as
bioactive signaling molecules involved in the regulation of signal transduction 2.
Sphingolipid biosynthesis is driven by common de novo and salvage pathways and occurs
in the endoplasmic reticulum (ER)3. Here, de novo synthesis begins with the condensation
of serine and palmitoyl-coA to produce 3-keto-dihydrosphingosine, catalyzed by serine
palmitoyltransferase (SPT). Subsequently, several enzymatic reactions follow in order to
produce ceramide, which is a hub of the SLs metabolism. This molecule is usually
transported into the Golgi apparatus and it is metabolized to generate complex sphingolipids,
such as the sphingomyelin (SM) and glucosylceramide (GluCer). Furthermore, Cer can be
produced by a stepwise degradation of complex sphingolipids in lysosomes or by the
activation of sphingomyelinase (SMase) at the plasma membrane, which metabolizes SM to
ceramide*. Cer can be broken down by a family member of ceramidases (CDases) that
promote the regeneration of sphingoid bases, among which the sphingosine can be recycled
in the sphingolipid pathway or phosphorylated to generate S1P°.

S1P is a small bioactive lipid mediator produced within the cells and classified as a
lysophospholipid. Structurally, S1P is composed of one long hydrophobic chain and one
phosphoric acid group. It derives from sphingosine, a backbone component of all SLs that

is phosphorylated trough a reaction catalyzed by one of two known isoforms of the
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sphingosine kinase (SphK-1 and SphK-2). SphK-1 is a cytoplasmic kinase, which binds to
plasma membranes, endosomal vesicles and/or phagosomes. By contrast, SphK-2 is
predominantly present in mitochondria and nucleus®.

As for any signaling molecule, S1P levels are tightly regulated by its rapid formation and
degradation. The sphingosine portion of S1P can be recycled through Cer after the
dephosphorylation reaction carried out by S1P-specific phosphatases (SPP-1 and SPP-2)
localized in ER’ or by broad-specific lipid phosphate phosphatases known as LPPs.
Alternatively, S1P can be irreversibly converted to phosphoetanolamide and hexadecenal by
the activity of S1P lyase, another ER-resident enzyme [Figure 1]. While the S1P levels in
intracellular fluids and most tissues are low, probably due to the activation of S1P lyase and
phosphatase, they are high in blood and lymph?. In this way, the micro-molar S1P gradient
of S1P between circulation and tissues is generated, which is crucial for the trafficking

control of immune cells such as lymphocytes and hematopoietic progenitors cells®.
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Figure 1: Structure and schematic metabolism of sphingolipids. SPT, serin-palmitoyl-transferase; SMase
sphingomyelinase; SMS, sphingomyelin synthase; CDase, ceramidase; CerS, ceramide synthase; S1PP, S1P-
specific phosphatase; SphK, sphingosine kinase; SPL, S1P lyase.



Introduction — Sphingosine 1-phosphate (S1P)

Erythrocytes, platelets and endothelial cells represent the major S1P source to replenish the
fast turnover rate in blood.*° Cells, like macrophages and mast cells, can also contribute to
produce S1P!, albeit to lesser extent. The extracellular secretion of S1P from erythrocytes
and platelets is believed to be mediated via several transporters'?. The major facilitator
superfamily transporter 2b (Mfsd2b) is an essential transporter present in erythrocytes and
platelets membranes. Recent studies using Mfsbhd2b-deficient hematopoietic cells
demonstrated that Mfsbd2b pathway contributes approximately half of the plasma S1P pool.
As a matter of fact, Mfsbd2b”- mice presented with significantly reduced plasma S1P levels
(-42-54%) as compared to WT-values, confirming that Mfsd2b actively exports S1P from
blood cells!®. Nevertheless, platelets do not seem to essentially contribute to the regulation
of the circulating S1P concentrations, as mice lacking platelets do not show alterations in
the plasma S1P levels'**®, This suggests that platelets mainly contribute to the local
synthesis of S1P, likely in course of platelet activation'®. In addition, the ATP-binding
cassette (ABC) transporter family may be important for the export of S1P out of cells. This
has been emphasized in experiments utilizing mast cells, which release S1P following to
activation through ABCC1! and independently of degranulation. In concordance with these
findings, it has recently been shown that the thrombin-stimulated of S1P secretion from
platelets is also mediated by ABC-transporters'”'®, Moreover, ABCA1 seems to be critical
for the effective release of S1P from astrocytes™®.

By contrast, endothelial cells, which contribute approximately 30% to the plasma S1P level,
express another specific S1P transporter, namely Spinster-2 (Spns2), which belongs to the
Spinster-like family of transmembrane proteins and is able to regulate the energy-dependent
secretion of S1P out of the cells.?°

Due to its hydrophobic nature, S1P is preferentially bound to carrier proteins for its efficient

transport and circulation [Figure 2]. In plasma, S1P is present at high nanomolar levels (200-
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900 nmol/L) and more than the half of S1P is carried by apolipoprotein M (apo-M) in high-
density lipoprotein (HDL), the rest being associated with the albumin fraction (30%) and
other lipoproteins (10%), such as low-density-lipoprotein (LDL).?* Apo-M, a small member
of lipocalin protein family, is found in a subpopulation of HDL particles and it has been
reported as the main S1P binding protein in blood.?? Actually, apo-M-deficient mice present
with a reduction of S1P plasma levels (*50%), compared to wild type mice?. In human
plasma S1P content in HDL is almost entirely restricted to the apo-M containing particles®*
constituting the HDLs lipoprotein subclass. The plasma apoM concentration in humans is

~0.9 umol/L. It is speculated that apoM serves as a chaperon protecting S1P from

degradation and facilitating its presentation to receptors.
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Figure 2: Cellular sources of plasma S1P. Endothelial cells and Erytrocytes (Rbc) release S1P, which is
picked up and chaperoned by ApoM on the HDL particles and albumin. Chaperone-bound S1P interacts with
S1P1 onthe endothelial cells to promote vascular barrier function. When endothelial cells are damaged, platelet
activation and aggregation release S1P, which leads to local release of S1P that aids in the repair of vascular
injury.5

There is broad experimental evidence documenting that S1P influences important processes
involved in the regulation of inflammation and immune responses?®. These processes include
cell growth in response to external stimuli, differentiation, survival, vascular integrity and
suppression of apoptotic process. To date, several studies demonstrated the involvement of

S1P in various pathological conditions including multiple sclerosis, inflammation,
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atherosclerosis, diabetes and cancer. The molecular background accounting for the diverse
roles assumed by S1P in various physiological processes is its dual mode of action: S1P
functions not only as an intracellular second messenger, but also as an agonist of five high-

affinity G protein-coupled receptors (GPCRs)%.

1.2. Intracellular and extracellular signaling

1.2.1. Extracellular signaling

The important biological role of S1P is to act as the natural ligand of the endothelial
differentiation gene (EDG) family of GPCRs, which are also known as S1P receptors
(S1PRs)?.

So far, five members, S1Pi(EDG1), S1P,(EDG5), S1P3(EDG3), S1P4(EDG6) and
S1Ps(EDGS), which bind only S1P and dihydro-S1P, have been identified in mammals?,
The S1P1-,-3 are ubiquitously expressed in tissues, with the highest levels in cardiovascular
and immune systems. S1Ps and S1Ps have lower expression and are mainly present in the
lymphatics and in the central nervous system (CNS), respectively?®. However, among the
three ubiquitous S1P receptors, only the deletion of S1P; leads to embryonic death at day
13. Actually, S1p1” mice present with a low amount of vascular smooth muscle cells
(VSMCs), which leads to a defective vascular maturation and excessive bleeding.*® By
contrast, the deletion of S1P> and S1Ps is not incompatible with the life, although the
offspring is affected from deafness as well as reduced fertility.

The S1P-receptors are coupled to various G proteins classified according to their a-subunit,
which leads to activation or inhibition of numerous downstream signaling pathways. In this
way, S1P regulates several physiological process such as immunity,33? cell proliferation,
wound healing, angiogenesis®® and vascular maturation®, in a highly specific manner

depending on the relative expression of SIPRs and G proteins. The S1P1 couples exclusively
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with Gaijo, Whereas S1P2 and S1P3 couple with Gain, Gag and Gaiziiz and S1P4s with Gaio
and Gai2/13 .

Signaling through Gaiso leads to the activation of several kinases, including the Ras/ERK
pathway that enhances proliferation of immune cells, and the phosphatidylinositide 3-kinase
(PI3K)/Akt pathway?®, which in turn prevents apoptosis and consequently increases survival
of lymphocytes and other immune cells. In addition, Gai activates the PI3K/Rac pathway,
which is required for cytoskeletal rearrangement and cellular migration. Moreover, the
interaction between S1P; and Gai inhibits adenylyl cyclase, thus reducing the intracellular
concentration of 3’,5’-monophosphate (CAMP)®. Signaling through Gog activates the
phospholipase C (PLC)%"2® pathway to increase intracellular Ca®*, whereas the signaling
through Gai213 enhances Rho activation to inhibit Rac and, consequently, the
cellmigration®*4°. Each of these S1PRs, when activated, initiates different signaling
pathways and cellular responses that are either synergistic or antagonistic [Figure 3].
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Figure 3: S1PRs family and downstream pathways. S1P binds five G-protein coupled receptors which leads
the activation or inhibition of the indicated downstream signaling pathway, depending on the coupled Ga
subunits. Abbreviations: ERK=extracellular signal-regulated kinase; PI13K=phosphatidylinositol 3-kinase;
PLC=phospholipaseC;AC=Adenylyl cyclase-cyclic AMP; JNK=Jun aminoterminal kinase.[Modified from*].
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The S1P receptors present in the vasculature can be briefly characterized as follows:

S1P1 is ubiquitously and abundantly expressed in tissues and it was discovered
during the study of early genes implicated in endhotelial cell differentiation. Studies
conducted with S1pr1” mouse model clarified the key role of S1P/S1P; axis in
angiogenesis and vascular maturation, endhotelial barrier function and vascular
tone*?. Futhermore, acting via S1P1, S1P interferes with proliferation and immune
cell migration. It is expressed by lymphocytes and regulates their egress from
secondary lymphoid organs and it has a role in monocytes/macrophages, regulating
their recruitment to sites of inflammation. The S1P/S1P; signaling axis in T-
lymphocytes plays a key role in a lymphocyte trafficking also during infection®.
Further, S1P: is especially active in areas exposed to low shear stress, which are
known to have increased susceptibility to atherosclerosis due to increased exposure
time to pro-atherosclerotic molecules*.

S1P2 is also expressed in the endothelial cells and exerts opposite effects on the
endothelial barrier as compared to S1P:. It also inhibits cell migration, proliferation
and disrupts cell barriers mainly through the activation of Rho GTPase®. Several
studies elucidated critical roles of S1P» in angiogenesis and atherogenesis. Double-
knock-out S1P2/ApoE mice showed a significantly reduction of atherosclerotic
lesion formation compared to control mice. Furthermore, these mice presented less
amount of foam cells into the plaques and a higher pro-inflammatory cytokines
secretion (IL-8 and IL-1p) in plasma*. These results suggested that S1P, may
promote the recruitment of macrophages in the inflammation site, exerting pro-
athero- and pro-inflammatory effects. On the contrary, the activation of S1P; inhibits
the SMCs growth in arteries, promoting the expression of different genes able to

modulate their differentiation. In this way, S1P may act as a negative modulator of
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neointimal formation in arteries. Therefore, S1P, could produce opposite effects in
atherosclerosis development, based on its expression site*”.

e S1Psis highly expressed in spleen, kidney, intestine, heart and lung. It mediates cell
chemotaxis towards S1P through Rac and PI3K activation®®, S1Ps is also important
for the VEGF-induced sprouting of endothelial cells*® and regulates coronary flow
via activation of Rho in VSMCs®. More evidence underlying a pro-inflammatory
role of S1Ps was presented in a recent study demostrating that silencing of S1Ps3
protects mice from developing severe pulonary fibrosis independently of S1P levels
in the broncho-alveolar lavage fluid®l. In addition, the putative role of this receptor
in atherosclerosis process was examined in same studies, using S1p3”. S1Ps
deficiency reduced the NO production and NO-dependent vasodilation, suggesting
that this receptor may serve as an important target-mediator of HDL-S1P in vivo
effects®. However, in double-knock-out mice S1Ps/ApoE, the absence of S1P; did
not influence the atherosclerotic lesion size, although the recruitment of monocytes
and macrophages to lesion site was reduced. Moreover, monocytes lacking S1Ps
presented with a reduction of migration towards inflammation sites and relative
secretion of monocyte chemoattractant protein-1 (MCP-1)%, At the same time,S1P3
deficiency promoted the neointima formation, suggesting that this receptor could
exert pro- and anti-atherogenic effects in macrophages and SMCs, culminating a

neutral effect on the atherosclerosis development in vivo.

1.2.2. Intracellular signaling

Several pieces of evidence suggested that S1P can function as a second messenger inside the
cells, regulating calcium mobilization, cellular proliferation/survival and suppressing

apoptosis®®°, The intracellular signaling functions of S1P have not been completely



Introduction — Sphingosine 1-phosphate (S1P)

clarified yet, but several effects have been attributed to its capacity to bind and modify
functions of various intracellular proteins, including protein kinase C-3 (PKC3), histone
deacetylase (HDAC), prohibitin-2 (PHB2) and TNF receptor-associated factor-2 (TRAF2).
The direct interaction of S1P with these intracellular targets has been confirmed in several
studies. For instance, it could be demonstrated that S1P is an essential co-factor for the
activation of NF-kB triggered by TNFa, which is important for inflammatory and immune
processes and anti-apoptotic responses®. Indeed, S1P is indispensable for the
polyubiquiylation of RIP1 (receptor-interacting serine/threonine-protein kinase-1) by
TRAF2, an adaptor protein that binds to SphK1 and stimulates its activity. Moreover,
polyubiquiylation of RIP1 prevents its interaction with pro-caspase-8, promoting
consequently the inhibition of apoptosis®’.

Another intracellular S1P target, PKC? is implicated in the endotoxin-induced activation of
NF-kB, suggesting the crucial role of this lysosphingolipid in the septic shock®®.
Afterwards, another recent study revealed the role of S1P in the nucleus. SphK2, indeed, is
present in the nucleus of many cell types and, through the formation of a repressor complex
with histone H3 and HDACs producing S1P. S1P, through its binding with both HDAC1
and HDAC2, regulates the histone acetylation and influences the epigenetic regulation of
specific target genes (c-fos, p21)3°¢°,

In addition, PHB2, a protein that regulates mitochondrial function and assembly, is able to
bind S1P in vitro and in vivo. SphK2”- mice showed a reduction of mitochondria respiration
which is directly associated with aberrant assembly and lowering activity of complex 1V
(cytochrome oxidase). These data suggested that the interaction of S1P with PHB2 is
important for mitochondrial respiration and cytochrome-c oxidase assembly®?.

Due to the fact that S1P and ceramide are interconvertible metabolites, the “sphingolipid

rheostat” concept must be placed in context of intracellular signaling. Pioneering studies in
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vitro demonstrated the involvement of S1P in the cell proliferation induction and in the
suppression of the ceramide-induced programmed cell death%26364 These studies suggested
that the dynamic balance between intracellular levels of S1P and ceramide determines the
growth, the survival and the death of the cells®>%, SphKs and SPPs, which are key regulators
of the sphingolipid rheostat, exert accordingly contrary effects on growth and apoptosis by
oppositely modulating intracellular S1P and Cer levels. Of course, the “sphingolipid
rheostat” could also affect cell behavior (‘sphingodynamics’ model) by modulating the
concentration of other sphingolipids as well as their localization within the cell and the

activation of different enzymes and receptor subtypes®’.

1.3. S1P/S1PRs axis in human disease and pharmacological targets

As summarized above, the SphKs/S1P/S1PRs axis is implicated in many physiological
processes, underling its potential role in the pathophysiology of various diseases. The study
of S1PR as new promising pharmacotherapeutic targets is an emerging area of research, in
particular concerning various aspects of inflammatory cell functions. For instance, the egress
of T and B lymphocytes from thymus and secondary lymphoid organs to circulation is
promoted by the activation of S1P:. Accordingly, FTY720 (Fingolimod), a high affinity
agonist for all the S1PRs bar S1P,, which promotes specific S1P: downregulation and
degradation in lymphocytes, blocks lymphocytes egress and consequently induces
lymphopenia®® . Similar role has been attributed to S1Ps in the regulation of natural Killer
cell egress from lymphoid organs® as well to S1P4 in neutrophil trafficking’®. Moreover,
S1PRs signaling is also involved in the modulation of circulating monocytes and affects
monocytes activation by TNF-a'%.

Another biological function of S1P/S1PRs axis is its ability to modulate cell migration

processes by regulating chemotaxis’?*®. S1P inhibits migration of various tumor cells and

11
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vascular smooth muscle cells (VSMCs),’?* but at the same time induces chemotaxis in
vascular endothelial cells” and T and B lymphocytes. As different cell types, including
SMCs and endothelial cells (ECs), express multiple receptors subtypes, the net effect of S1P
on migration likely represents the averaged outcome resulting from counteracting signals
stemming from both chemoattractant (S1P1 and S1P3) and chemo-repellent receptors
(S1P2)™. Crucially, S1IP/S1P; axis plays a key role in angiogenesis, a complex process
including ECs proliferation and migration. The prominent evidence regarding the in vivo
angiogenic activity of S1P is a defective vascular stabilization or maturation’ observed in
S1p:” mice® and in conditional S1P; deficiency in ECs. In addition, S1P regulates vascular
tone by acting on either SMCs and ECs through S1P1, S1P> and S1P3. As a matter of fact,
S1P binding to S1P; and S1Pz stimulates the enzyme eNOS producing NO, which
determines the relaxation of SMCs. Furthermore, S1P activates Rho and its kinase via
S1P»/S1P3 in SMCs thus promoting the activation of myosin light chain kinase and
consequently vascular contraction”®7’.

Numerous studies demonstrated that S1P promotes metastasis, tumor growth and
angiogenesis’®. The overproduction and relatively enhanced secretion of S1P from tumor
cells acts in autocrine manner, through the activation of S1PRs, leading to improved tumor
cell survival, growth and motility, or in a paracrine manner, promoting neo-angiogenesis and
increasing the production of endothelial adhesion molecule’. Furthermore, S1IP may control
resistance of tumor cells to therapy by counteracting the pro-apoptotic effect of ceramide.
Several studies suggested the pro-tumorigenic role of S1Py, as a key upstream regulator of
STAT-3 (signal transducer and activator of transcription-3), a transcription factor involved
in tumor progression®. Based on these findings, the main therapeutic approach aiming to
regulate the activity of S1P in cancer is based on the removal of extracellular S1P using

receptor-active compounds and sphingosine kinase inhibitors’®. A new monoclonal
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antibody, Sphingomab, has been developed to sequester extracellular S1P. Preliminary data
suggest that Sphingomab reduces tumor growth and improves antiangiogenic effects in
mice8l:82,

Furthermore, first generation of SphKs inhibitors, such as Safingol, are in clinical
development, mainly in phase 1 clinical trials. Other promising SphK1-specific inhibitors
such as the SK1-I, which inhibits the growth of acute myelogenous leukemia and
glioblastoma in xenografts, and, the SK1-11 which enhances the sensitivity of non-small cell
lung cancer to chemotherapy, are also under development. The latter inhibitor promotes also
the degradation of proteosomal Sphkl and inhibits the estrogen receptor-stimulated
transcriptional activity in human breast cancer cells®?,

In addition to the role in tumorigenesis and angiogenesis, S1P plays a prominent role in
inflammatory diseases. In fact, S1P is able to mimic TNF-a in the NF-kB-mediated
activation of endothelial cells. Several studies also showed that S1P promotes the production
of cyclooxygenase-2 and prostaglandin-E2 (PGE-2) in response to TNF-a84. In addition, it
has been suggested that SphK1 is a pro-inflammatory mediator in LPS, TNF-a and IL-
signalling®®. The involvement of S1P/S1P receptors axis in inflammation is confirmed by its
key roles in different autoimmune diseases, including rheumatoid arthritis (RA),
inflammatory bowel disease (IBD) and multiple sclerosis. In fact multiple sclerosis and RA
patients showed high levels of S1P, respectively observed in the cerebrospinal fluid® and in
synovial liquid®’. Based on these evidences, several S1P modulators are currently in pre-
clinical or clinical steps of drug development, in addition to FTY720, which has been
approved some years ago for multiple sclerosis patients treatment.®® These compounds act
either as SphKs-inhibitors or as specific S1P receptors agonists and antagonists, such as

Ozanimod &%, Siponimod % and KRP-203%, or as S1P-lyase inhibitor as LX3305%.
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2. Atherosclerosis and inflammation

2.1. Atherosclerosis: an overview

Atherosclerosis is the main pathophysiological cause of coronary artery disease (CAD),
peripheral artery disease (PAD) and ischemic stroke (IHD). It is defined a lipid-driven,
multifactorial and chronic disease, which affects large and medium-sized elastic and
musculature arteries (aorta, iliac artery, carotid, coronary and cerebral arteries), promoting
the development of lesions within the arterial wall. The formation of these atheromatous
plaques is a consequence of an inflammatory process and ultimately leads to the sudden
obstruction of blood flow®*. The atheroma is characterized by accumulation of macrophages
engorged with cholesterol crystals, called foam cells, T-lymphocytes and fibrous elements
in the arteries, which protrude in the vessel lumen, causing partial or complete occlusion.
Connective tissue production by fibroblasts and deposition of calcium in the lesion cause
sclerosis or hardening of the arteries. Rupture of vulnerable plaque can lead to the acute
clinical complications of myocardial infarction (MI), stroke and ischemia of the heart or
brain®®. For many years, it was believed that atherosclerosis was a result of the passive
accumulation of lipids, in particular cholesterol, in the arterial wall. Over past decades,
epidemiological studies have revealed several risk factors associated with atherosclerotic
progression, which were classified into two main groups: non-modifiable and modifiable
risk factors. The former includes age, race, ethnicity and genetic factors (family history),
whereas the latter comprise two subgroups:

« behavioral risk factors such as unhealthy diet, physical inactivity and tobacco

smoking;
« metabolic disorders including hypertension, obesity, diabetes mellitus, and

dyslipidemia.
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These subgroups of risk factors are strongly linked to each other because the long-term
exposure to one or more of behavioral risk factors leads to metabolic alterations®.

More recently, several inflammatory biomarkers have been associated with the increased
cardiovascular risk suggesting that inflammation plays a prominent role in the pathogenesis
of atherosclerosis®’. Patients presenting with higher levels of acute phase proteins C-reactive
protein (CRP) or fibrinogen®, showed an increased incidence morbidity and mortality
related to CVD®. Moreover, several studies suggested that other circulating pro-
inflammatory mediators in addition to CRP have been related to an increased risk of CVD.
These include among others serum amyloid A (SAA), soluble intercellular adhesion
molecule type-1 (SICAM), selectins (such as P-selectin) as well as cytokines and chemokines
(TNF-a, IL-6, IL-8, MCP-1),

Currently, growing epidemiological evidences suggest that atherosclerosis is not an
unavoidable degenerative consequence of ageing, but rather a chronic inflammatory
condition that can be converted into an acute clinical event through plaque rupture and

thrombosis!®®,
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2.2. Current theories regarding the development of atherosclerotic
lesions

As mentioned above, the development of atherosclerotic lesion in the arterial wall, known
as “atherogenesis”, begins in the tunica intima, a layer comprehending the luminal
endothelium and the underlying connective tissue. The intima consists of a monolayer of
endothelial cells (EC) and few smooth muscle cells (SMCs) and acts as a semipermeable
barrier separating arterial wall from circulating blood. An internal elastic lamina separates
the intima from tunica media, an ordered structure of contractile SMCs layered within elastic
fibers and collagen. Finally, an outer layer of loose connective tissue, called adventitia,
encircles the media. It consists mainly of nerves, lymphatic vessels, fibers, fibroblasts and
mast cells. Notably, the healthy intima is avascular and thus dependent on the adventitial
lymphatics and blood vessels'?%103,

The early stages of atherogenesis commence when the functional injury to the intimal
endothelial barrier is induced by various factors, such as noxious substances or altered
hemodynamic forces!®. As response to this dysfunction, ECs produce inflammatory
mediators including cytokines and promote increased expression of leukocytes adhesion
molecules on the arterial endothelium, such as intracellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), as well as selectins P- and E. Moreover, this
process involves a decreased ECs ability to release nitric oxide (NO), and additional
substances that cooperate to prevent adhesion of immune cells such as monocytes and T-
cells to the endothelium'®. Consequently, T-cells and monocytes are recruited from the
blood circulation to the vessel intima. In addition, plasma lipoproteins, mainly apoB-rich
lipoprotein such as low-density lipoproteins (LDLs) and remnants of very low density
lipoproteins (VLDLs) start to accumulate at the site of atherosclerosis-prone regions'©6:197,

Once infiltrated into the tunica intima of the vessel wall, monocytes differentiate into
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macrophages and cholesterol-containing lipoproteins undergo different modifications,
including oxidation and glycosylation, which alter their properties and trigger pro-
inflammatory responses. Within the intima, oxidized LDLs, following the fragmentation of
the apo-protein part (apoB), lose the capacity to interact with the conventionally endocytic
LDL-receptor (LDLR). They are rather recognized by macrophages scavenger receptors,
such as CD36 and SR-AI, which are not able to limit the internalization of lipids within the
cells!®1% This leads to lipid overhang, which triggers fatty streaks formation. Moreover,
oxLDL upregulate the expression of arginase | (Arg-1) in the intima of endothelial cells,
blocking in this way the synthesis of NO, a potent vasodilator with anti-atherogenic
propertiest’®. The accumulated mononuclear phagocytes ingest ox-LDL and became
cholesterol-laden foam cells, which aggregate to form the early atherosclerotic plaque,
named “fatty streaks”. Lesion macrophages display a reduced migration ability, which
compromises their capacity to exit from the inflamed plague and to resolve the ongoing
inflammation in the vessel wall. In fact, the apoptosis follows in macrophages-rich region of
early lesions, but the mechanisms of their death are partly still unknown!*!, Several studies
showed that in this context, the apoptosis process is related with smaller plaque progression
and lesion size. In fact, apoptotic cells are effectively eliminated by adjoining macrophages
in early lesions and therefore the lesion would have scarce inflammatory and post-apoptotic
necrotic cells, as well as more efferocytes-derived anti-inflammatory mediators*?13, This
concept was confirmed in a recent study where, using C1lga’LdIr’ mice, the appearance of
apoptotic macrophages in early lesions increased dramatically targeting the efferocytosis
mediator complement component 1g(C1q) in this animal model. This result suggests that the
normal paucity of detectable apoptotic cells in early lesions is due to efficient
efferocytosis'!*, defined as the physiological process through which apoptotic cells are

recognized and internalized by phagocytic cells, including macrophages.
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On the other hand, monocytes, due to the continues migration and subsequently
differentiation in macrophages, are able to promote the progression of atherosclerotic
disease, leading from an early to more advanced plaques. In this pathological condition,
further immune subgroups of cells and SMCs are involved in the inflammatory process.

SMCs migrate from the media layer of the arterial wall to the intima and their proliferation
is stimulated by many factors such as platelet-deriver growth factor (PDGF). In the advanced
plaques, activated macrophages amplify the ongoing inflammatory response trough the
secretion of pro-inflammatory mediators, including cyto and chemokines, reactive oxygen
species (ROS) and ECM-degrading matrix metalloproteinase (MMP). Under these
conditions, lesions show marked disruption of the normal structural organization of the
arterial wall. The hallmark of advanced plaque is the appearance of a large pool of
extracellular lipids, named “lipid core”, in the deep intima. This is accompanied by a
dramatic increase in size and number of cholesterol crystals in the core areas. Many of the
cholesterol-laden foam cells eventually die, causing the accumulation of necrotic debris and
apoptotic bodies, which triggers the formation of a “necrotic core” in advanced plaque!®. In
fact, an important cause for this sequence of events is thought to be the apoptosis and
secondary necrosis of foam cells and SMCs*®Y In human lesions, apoptotic cells are
visible during the lipid accumulation®'® and consequently, cell death, both apoptotic and in
other forms, can be detectable at the margin of the necrotic core!'®. Moreover, the presence
of free apoptotic bodies inside the lesions, not associated with phagocytic cells, indicates
that their impaired removal (efferocytosis), contributes to the growth of the necrotic
core!?12! In a more advanced plaques, macrophages and foam cells are specialized in
apoptotic cells clearance and scavenging in a microenvironment, where efferocytosis is
compromised. In fact, when cells undergo apoptosis, they release different molecule, known

as “find me” signals, which are able to recruit phagocytes. One of them is the lipid
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lysophosphatidylcholine, which is formed through the caspase-3-activated phospholipase
A2. Additionally, apoptotic cells could also express other set of molecules, named “find me”
which are upregulated or translocated to the surface to promote to simplify interactions with
phagocytes. Genetic and experimental data suggest that efferocytosis could depend on the
quality of positive (eat me) and negative (find me) signals, undergoing programmed cell
death. A deficiency of efferocytosis may contribute to lipid mediator imbalance as well as

122 “and prevention of

increased plaque necrosis, through a post-apoptotic secondary necrosis
dying cell clearance!?®, In term of mechanism, the reduced efferocytosis may depend on the
suppression or decreased expression of several molecules that mediated the interaction
between apoptotic and phagocytic cells, including Gasé and MFG-E8'?*. Gas6, binding
TAM family of receptors (Tyro-3-AxI-MerTK), plays a crucial role in this process. In
particular, it has been demonstrated that its depletion leads to the accumulation of apoptotic
cells, to the extension of necrotic core and, as a consequence, to increase of the size of
plaque'?®. Likewise, the two functions of LXR, that are the inflammation regulation and the
ability to respond to phagocytosed lipids, are accountable to modulate macrophages
responses to particular phagocytic contexts. In fact, LXR is activated by the phagocytosis of
apoptotic cells, likely through the accumulation of membrane-derived cholesterol. LXR in
turn is able to activate transcription of MertK'?®, thereby providing positive feedback to
promote further clearance, as well Abcgl and Abcal activation to promote efflux of the
excess cholesterol?’. Nevertheless, LXR activated in response to apoptotic cells is also able
to suppress the production of inflammatory mediators. In addition, the lack of LXR promotes
inflammation process and impaired efferocytosis?®.

Although growing atherosclerotic plagues may reduce the vessel volume, they often remain
asymptomatic for years, which hinders the timely diagnostics of the condition. At later

stages, SMCs produce extracellular matrix rich in proteoglycan, elastin and collagen that
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leads to the formation of a fibrous cap between the lipid core and endothelium, which is

128

considered to exert a protective effect against plaque rupture*<°. A reduction in clearance of

apoptotic bodies promotes several process that can contribute to unstable plaque and the

thrombus formation?® [Figure 4].
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Figure 4: Schematic representation of functional consequences of macrophages apoptosis in early and
advanced lesion*®,

The primary danger comes from a secondary necrosis process, through which the apoptotic
cells, not removed by efferocytosis, contributes to the growth of the necrotic plaque of
atheroma. The interaction of macrophages with necrotic cells amplified the inflammatory
response, through higher secretion of pro-inflammatory cytokines (TNF-a, 1L-12) and
consequently decreased anti-inflammatory cytokines release (1L-10, TGF-B)*L.

All these processes promote an unstable plaques development, in which the fibrous cap is
not well-developed and which tend to rupture thus exposing the atherosclerotically altered
intima to the circulating blood**2. Notably, the lipid content and the necrotic cell debris exert

a pro-thrombotic action and contribute to the platelet adhesion and activation, which
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stimulates the further recruitment of platelets to eventually form a thrombus3. After that,
thrombus may lead to myocardial infarction, an obstruction of blood flow in lower

extremities (peripheral vascular disease) and to ischemic stroke®*.

However, the
mechanisms involved in plaque rupture are still unknown, although coronary spasm is
suspected. In older individuals, the calcium-mineral nodules (micro-calcification),
generating after the calcification of osteoblast-like cells stimulated by TGF-f1 and 25-
hydroxycholesterol**®, have been suggested as a rare cause of coronary thrombosis in highly
calcified and tortious arteries. Notably, vascular calcification, as opposed to bone formation,
appears to be triggered and not inhibited by inflammation*¢. For all these reasons, in
research and clinical practice, it is important to characterize atherosclerosis and consequently
the individual plaques for a few measurable characteristics that convey the status of the
disease and risk of progression. Several variables can be used as end points for clinical trials
and some terms have been adopted to characterize the severity and prognosis of
atherosclerotic plaques. The plaque vulnerability describes the short-term risk of developing

symptomatic thrombosis'®’, the activity may refer to one of different process that

characterize the progression, whereas the burden explains the extent of disease!®.

2.3. Key cells in atherosclerosis: monocytes recruitment versus
macrophages proliferation

Several studies demonstrated that the areas of intimal thickening harbor a dynamic
population of innate and adaptive immune cells, including macrophages and dendritic cells.
This implies that a continuous recruitment of immune cells to the lesion area amplifies the
first step of inflammatory reaction and alter the metabolism of the resident arterial wall

cells®,
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The adhesion of leukocytes on the endothelial surface represents a multistep process, which
involves capture, selectin-dependent rolling and activation by endothelial chemokines, firm
adhesion mediated by integrins and finally trans-endothelial migration*°. In response to
different stimuli mentioned above, ECs expresses P-, L- and E-selectins trough which
leukocytes could adhere to the endothelium, via its ligand P-selectin glycoprotein ligand 1
(PSGL-1). Further on, leukocytes, in particular monocytes, can perform a firm adhesion
through the interaction between different cell adhesion molecules (CAMs) and the
corresponding leukocytes cell membrane proteins. In particular, VCAM-1 interacts with
very late antigen-4 (VLA4)!! and ICAM-1 binds lymphocytes function-associated antigen-
1 (LFA-1)'*2, Finally, the migration of leukocytes (diapedesis) into the intimal space is
mediated by the interaction between different chemokines, such as IL-8, RANTES and
CXCL1, and their receptors, CCR2, CCR5 and CX3CR1*3, In Apoe™ mice, for example, the
inhibition of these pathways generated a protective effect, reducing atherosclerotic plaque
growth!*. Once reaching atherosclerotic plaques, macrophage-colony stimulating factor
(M-CSF) and additional endothelial cell-derived cytokines, promote monocytes

differentiation into tissue macrophages**®.

2.3.1. Monocyte subsets in atherosclerosis

Monocytes are the most abundant cell population among immune cells present in
atherosclerotic plaques. They have a pivotal role in the pathogenesis of atherosclerosis,
especially because they give rise to tissue macrophages, which are non-stop accumulating in
atheroma or sites prone for atherosclerotic lesion formation!®. There are two different
subsets of monocytes, which are traditionally distinguished based on their surface markers
and migratory properties**®. Pro-inflammatory Ly6CM9" (lymphocyte antigen 6 complex)

monocytes, known as classical monocytes, are able to be recruited and efficiently infiltrate
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the sites of inflammation because they express more functional PSGL-1 than Ly6C'*"
monocytest*’. They are characterized by CCR2*CX3CR1'°" antigen expression pattern in
mice and CD14"9" or CD14*CD16" in humans, and they used both of these receptors to enter
atherosclerotic lesions'*8, Ly6CM9" monocytes are also believed to give rise to the classically
activated, pro-inflammatory M1-like macrophage phenotype. On the other hand,
CCR2'%"CX3CR1"9" monocytes in mice or CD14%™ monocytes in humans, are known as
Ly6C'® or nonclassical monocytes that patrol blood vessels in homeostatic conditions and
are responsible for the resolution of inflammation. In the sites of inflammation, they turn
into alternatively activated, anti-inflammatory M2-like macrophages!*®. During
hypercholesterolemia, the numbers of Ly6C™"9" monocytes increase, whereas nonclassical
monocytes population remains unchanged**’. Importantly, Ly6C"9" monocytes recruited to
injured myocardium or allergic skin are able to give rise to M2-macrophaes phenotype®%1°!
thus challenging the paradigm that these cells are the sole precursors of M1-macrophages.
The recent study demonstrated that the infiltration of Ly6C"9" monocytes into
atherosclerotic plaque and their differentiation of M2-macrophages is a pre-requisite for the

effective plague regression®2,

2.3.2. Macrophage subsets in atherosclerosis

Macrophages are the prominent cellular contributors to the early plaque development and
play pivotal roles at all stages of its progression'®3. In mice with the M-CSF deficiency
resulting in the impaired differentiation of monocytes into macrophages, the atherosclerotic
development is delayed®®*. Several studies demonstrated that the inflammatory phenotype
of macrophages influences the atherosclerotic plagque stability'®. Macrophages subtypes are
divided into classically activated pro-inflammatory M1 and alternatively activated anti-

inflammatory M2 macrophages®®®. The former are most often triggered by Toll like receptors
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ligand (TLR) and interferon-y (IFN-y), a cytokine produced by T-helper lymphocytes (Th1),
which were both identified in the plaque shoulder regions. M1-macrophages generated in
this process are able to secrete pro-atherogenic cytokines, such as IL-1p, IL-6 and TNF-a*®’,
largely responsible for the potentiation of inflammatory response and finally the lesion
destabilization'®®1%°, This has been clearly demonstrated in mice deficient in TNF-o or IL-
1 that showed a reduced progression of atherosclerotic lesions and a decreased VCAM-1
and MCP-1 expression leading to attenuated monocyte recruitment into the atherosclerotic
lesion area'®®!6, On the other hand, the M2-macrophages are induced in response of several
Th2-lymphocytes cytokines, such as I1L-4, IL-5, IL-13 and TGF-B%2. When activated, these
macrophage subtype secretes anti-inflammatory cyto/chemokines such as IL-10, IL-1RA,
and CCL17,CCL22 and CCL242 M2-macrophages are associated with the resolution of
acute inflammation, tissue repair and, during a chronic condition like atherosclerosis,
produce lesion stabilization. Moreover, these cells display a high phagocytic activity and are
able to express several scavenger receptors'®4. To date, through different in vitro studies, the
M2-macrophages are sub-classified into four different subtypes, based on gene expression
pattern and activation stimuli. For instance, M2a macrophages, induced by 1L-13 and IL-4,
express high levels of CD206 and secrete IL-1RA. M2b macrophages can be induced by
TLR signaling and IL-1R ligands and produce high amounts of both pro- and anti-
inflammatory cytokines (IL-10, 1L-6, TNF-a)®. M2c cells, promoted by IL-10, have a
strong anti-inflammatory properties trough the production and secretion of TGF-p, IL-10
and PTX3%6%, Moreover, this subtype cells showed a high expression of MerTK and for this
reason, they are considered as a professional efferocytes'®’. The last M2-subtype
macrophages, named M2d, present a low expression of CD206 and a suppression of Dectin-

1. In contrast, these cells express high levels of IL-10, VEGF and iNOS, low level of TNF-
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a and mildly elevated levels of Arg-1. These macrophages play a key role in tumor
progression and atherosclerotic plague growth, through their angiogenic properties®.

In addition, four additional macrophages phenotypes were specifically identified in human
atherosclerotic plaque, namely M(Hb)-, Mhem-, Mox- and M4-macrophages'®®. M(Hb)-
macrophages are present in the hemorrhagic sites of human atherosclerotic plaque and they
play a role in hemoglobin clearance process. They exert several anti-inflammatory
properties, increasing IL-10 secretion, reducing ROS production and inducing cholesterol
efflux. M(Hb)-macrophages are CD163" CD206" and present a resistance to foam cell
formation®®.

Macrophages give rise to Mhem-phenotype upon exposure to heme and they are also able to
reduce levels of oxidative stress and lipid accumulation. Moreover, they are resistant to foam
cells formation through ATF-1 signaling, which promotes LXR-B and induces other genes
implicated in cholesterol efflux, such as ABCA1 and LXR-a!"*172,

The accumulation of phospholipids oxidation products in atherosclerotic lesion leads to a
development of Mox-macrophages. This process affects the expression of redox regulatory
genes, in particular the transcription factor Nrf2!”®. Moreover, Mox-macrophages are
characterized by a reduction of chemotactic and phagocytic capacities, but they produce
some inflammatory cytokines like COX-2 and IL-1p",

Finally, M4-macrophages are induced by exposure to CXCL4"® and they completely lack
phagocytic capacities and show a pro-inflammatory phenotype similar to M1 macrophages.
The presence of M4-macrophages within the intima and the media is significantly associated

with plaque instability!®.
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2.4. HDLs and their role in atherosclerosis

HDLs are a heterogeneous class of lipoproteins particles characterized by a small size
(diameter: 12nm), high density (>1.063 g/ml) and the highest amount of proteins (called
apolipo-proteins). Several epidemiologic studies revealed that HDLs are an important
protecting factor against CVD in humans, as demonstrated by an inverse relationship
between HDL-cholesterol (HDL-C) levels and cardiovascular morbidity!’’. Indeed, HDLs
play a pivotal role in reverse cholesterol transport (RCT), a physiological mechanism
allowing the un-esterified cholesterol to be transported from the peripheral tissues to the
liver for the excretion with bile!’®, The first step of RCT consists in a cholesterol efflux from
plague to plasma lipoproteins, mediated by macrophages presents in atheromal’®.
Cholesterol efflux is dependent on cholesterol amount in macrophages, on the expression of
cholesterol transporters and on different lipid composition of HDL. In addition,
atheroprotective effects is partly modulated by the other biological activities of HDLs, that
are independent from the RCT, such as countervailing the oxidation of LDL, inhibition of
inflammation, platelet activation, apoptosis of ECs and thrombosis, which may also aid to
prevent atherosclerosis*e.

Recent clinical trials targeting HDL cholesterol failed to show clinical benefits in term of
cardiovascular risk reduction, suggesting that other HDL components instead of cholesterol
may account for anti-atherogenic effects attributed to these lipoproteins'’®. Overall these
functions are carried out by a direct interaction of HDL particle or its components, including
Apo-Al or S1P, with receptors (such as ABCAL, SR-BI, S1P1, S1P2, S1P3) localized on the
cell surface followed by generation of intracellular signals'8l. Several studies demonstrated
the HDL’s ability to bind to plasma membrane and to generate a number of signaling
cascades to promote among others cholesterol efflux process. More specifically, apoA-I

binds to ABCAL1 and activates phosphatidylcholine lipases, which activate PKC promoting
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the mobilization of cellular cholesterol from intracellular stores to the plasma membrane.
Additional HDL-induced signaling pathways which play a role in an increase of cholesterol
and lipid efflux are represented by protein kinase A (PKA)2, cell division control protein
42 (Cdc42)'® and Janus kinases-2 (JAK?2) cascades. HDL-induced cell signaling trough
ABCA1 suppresses anti-inflammatory M1 macrophages activation and promotes M2
macrophages phenotype and relative anti-inflammatory cytokines secretion trough JAK2
and STAT3 activation®. Moreover, in the last years it was demonstrated that the apoA-
I:JAK2:ABCA1 axis was able to suppress the endothelial cells inflammation through the
activation of COX-2, which promotes an increase of PGl levels'®, Additionally, HDL was
demonstrated to exerts endothelial protective effects through the activation of additional
signaling pathways. The PI3K/Akt pathway triggered through the S1P;'® SR-B1 and
S1P3,%" may be involved in the inhibition of TNF-a-dependent activation of endothelial
cells, leading to the decreased expression of adhesion molecules on the endothelial
surface!®®. Recently, an high expression of VCAM-1 and ICAM-1 has been discovered in
SR-B1 deficient Ldlr’- mice on the coronary artery endothelium, suggesting the key role of
SR-B1 signaling pathway into the regulation of adhesion molecules expression in vivo®,
HDL particles also carry microRNAs, among which miR-223 is highly related to
inflammation. It has been demonstrated that anti-inflammatory property of HDL can be
attributes in part to its ability to transfer miR-233 to endothelial cells to target and inhibit
ICAM-1 mRNA,

Furthermore, several studies showed HDL ability to protect endothelial cells from apoptosis
induced by ox-LDL of growth factor deprivation'®*1%2, Through the PI3K/Akt activation and
phosphorylation of Bcl-2 protein, HDL inhibits different cell events implicated in the
activation of mitochondria-dependent apoptosis, including caspase-3 and -9 activation,

cytochrome C release and a stimulation of cytoplasm Ca?* production®?,
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Several studies in vivo and in vitro suggested that anti-inflammatory effects of HDL could
be related to its content of lysosphingolipids, including S1P. For instance, HDL-associated
S1P reduced the expression of VCAM-1 and ICAM-1 in response to TNF-a. In this way, the
penetration of monocytes and lymphocytes across endothelial barrier could be reduced%31%4,
Moreover, in macrophages, HDL-S1P attenuated the pro-inflammatory signaling of toll-like
receptor-2 (TLR2) and this was accomplished, through the reduction of cytokine production

and secretion®

. Furthermore, HDL-associated lysosphingolipid prevented endothelial
apoptosis and promoted endothelial proliferation and migration®'®’. Recent studies
demonstrated that the amplification of SIPRs mediated signaling, through the administration
of FTY720 or KRP-203, reduces pro-inflammatory macrophage activation in mice.
Moreover, this amplification promoted a reduction of pro-inflammatory cytokines secretion
in plasma, including IL-6, TNF-a and IFN-y, facilitating, in this way, the development of

M2 macrophage phenotype'®®1%’. Nonetheless, HDL-mediated atherosclerotic protection is

largely associated with potent anti-inflammatory effects exerted by these lipoproteins®®,

2.5. S1P/S1PRs axis and atherosclerosis

As extensively explained in the previous chapter, HDL is a macromolecular complex that
comprises several components, which could directly account for its atheroprotective
potential. In the last decades, in vitro and in vivo studies identified several anti-
atherosclerotic effects modulated by HDL-associated S1P and dependent on the S1P receptor
and the cell type involved!®®. S1P1.3 are abundantly expressed in cardiovascular system and
could play a role in the pathogenesis of atherosclerosis. In fact, HDL/apoM-bound S1P has
been found to exert protective effects in the vasculature and low S1P levels have been
reported in patients with coronary artery disease and myocardial infarction?°2°1, However,

several studies regarding the role of S1P in the atherosclerotic process in animal models, led
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to controversial results. For instance, administration of FTY720 or KRP-203 in Ldlr” or
ApoE~" mice led to a reduction of atherosclerotic lesion size?®>2%, Consistent with these
results, the amount of pro-inflammatory cytokines in these mice decreased in response of
TLR4 and TLR3 stimulation, indicating the suppression of the M1 macrophages

phenotype?%*

. In addition, KRP-203-treatment reduced T-cells activation in peripheral
organs, with a simultaneous lowering of pro-inflammatory cytokines in the blood as well as
in the aortic wall'®’. Likewise, high levels of endogenous S1P, obtained through the
depletion of SKII and S1P-lyase in hematopoietic cells, reduced atherosclerosis in Ldlr”
mice2%2%_Conversely, the deletion of S1P; in endothelial cells or macrophages enhanced
plaque development in LdIr” or ApoE’2%".

HDL-S1P is able to stimulate migration and survival of endothelial cells through the
activation of S1P1-3signalling?®. At the same time, S1P1.3 activation stimulate eNOS release,
NO production which causing vasodilation?°*?1°, Furthermore, in S1Ps/ApoE double knock-
out mice, presented a reduction of monocytes/macrophages amount in the atherosclerotic

lesions®®. However, the absence of S1Ps; enhanced the SMCs content and neointima

formation in a mouse model of carotid artery ligation'*.
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Epidemiological studies unequivocally point to HDL as the potent plasma-born

atheroprotective factor in humans?'?

. Its anti-atherogenic potential is attributed to the
capacity of cholesterol transport from peripheral macrophages to liver, with the subsequent
excretion and thereby the reduction of cholesterol depositions in atherosclerotic lesions. In
addition to mediating lipid efflux, HDL also acts on macrophages and T-cells as an anti-
inflammatory factor?'*2!4, For instance, HDL was shown to reduce NF-kB activation and
pro-inflammatory cytokines (TNFa, IL-6) production in macrophages exposed to TLR-2 and
-4 agonists and these effects were at least in part attributed to the HDL-mediated cholesterol
efflux and the resulting reduction of cholesterol in plasma membranes®!>216,

HDL is composed of different proteins and lipid species exerting potentially atheroprotective
effects. Several pieces of evidence suggest that some of the potentially anti-atherogenic
constituents of HDL belong to the family of lysosphingolipids characterized by the absence
of an acyl group at the sphingosine backbone nitrogen?!’-?1821% Recent studies indicate that
HDL-associated lysosphingolipids actively contribute to the anti-inflammatory effects of
HDL, among others preventing endothelial apoptosis® and the generation of reactive oxygen
species?'?, promoting vasodilation and stimulating endothelial proliferation and
migration'®”2%°_ In addition, S1P, the most prominent biologically active lysosphingolipid
present in HDL correlates with HDL-C in a concentration range in which HDL effectively
protects against atherosclerosis. Conversely, a decreased HDL-bound S1P levels were noted
in patients with coronary artery disease and myocardial infarction?20:20,

Current evidence supporting the notion that S1P, acting as a constituent of HDL, exerts anti-
atherogenic effects derives primarily from experiments in vitro, whereas findings in animal
models of atherosclerosis are scares and partly discrepant*. In particular, the use of
pharmacological agonists for amplification of S1P signaling is hampered by poorly defined

side effects?%243, In addition, several investigations suggest that S1P exert an anti-
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inflammatory effect in macrophages, for example by preventing macrophage activation or
promoting the secretion of anti-inflammatory cytokines??!. However, the evidence regarding
anti-atherogenic effects of HDL-associated S1P in macrophages remains controversial.
More specific approaches focusing in the endogenous S1P signaling are necessary to
demonstrate in vivo beneficial effects of this sphingolipid on atherosclerosis and
inflammation and to delineate the role of macrophages. Nevertheless, the S1P receptor
subtype mediating the atheroprotective effects of S1P and the underlying molecular
mechanisms remain enigmatic.

Therefore, the aim of this study was to provide more insights of the impact of S1P/S1P;-
receptor axis in atherosclerotic disease, using S1P:1 knock-in transgenic mouse model
capable to overexpress this receptor in macrophages and/or monocytes (S1pl-LysMCre or
S1pl-F4/80Cre).

To this purpose, several in vivo analysis have been conducted in order to get insights into
molecular mechanisms underlying anti-atherogenic effect of S1P1 receptor. Multiple in vitro
experimental approaches were used to understand the effect of S1P signaling on the known
atherosclerosis relevant functions of macrophages, such as polarization, apoptosis and innate

activation.
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3. Animal models and experimental design

S1p1™P™ on B6 background (referred to as S1p1-KI) was generated by GenOway by
knocking in the floxed murine S1pl transgene into ES cells. Briefly, the murine S1P; cDNA
controlled by the synthetic CAG promoter was engineered to contain a neomycin-stop
cassette between promoter and the cDNA. Hence, the S1P1 cDNA is only expressed
following Cre-mediated removal of the cassette. The construct was introduced into the Rosa
26 locus using the GenOway proprietary targeting vector. To achieve S1P; overexpression
in monocytic cells, S1p1™©Pf were crossed to B6.129P2-Lyz2!mcrolfo/3 mice (Jackson
Laboratories)??? or B6.129P2-Adgrel1™CeKet (Klaus Pfeffer, University of Disseldorf,
Germany)?® to yield S1p17sorfyzotmiCre)lo;y mice (referred to as S1pl-LysMCre) or
S1p17soptAdgre1 ™ ekl (referred to as S1pl-F4/80Cre). Animals were maintained in
individually ventilated cages under a 12-h light/12-h dark cycle with free access to water
and regular chow diet (66% carbohydrate, 12% fat, 22% protein).

Female LDL-R” mice on a C57BL/6J background?®* were purchased from Jackson
Laboratories. To induce bone marrow aplasia, Ldl-r’- mice (6-8 week of age) were exposed
to a single dose of 11-Gy total body irradiation, one day before the transplantation. Bone
marrow (BM) was isolated by flushing femurs and tibias from female S1pl1-KI, S1pl-
LysMCre or S1pl-F4/80Cre mice with phosphate-buffered saline (PBS) and single-cell
suspensions were prepared by passing the cells through a 70um cell strainer. Irradiated
recipients received 5.0 x 10° cells by intravenous injection into the tail vein. The
hematological chimerism of transplanted animals was determined in genomic DNA from
blood leukocytes 4 weeks after transplantation. Thereafter, animals were put on the Western
diet (0.25% cholesterol, 21% fat) for 14 weeks. At the end of the treatment, mice were

sacrificed by cervical dislocation under anesthesia and tissues were collected for further
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analysis. All animal experiments were approved by government authorities in charge of

animal protection (LANUV).

4. Histology and Lesion Atherosclerotic Analysis

Atherosclerosis in the aortic root and brachiocephalic artery (BCA) was determined in a
blinded fashion?®. In brief, aortic roots and BCAs were removed under a dissecting
microscope, embedded in O.C.T. (ThermoFisher Scientific, Schwerte, Germany) and snap-
frozen at -80°C. Cross sectional lesion areas at the aortic root were quantified in five oil red
O-stained sections in the region beginning at the end of the aortic sinus and extending to the
ascending aorta. In addition, atherosclerotic lesions luminal to the internal elastic lamina
were quantified in three oil red O-stained sections per BCA. For both, aortic root and BCA,
mean lesion sizes were calculated for each animal.

Macrophage content of lesions and smooth muscle cells were determined by
immunohistochemistry using specific antibodies against CD68 (AbD Serotec, Germany) and
alpha-actin (Abcam, AB5694-100), respectively.

Total collagen fiber content was analyzed in PicroSirius Red stained sections by polarization
microscopy (Zeiss AxioObserver). Movat pentachrome staining to assess lesion quality was
performed according to the manufacturer’s protocol (Morphisto, Germany).

All lesions were photographed and analyzed using AxioVision KS400 image analysis (Carl

Zeiss Microscopy GmbH, Germany).
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5. Isolation of monocytes and macrophages

Monocytes were isolated from mice peripheral blood using EasySep mouse monocyte
isolation kit (StemCell Technologies, Kéln, Germany) according to the protocol provided
by the manufacturer. Briefly, erythrocytes were lysed as described above and remaining
white blood cells (1 x 108/mL) were resuspended in 0.5 mL PBS containing fetal bovine
serum (FBS, 2%, v/v) and 1 mmol/L EDTA. Sample was equilibrated with rat serum,
transferred to a polystyrene tube and incubated for 5 min at 4°C with a selection cocktail.
Thereafter, RapidSpheres™ were added to the sample for 3 min, the tube was placed in the
magnetic separation device (StemCells Technologies), and the suspension enriched in
monocytes was decanted, washed in PBS, and used for further analysis. The monocyte
content of the isolated cells fraction was controlled by FACS and exceeded 94% in each
isolation.

Peritoneal leukocytes were isolated by peritoneal lavage with ice-cold PBS as described
previously?®?1%_ Cells were suspended in DMEM containing FBS (10.0 % v/v) and 2
mmol/L glutamine and were either used for flow cytometry or seeded in a 12- 24- or 96-well
cell culture plate at a required density. After 2h, non-adherent cells were removed and

remaining macrophages were harvested and analyzed or used for further experiments.
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6. Evaluation of apoptosis and efferocytosis in vivo and in
vitro

6.1 Invivo analysis: lesion apoptosis and efferocytosis quantitation

Apoptosis and efferocytosis in the aortic root cryosections were analyzed by confocal
immunofluorescence microscopy. Serial 10 um thick proximal aortic cryosections were
stained with TUNEL (Tdt-Mediated dUTP Nick end Labeling) using the TMR red detection
kit (Roche) according to the manufacturer instructions. Briefly, sections were fixed with 2%
diluted neutral buffered formalin solution, permeabilized with a fresh prepared buffer
containing Triton X-100 (0.1% v/v) in sodium citrate (0.1% w/v) and stained with TUNEL
TMR red for 1 h at 37°C. Subsequently, sections were blocked with BSA solution (1.0 %
v/v in PBS) and then incubated with anti-mouse MOMA-2 rat antibody (1:100 (v/v), Santa
Cruz Biotechnology, Heidelberg, Germany), overnight at 4°C. After washing, sections were
incubated with goat anti rat IgG DyLight 488 (1:300 (v/v), Novus Biologicals, Centennial,
CO) for 1 h at room temperature and protected from light. Slides were mounted with 4',6-
diamidino-2-phenylindole (DAPI) containing mounting media for nuclear counterstaining.
Images were acquired using the Leica TCS SP2 confocal microscope (Leica, Wetzlar,
Germany), and then processed by at least two different operators using Fiji open-source

image processing software??

. The TUNEL positive nuclei were quantitated and normalized
to the lesion area. In lesions where the TUNEL stain was condensed, fragmented, and/or
faded, the average area of healthy DAPI-stained nuclei was used as reference to quantitate
TUNEL positive signals. The free versus macrophage-associated TUNEL stain in the same
sections were quantitated as described*???" and accordingly expressed. TUNEL positive
nuclei were counted as free when they were not associated with or in close proximity to

viable macrophages that were detected as clearly MOMA-2 stained macrophage cytoplasm

surrounding a DAPI-stained nucleus.
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6.2 Invitro analysis

6.2.1 Flow cytometry assessment of apoptosis and efferocytosis

Annexin binding was used as an indicator of macrophage apoptosis. Peritoneal macrophages
isolated as described above and seeded in a 24-well plate at a density of 2.5 x 10° cells/mL
were incubated in DMEM supplemented with FBS (10.0 % v/v) and exposed for 24 h to
thapsigargin (0.5 pmol/L) and fucoidan (25 pg/mL) or AcLDL (100 pg/mL) and ACAT
inhibitor Sandoz 58-035 (10.0 pg/mL). For determination of the Annexin V binding
macrophages were detached from plate by scraping and re-suspended in a buffer containing
NaCl (140 mmol/L), Hepes (10 mmol/L) and CaClz (2.5 mmol/L). Annexin V-FITC (Bender
Med-Systems Diagnostics, Vienna, Austria) was added for 30 min at room temperature
according to the supplier instruction. Flow cytometric measurements of Annexin V binding
were performed on CyFlow Space flow cytometer (Sysmex Partec).

Necrotic cells were detected by counterstaining with propidium iodide (PI). For the
assessment of efferocytosis, RAW 264.7 murine macrophages were seeded onto 6 well plate
at the density 1 x 10° cells/well. Adherent cells were labelled with calcein-AM (1.0 pmol/L,
BioLegend) for 30 min and washed twice with PBS to remove dye excess. Apoptotic cells
were generated by incubating RAW 264.7 cells with staurosporine (10.0 umol/L) in serum-
free DMEM for 16 - 18 hours. Under these conditions the efficiency of apoptosis exceeded
90% as tested by Annexin-V staining. Apoptotic cells were collected by scraping, washed in
PBS, and re-suspended in serum-free DMEM (1 x 10° cells/mL).

Peritoneal macrophages were isolated as described above, seeded on 12-well plate at density
of 0.5 x 10°¢ cells/well, and starved overnight in DMEM containing 0.1% (v/v) FBS.
Afterwards, cells were washed with PBS and overlayed with apoptotic RAW 264.7 cells at
ratio 1:1 (cell/cell). After incubation for 30 minutes at 37°C, the medium was removed,

peritoneal macrophages rinsed twice with ice cold PBS and collected by scraping. The
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labelling with the APC-conjugated antibody against F4/80 was performed as described
above. The fraction of F4/80" efferocytotic (calcein-positive) cells was assessed by flow

cytometry (CyFlow Space).

6.2.2. Fluorimetric assays for caspases 3 and 12

Peritoneal macrophages exposed to thapsigargin or Ac-LDL were re-suspended in a
hypotonic cell lysis buffer, subjected to three freeze/thaw cycles, and centrifuged. Caspase
activities were measured in the supernatant, according to the manufacturer protocols, using
Ac-DEVD-AFC, LEHD-AFC and ATAD-AFC (380(ex)/500(em) nm), as substrates for
caspases-3, -9 and -12, respectively (all from BioVision, Milpitas, CA). Fluorescence was
determined using a LS70 spectral fluorimeter (PerkinElmer, Rodgau, Germany). Data were

expressed as relative fluorescence units (RFU) adjusted for the sample protein content.

7. Analysis of gene expression by real-time gquantitative
RT-PCR or microarray and pathway analysis

Total RNA was isolated from peritoneal macrophages or monocytes using Trizol reagent
(ThermoFisher Scientific) according to manufacturer protocol. RNA was eluted in RNAse
free water and quantified using BioPhotometer (Eppendorf, Hamburg, Germany). The entire
cDNA was synthesized from 1.0 pg of total RNA using RevertAid H Minus First Strand
cDNA Synthesis Kit (ThermoFisher Scientific). PCR products were detected using
ABI7900ht sequence detection system (Applied Biosystems, Darmstadt, Germany) in a 384-
well format, using SYBR™ Green PCR master mix (ThermoFisher Scientific). PCR primer

sequences are shown in Table 1.
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Relative gene expression was calculated by applying the 224t method. Briefly, the threshold

cycle number (Ct) of target genes was subtracted from the Ct of GAPDH (Cthousekeeping) and

raised to the 2nd power of this difference.

Gene Forward (5'-3") Reverse (5'-3")
Slplr | TTCCATCTGCTGCTTCATCATCC | GGTCCGAGAGGGCTAGGTTG
Abcal | GGACATGCACAAGGTCCTGA CAGAAAATCCTGGAGCTTCAAA
Lxro | AGGAGTGTCGATTCGCAAA CTCTTCTTGCCGCTTCAGTTT
Abcgl | CTGAAAAGAATGGGTGTTGG ACCTGGACAGGAAAGAATCC
ApoE | GTTTCGGAAGGAGCTGACTG TGTGTGACTTGGGAGCTCTG
1I-5 | CTGGCCTCAAACTGGTAATG TGAGGGGGAGGGAGTATAAC
Arg-1 | CGATTCACCTGAGCTTTGAT AAGCCAAGGTTAAAGCCACT
Pu.1 | CCTACATGCCCCGGATGTGC TGCTGTCCTTCATGTCGCCG
Irf8 | AGACCATGTTCCGTATCCCCT CACAGCGTAACCTCGTCTTCC
KIf4 | TCAAGTTCCCAGCAAGTCAG AAACTTCCAGTCACCCCTTG
Lgmn | TGCTACCAGGAGGCTGTAAC TTGTCCATGGCCATCTCTAT
Axl-1 | GAAGGTCAGCTCAATCAGGA GTCAGAGCCCTGAAAACAGA
MertK | CGCCAAGGCCGCATT TCGGTCCGCCAGGCT
Egrl | ACAGCAGTCCCATCTACTCG CTCCCTGTTGTTGTGGAAAC
Clebpa | GCGGGAACGCAACAACATC GTCACTGGTCAACTCCAGCAC
Hmox-1 | TGATGGCTTCCTTGTACCAT CTCGTGGAGACGCTTTACAT
Cd163 | GCAAAAACTGGCAGTGGG GTCAAAATCACAGACGGAGC
Fizz | CCAATCCAGCTAACTATCCCTCC | ACCCAGTAGCAGTCATCCCA
Bcl-6 | CACACCCGTCCATCATTGAA TGTCCTCACGGTGCCTTTTT
Mafb | GAGCGAGCAGAGTTTCAGTC AGCTTGCTGCTACCTTCTCA
Ym-1 | CCAGCAGAAGCTCTCCAGAAGCA | TGGTAGGAAGATCCCAGCTGTACG
Gapdh | CTGGAGAAACCTGCCAAGTA TGTTGCTGTAGCCGTATTCA
Ccr2 | ATTCTCCACACCCTGTTTCG GATTCCTGGAAGGTGGTCAA
Ccr5 | ATCCTGCCTCTACTTGTC CTCTTCTTCTCATTCCTACAG
Vla4 | GTCTTCATGCTCCCAACAGC ACTTCTGACGTGATTACAGGAAGC
Psgl-1 | CTTCCTTGTGCTGCTGACCAT TCAGGGTCCTCAAAATCGTCATC

Table 1: PCR Primer sequences

For gene expression by microarrays, the peritoneal leukocytes were isolated as described

above and seeded on a 24-well plate at density 4 x 10° cells/mL. After 2h non-adherent cells

were removed and macrophages covered with RNeasy Lysis Buffer (RLT buffer, Qiagen,

Venlo, The Netherlands). RNA was isolated using RNeasy Micro kit (Qiagen) according to

the instruction of the manufacturer. The concentration and purity of RNA was analyzed on

BioPhotometer. RNA integrity was assessed with the Agilent 2100 Bioanalyzer (Agilent

Technologies Inc., Palo Alto, California). After cRNA labeling and hybridization to the
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Illumina HT-8 expression bead chips, microarrays were scanned on an iScan array scanner
(Illumina, SanDiego, CA) and raw array data were processed and background-subtracted in
Illumina GenomeStudio. Further analysis was performed using the Chipster open source
platform??®, Expression values were quantile normalized and log2-transformed using the
Bioconductor package ‘lumi’ implemented in Chipster. Statistical comparison between the
sample groups was done within Chipster using the empirical Bayes method??® and the
Benjamini-Hochberg (BH) multiple-testing correction of the raw p-values. FDR threshold
of 5% (q <0.05) was used for filtering differentially expressed genes.

The microarray data have been deposited in the ArrayExpress database at EMBL-EBI
(www.ebi.ac.uk/arrayexpress) under accession humber.

Pathway analysis?*° to identify enriched pathways and processes was performed online
(www.metascape.org), using default parameters. For genes with >2-fold upregulation in
S1prl-LysMCre mice, pathway and process enrichment analysis has been carried out with
the following ontology sources: GO Biological Processes, KEGG Pathway, Reactome Gene
Sets and CORUM. All genes in the genome have been used as the enrichment background.
Terms with a p-value < 0.01, a minimum count of 3, and an enrichment factor > 1.5 (the
enrichment factor is the ratio between the observed counts and the counts expected by
chance) were collected and grouped into clusters based on their membership similarities.
More specifically, p-values were calculated based on the accumulative hypergeometric
distribution, and g-values were calculated using the Banjamini-Hochberg procedure to
account for multiple testing. Kappa scores were used as the similarity metric when
performing hierachical clustering on the enriched terms, and sub-trees with a similarity of
>0.3 were considered a cluster. The most statistically significant term within a cluster was

chosen to represent the cluster.

41



Materials and Methods

For the in silico gene expression profiling the ImmGen consortium?! data and browsers
were used, which were developed as an open resource supported by the National Institute of
Allergy and Infectious Diseases (Bethesda, MD, www.immgen.org). InmGen Gene Skyline
tool allows extracting the expression profiles of a selected gene in a group of cell types,
basing on fully validated microarray datasets. We here searched for Lyz2 (lysozyme) or
Emrl (F4/80) gene expression in "Key populations” data group, or in "Stem and progenitor
cells" and "Macrophages (MFs), Monocytes, Neutrophils™ for specific subset evaluation.
Display settings provide a bar graph with linear scale of expression on x axis and various

cell populations on y axis.

8. Western Blotting

Peritoneal macrophages were collected, centrifuged, and lysed on ice in RIPA buffer
supplemented with protease inhibitor (Complete, Roche). Protein concentration was
estimated for each cell lysate using BCA protein assay (ThermoFisher Scientific). Following
protein concentration determination, 40 pg/lane of the prepared protein samples were loaded
and run on an SDS-polyacrylamide gel electrophoresis. Thereafter, proteins were transferred
onto a PVDF membrane (BioRad Laboratories, Munchen, Germany) which was then
blocked 1 hours with 5% non-fat dry milk in Tris-buffered saline containing 0,1% Tween-
20 (TBS-T) prior to incubations with antibodies. SIP1/EDG-1 (Novus Biologicals), p-
P70S6K (Thr 389, Cell Signaling) and CHOP (9C8, Novus Biologicals) specific rabbit
primary antibodies, and an anti-rabbit 1gG horseradish peroxidase-conjugated (BioRad
Laboratories) were used to incubate the blots. An anti-p-actin-peroxidase antibody (Sigma-
Aldrich) and P70S6K (Bio-Techne) were used to visualize actin or p70s6k as a control
protein. Antibody binding visualization was obtained by enhanced chemi-luminescence

(Western Lightning ECL Pro, Perkin Elmer), according to the manufacturer's instructions.
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9. Leukocyte differential count and immunophenotyping

Differential leukocyte count was performed on an automated hematology analyzer (XN1000,
Sysmex Deutschland GmbH, Norderstedt, Germany) in a routine hospital laboratory.

Blood and peritoneal leukocytes were immunophenotyped by flow cytometry as described
previously. FITC-, PE-, APC-, or APC/Cy7-labeled monoclonal antibodies against surface
markers on macrophages (F4/80, MHCII, CD86, CD93, CD206, CD115, Dectin-1, MerTK,
AXL-1, CD244, CD226) or monocytes (CCR2, CCR5, PSGL-1, LFA-1, VLA-4, VLA-1)
were purchased from ThermoFisher Scientific or BioLegend (Fell, Germany). For each
FACS staining 2 x 10° cells were incubated with antibody dilutions (0.25 pg for each
antibody) in PBS with FBS (1.0 % v/v) for 30 minutes at 4°C. Cells were fixed for additional
30 minutes with formaldehyde (0.5% v/v). Afterwards, cells were centrifuged for 10
minutes, washed one time in PBS and analyzed on a CyFlow Space flow cytometer (Sysmex
Partec, Minster, Germany). For the surface S1P; detection leukocytes were stained with
antibody against EDG1 (1:50, Biorbyt, Cambridge, UK) for 30 minutes at 4°C. After
washing, cells were incubated for additional 30 minutes with a secondary antibody (donkey
anti-rabbit Alexa Fluor 647, 1:60) and anti-CD11b-PE or anti-F4/80-PE to identify
monocytes or macrophages, respectively. Afterwards, cells were analyzed by flow
cytometry. For intracellular staining, blood monocytes or peritoneal macrophages were
processed using Fix&Perm Cell Permeabilization Kit (ThermoFisher Scientific) following
to recommendations of the manufacturer. Briefly, cells were stained with antibodies with
CD11b-APCCy7 (for monocytes) and F4/80- APC (for peritoneal macrophages) as
described above and incubated in the Fixation Medium (Medium A) for 30 min at room
temperature. Thereafter, cells were washed with PBS (1x) and the Permeabilization Medium
(Medium B, 2x), resuspended in 50 pl of Medium B, which included antibody against IRF8

(PE-conjugated, 0.25 pg/test, ThermoFisher Scientific) and PU1l (Alexa Fluor488-
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conjugated, 0.25 pg/test, Biolegend). The labelling was carried out in room temperature in
the dark for 30 minutes. Subsequently, the cells were washed, centrifuged, resuspended in

PBS supplemented with FBS (1,0% v/v) and analyzed by flow cytometry as described above.

10. Cyto/chemokines determination

Cytokine (IL10, IL-4, IL-1RA, IL-5) and chemokine (CCL22) levels were quantified in
mouse plasmas and supernatants of peritoneal macrophages by commercially available

ELISA (Bio-Techne).

11. Flow cytometry assessment of kinase activities

Peritoneal leukocytes were isolated as described above and seeded in a 24-well plate at a
density of 4,0 x 10° cells/mL. After removal of non-adherent cells macrophages were
incubated for 0, 60 or 120 minutes in DMEM containing or not S1P (1.0 pmol/L).
Subsequently, cells were fixed with pre-warmed BD Phosflow™ Lyse/Fix Buffer | (BD
Biosciences, Heidelberg, Germany) for 15 minutes at 37°C. Cells were detached using cell
scraper, washed, and permeabilized for 30 minutes at room temperature with BD
Phosflow™ Perm/Wash Buffer | (BD Biosciences). Afterwards, cells were stained with anti-
F4/80 (APC- or FITC-conjugated, 5.0 pg/mL), anti-phospho-STAT6 (Tyro 641, PE-
conjugated, 0.25 pg/mL), anti-phospho-STAT3 (Tyro 705, Alexa Fluor488 -conjugated,
0.25 pg/mL, all from BiolLegend) or anti-phospho-AKT (PE-conjugated, 0.25 pg/mL,
Miltenyi Biotec, Bergisch Gladbach, Germany) for 30 minutes at room temperature. After
washing macrophages were re-suspended in BD Phosflow™ Perm/Wash Buffer | and

analyzed using CyFlow Space flow cytometer (Sysmex Partec).
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12. Determination of the cellular cyclic AMP (cAMP)
concentration

Quantification of intracellular cAMP was performed using a DetectX Cyclic AMP Direct
EIA Kit (Arbor Assays, Ann Arbor, MI), according to the manufacturer instructions. Briefly,
peritoneal macrophages were isolated as described above, seeded in a 48-well plate (4.5 x
106 cells/mL) and incubated with 3-isobutyl-1 methyl xanthine (IBMX, Sigma Aldrich, 0.2
mmol/L) for 30 minutes. After treatment, cells were exposed S1P (1.0 pmol/L) for additional
30 minutes. Cell media were aspirated, and cells were washed with ice-cold PBS. Adherent
cells were treated directly with the sample diluent provided by the manufacturer for 10
minutes at room temperature. Cell lysates were precleared by centrifugation (600 x g, 4°C,
15 minutes) and used for EIA as suggested by the manufacturer. The optical density was
determined spectrophotometrically at 450nm (FIuoSTAR Optima, BMG Labtech,

Ortenburg, Germany). Samples were analyzed in duplicate to ensure consistency of reading.

13. Determination of protein kinase A (PKA) activity

The PKA activity was determined using the PepTag Assay (Promega, Mannheim, Germany)
according to the protocol provided by the manufacturer. Briefly, peritoneal macrophages
were isolated as described above, seeded on 24-well plate at density of 1 x 10°¢ cells/mL and
incubated with or without S1P (1.0 umol/L) for 2 h. The cells were washed and suspended
in PKA extraction buffer containing Tris-HCI (25.0 mmol/L, pH 7.4), EDTA (0.5 mmol/L),
EGTA (0.5 mmol/L), B-mercaptoethanol (10.0 mmol/L), leupeptin and aprotinin (each 1.0
pug/mL). After homogenization the lysates were precleared by centrifugation (14000 x g, 5
min, 4°C) and incubated with PKA assay buffer, PKA activator (CAMP, 1.0 umol/L) and

PKA substrate (PepTag® Peptide A, 2.0 pg) for 2h at room temperature. The reaction was
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stopped by heating the probes (10 minutes, 95°C). Two forms of PKA substrate
(phosphorylated and non-phosphorylated) were separated on agarose gel (0,8% (v/v) in 50.0
mmol/L Tris-HCI, pH 8,0) and visualized under UV light. The phosphorylated peptide form
was excised from the gel, solubilized using the acidified gel solubilization solution provided
by the manufacturer, and its amount was quantified by measuring the absorbance at 570 nm.
The negative control containing the PepTag® Peptide A but no kinase was used to determine

the exact molar absorptivity of the dye.

14. Cell cholesterol efflux assay

Peritoneal macrophages were seeded in 48-well plates at a density of 3,5 x 10° cells/mL and
incubated for 24 h in DMEM containing FBS (10.0 % v/v) and 2 mmol/L glutamine. Cells
were labeled with 2.0 uCi/mL [1,2-3H]-cholesterol (Perkin Elmer) in DMEM containing
FBS (1.0 % v/v) for 24 hours. Subsequently, cells were treated for 18 hours with 22-(R)
hydroxycholesterol (22-OH, 5 pg/mL) and 9-cis retinoic acid (9cRA, 10 umol/L) or
desmosterol (50 pg/mL, Biomol, Hamburg, Germany) in DMEM containing bovine serum
albumin (BSA, 2.0 % v/v) and the ACAT inhibitor Sandoz 58-035 (2.0 ug/mL) to prevent
cellular accumulation of cholesteryl ester. Cholesterol efflux was induced by adding apoA-
[(10.0 pg/mL) or HDL (12.5 pg/mL) for 4 hours. Afterwards, 100 pL of efflux medium was
added to scintillation vials containing 4 mL of scintillation cocktail (Ultima Gold, Perkin
Elmer) and counted for the radioactivity using beta scintillation spectrometer. Total
cholesterol was extracted from macrophages with 0.6 ml of 2-propanol. Lipid extracts were
dried under N2, resuspended in 1 ml of toluene, and their [*H]-cholesterol content was
quantified by liquid scintillation counting. Cholesterol efflux was expressed as a percentage
of the radioactivity released into the medium over the total radioactivity incorporated by

cells.
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15. Monocytes
15.1 Flow cytometry assessment of VCAM-1, ICAM-1 and P-
Selectin binding on monocytes

Whole blood was anti-coagulated with EDTA, erythrocytes were lysed as described above
and suspended in PBS. Cells were exposed for 4 h at 37°C to TNFa (20.0 ng/mL, PeproTech,
Hamburg, Germany) and then incubated for additional 10 minutes at 37°C with 10.0 ng/mL
of recombinant chimera proteins comprising human immunoglobulin Fc region and murine
VCAM-1 (VCAM-1/Fc), murine ICAM-1 (ICAM-1/Fc) or murine P-selectin (P-
selectin/Fc). All chimeric proteins were obtained from Bio-Techne (Wiesbaden, Germany).
After washing, cells were stained with PE-conjugated antibodies against human 1gG1
(BioLegend) and APC/Cy7-conjugated antibodies against CD11b (ThermoFisher
Scientific). Binding of ICAM-1, V-CAML1 or P-Selectin to monocytes was assessed by flow

cytometry (CyFlow Space, Sysmex Partec, Munster, Germany).

15.2 Monocyte adhesion assay

Murine endothelial cell line bEnd.5 was a generous gift of Dr. Sigrid Marz, Max-Planck-
Institute for Molecular Medicine, Munster, and was maintained in DMEM supplemented
with glutamine (2.0 %, v/v), sodium pyruvate (1.0 %, v/v), non-essential amino acids (1.0%,
viv), FBS (20.0 %, v/v), and endothelial cell growth supplement (Promocell, Heidelberg,
Germany). Monocytes were isolated from mouse blood using EasySep monocyte isolation
kit as described above, labeled for 30 min at 37°C with calcein-AM (1.0 umol/L, Sigma-
Aldrich), and added at a number of 10° cells/mL to a confluent bEnd.5 monolayer on 8-well
chamber slides (ThermoFisher Scientific) for 30 min. under gentle rocking as described
previously?®?. Non-adherent cells were removed thereafter by rinsing plates 3 times in PBS

and the number of adherent cells was counted (>5 fields per cover slip) under fluorescence
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microscope Eclipse Ti (Nikon Instruments Europe BV, Amsterdam, The Netherlands)
equipped with a digital camera CoolSNAP HQ2 (Roper Scientific GmbH, Martinsried

Germany).

15.3 Monocyte migration assay

Chemotaxis was analyzed as previously described 23, Briefly, monocytes were isolated from
mouse blood using EasySep isolation kit as described above and resuspended in medium at
a concentration of 0.5 x 10® cells/ml. Subsequently, monocytes were placed to the upper
wells of a 48-well (Boyden) chemotactic chamber (NeuroProbe, Gaithersburg, MD) and
allowed to migrate towards RANTES (5.0 ng/mL) or MCP1 (10.0 ng/mL), which were
added to the lower wells of the chamber. Upper and lower wells were separated by a
polyethylene terephthalate (PET) membrane (pore size 5 pm, Whatman, Dassel, Germany).
The cells were allowed to migrate for 90 minutes in a humidified incubator at 37°C.
Adherent cells on polycarbonate membrane were fixed for 10 min using absolute ethanol
and stained with Giemsa dye. The non-migrated cells from the upper side of the membrane
were scraped off gently with a cotton bud. Migrated cells were quantified by counting cells

in five high-power fields (20 x primary magnification) of four different wells per condition.

16. Statistical analysis

Data are presented as means = S.D. for at least three separate experiments or as results
representative of at least three repetitions. Comparisons between the means of two groups
were performed with Mann-Whitney test. Comparisons between the means of multiple
groups were performed with Kruskal-Wallis test or two-way ANOVA. Pairwise post-hoc
comparisons were performed with Connover test or Holm-Sidak test. p values less than 0.05

were considered significant.
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17. Slprl-LysMCre and  Slprl-F4/80Cre  mice
overexpress S1P; in monocyte/macrophage lineage

To amplify S1P1 signaling in selected target cells, double transgenic mice expressing murine
S1P; in the monocyte/macrophage lineage were constructed by crossing two lines. The
S1prl-KI line carries a transgenic cassette in the Rosa 26 locus, which harbors the murine
S1P; cDNA. It is separated from the CAG promoter by a lox-Stop-lox insert (Figure 1A).
S1prl-KI mice were either crossed to LysMCre or to F4/80Cre mice, which express the Cre
recombinase under control of the lysozyme M promoter or the F4/80 promoter, respectively.
In double transgenic mice, the lox-Stop-lox insert is excised only in Cre-expressing cells,
which induces cDNA expression driven by the CAG promoter. In silico analysis of the
lysozyme M and F4/80 expression patterns using the ImmGen Skyline tool, predicted the
highest activity in monocytes, macrophages and neutrophils for the lysozym M promoter

and in macrophages for the F4/80 promoter, as shown in Figure 1B.
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Figure 1. Generation of Slpl-LysMCre or S1pl-F4/80Cre mice and characterization of S1P:
overexpressing monocytes and macrophages - A. Schematic representation of the targeting vector prior to
(top) and following (bottom) Cre recombinatioan. The excision of a floxed blocking element activates pCAG
promoter and produces S1P1 expression B. Predicted LysM and F4/80 promoter activities in myeloid cells as
determined using the ImmGen Skyline tool.
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Consistent with this prediction, enhanced S1P; expression was observed by RT-PCR and
WB in S1prl-LysMCre or S1prl-F4/80Cre mice in peritoneal macrophages (PM), but not in
spleen lymphocytes. By contrast, only Slprl-LysMCre but not Slprl-F4/80Cre mice
showed increased S1P; expression in monocytes (Figure 2A). In addition, a 3- to 6-fold
increase in S1P1 expression on the macrophage cell surface was noted in both double

transgenic lines (Fig. 2B).
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Figure 2. Characterization of S1P1 overexpressing monocytes and macrophages - A. PM were collected from
S1prl-KI (Ctrl), S1prl-LysMCre (Lys-Cre) or S1prl-F4/80Cre (F4-Cre) fed Chow diet (ChD). Expression of
S1P; was analyzed by qPCR, in PM, T-cell and monocytes. mMRNA levels were normalized to GAPDH. Protein
extracts from PM were subjected to Western Blotting with an anti-S1P; antibody. Blots were stripped and re-
probed with an antibody to B-actin. Blots are representative for one experiment out of two. B. Cell surface
staining for S1P; was analyzed by flow cytometry. Data represent means £ SD from 8 to 14 determinations.
*p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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18. S1P; overexpression retards atherosclerosis and
alters plague composition

Atherosclerotic lesions were quantified in Ldl-r”- mice transplanted with BM from S1pr1-
Kl, S1prl-LysMCre or S1prl-F4/80Cre mice and placed on an atherogenic western diet for
14 weeks. Lesion areas were profoundly reduced in aortic roots (~50%) and brachiocephalic
arteries (~90%) in S1prl-LysMCre transplanted mice (Figure 3A and B). By contrast, they
were modestly reduced in aortic roots and roughly halved in brachiocephalic arteries from
S1prl-F4/80Cre chimeras (Figure 3A and B). In addition, necrotic core formation was
reduced in Slprl-LysMCre and S1prl-F4/80Cre transplanted mice (Figure 3C).
Immunochemical analysis of aortic root lesions yielded an increase of CD68-positive
macrophage content in S1prl-LysMCre but not in S1prl-F4/80Cre chimeras (Figure 3D).
Conversely, the plaque collagen content as assessed by PicroSirius Red staining was lower

in S1prl-LysMCre- but not in S1prl-F4/80Cre-transplanted mice (Figure 3E).
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Figure 3. S1P1 overexpression in macrophages and monocytes retards atherosclerotic lesion
development and alters plaque morphology in Ldl-r" mice - Aortic root and brachiocephalic arteries
obtained from Western diet-fed LDL-R-/- mice transplanted with S1pr1-KI (Ctrl, n=11), S1prl-LysMCre (Lys-
Cre, n=10) or S1pr1-F4/80Cre (F4-Cre, n=10). A and B. Representative Oil Red O stainings of lesions in aortic
roots (A) and brachiocephalic arteries (B) and quantification of lesion areas (bar graphs). C to E.
Photomicrographs showing Movat pentachrome (C), CD68 (D) or PicroSirius Red (E) stainings. Bar graph
shows the necrotic core extent or the macrophage or collagen content in plaques expressed as the percentage
of lesion area. *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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19. S1P; overexpression in macrophages activates PU.1
and IRF8

To characterize the transcriptional response to S1P: overexpression, gene expression
profiling on PM was performed using oligonucleotide microarrays. Expression levels of
several genes involved in M2 macrophage polarization were significantly increased in cells
from S1prl-LysMCre mice (Figure 4: left graphic). These findings were corroborated in a
pathway and process enrichment analysis using Metascape. Upregulated transcripts (>2-
fold) in macrophages from Slprl-LysMCre mice revealed significant enrichment for M2
phenotype-associated functions, such as wound healing. Cell chemotaxis was also identified

as the top scoring term in the enrichment analysis (Figure 4: right graphic).
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Figure 4. Gene expression in PM from Lys-Cre and Ctrl mice on ChD (n =5 for each group) assessed
with microarrays- Left graphic — gene expression pattern related to macrophage polarization. Note elevated
expression of genes controlled by PU.1 and IRF8 (Csflr, Clec7a, KIf4, Mrcl) and LXR (Pltp, Ch25h, Apoe)
in Lys-Cre mice. Right graphic — Upregulated transcripts in Lys-Cre mice related to various cell functions.
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Since these genes are directly or indirectly controlled by IRF8 and PU.12%423 the effect of
S1P: overexpression on these two transcription factors was assessed both in mice fed ChD
or WD. mRNA and protein levels of IRF8 and PU.1 were increased in PM from S1prl-
LysMCre and S1prl1-F4/80Cre mice (Fig. 5A and B). In addition, an elevated expression of

several atheroprotective genes coordinately regulated by PU.1 and IRF8%3¢ was detected in

cells overexpressing S1P; (Fig. 5C).
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Figure 5. S1P1 overexpression in macrophages enhances expression and activation of PU.1 and IRF8 - PM
were collected from either S1pr1-KI (Ctrl, n=10-12), S1prl-LysMCre (Lys-Cre, n=9-12) or S1prl-F4/80Cre
(F4-Cre, n=10-12) fed Chow diet (ChD) or Ldl-r’- mice transplanted with S1pr1-KI (n=10), S1prl-LysMCre
(n=9) or S1prl-F4/80Cre (n=9) BM and fed Western diet (WD). A. PU.1 and IRF8 expression analyzed by
gPCR. mRNA levels normalized to GAPDH and presented relative to S1prl-KI. B. Intracellular staining for
PU.1 and IRF8 in macrophages from mice on ChD analyzed by flow cytometry (n=5 for each group). Bar
graphs show fluorescence intensity medians. C. Expression of PU.1 and IRF8 signature genes analyzed by
gPCR. mRNA levels were normalized and presented as described above. *p<0.05, **p<0.01, ***p<0.001 (Lys-

Cre vs. Ctrl or F4-Cre vs. Ctrl).
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Notably, S1P:-overexpressing cells showed an increased surface presence of MHC-II and
CD115 (Fig. 6A), which promoters are canonical targets of PU.1-mediated transactivation.
An increased MHC-I1 and CD115 mRNA expression levels were also observed in aortas

from these animals (Fig. 6B).
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Figure 6. S1P1overexpression in macrophages enhances expression of MHCII and CD115 -A. Cell surface
staining for CD115 and MHC-II analyzed by flow cytometry (n=10 for each group). Bar graphs represent
percent CD115*/F4/80* and MHC-11*/F4/80* macrophages. B. CD115 and MHCII mRNA expression in aortas
of WD-fed LdI-r"- mice receiving S1prl-KI, S1prl-LysMCre or S1prl-F4/80Cre BM. §p<0.1, *p<0.05,
**p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

20. S1P; overexpression promotes M2 phenotype in
macrophages

Transcription factors KIf4 and MafB control the development of the anti-inflammatory M2
phenotype®3"238, As expression of both was elevated in S1P1-overexpressing macrophages,
we next investigated M2 macrophage polarization markers in S1Pi-knock-in mice. The
enhanced expression of prototypical M2 genes resistin-like a (Rentla, Fizz1), chitinase 3-
like 3 (Chi3I3, Ym1), hemoglobin scavenger receptor (CD163), and heme oxygenase-1

(HMOX1) was detected in PM from S1prl-LysMCre and S1pr1-F4/80Cre mice (Fig. 7).
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Figure 7. M2 macrophage polarization markers — PM were collected from either S1prl-KI (Ctrl, n=10-12),
S1prl-LysMCre (Lys-Cre, n=9-12) or S1prl-F4/80Cre (F4-Cre, n=10-12) fed Chow diet (ChD) or Ldl-r”- mice
transplanted with S1pr1-KlI (n=10), S1prl-LysMCre (n=9) or S1prl-F4/80Cre (n=9) BM and fed Western diet
(WD). Expression of M2a signature genes analyzed by qPCR. mRNA was normalized to GAPDH and
presented relative to S1prl-KI. **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

In addition, these cells showed increased expression of the M2a subset marker mannose

receptor 1 (CD206). By contrast, M1 polarization markers CD86 and CD93 were

downregulated in PM overexpressing S1P; (Fig.8).
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Figure 8. S1P1 overexpression in macrophages promotes M2a functional polarization— Cell surface staining
for CD206 (M2a marker) and CD86 and CD93 (M1 markers) analyzed by flow cytometry. Bar graphs
representing % of CD206*/F4/80*, CD86*/F4/80* and CD93*/F4/80* macrophages. (n=10 for each mouse
group fed with different type of diet); *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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To further elucidate the functional characteristics of PM from S1prl-LysMCre and S1prl-
F4/80Cre mice, M2 cytokines were measured in cultured macrophage supernatants. As
shown in Figure 9, production of IL-10, IL-1RA and IL-4 was increased in PM from S1prl-
LysMCre and S1prl-F4/80Cre mice both on Chow and Western diet. In parallel, an elevated

plasma levels of IL-10, IL-1RA and IL-4 were detected in mice on Western diet (Fig.9).
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Figure 9. Anti-inflammatory M2 cytokines production— PM were incubated for 24 h in media containing 1%
FCS or 10% FCS (ChD-fed mice, n=6 for each group). Cytokines in media (contained 10% FCS) and plasmas
from WD-fed mice (n=10 for each group) were determined by ELISA. * - p<0.05, ** - p<0.01, *** - p<0.001
(Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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Moreover, mMRNA levels of M2 markers CD163 and IL-10 were increased in the aortic arch

of LdI-r”- mice transplanted with S1pri-LysMCre or S1pr1-F4/80Cre BM (Fig. 10).

4 c r
= 6 (=} 4 ok
o ok -
nh e 7.} E 34
w o 44 Uwm
o ~ U
Uao [= =
- o 24
g3 X2
Vo 2] n= 1 T
° (=]
Se —<
D! o o

Ctr
Lys-Cr
F4-Cr

Figure 10. Expression of I1L-10 and CD163 genes analyzed by gPCR. mRNA was normalized to GAPDH and
presented relative to S1prl-KI. *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

21. S1P; overexpression leads to Ly6CM monocyte subset
expansion

As PU.1, IRF8 and KIf4 promote the expansion of the Ly6C" monocyte subset?**?%®, their
expression was assessed in monocytes from S1Pi-knock-in mice. As shown in Figure 11A,
S1P;-overexpressing monocytes from S1prl-LysMCre mice showed increased mRNA of all
three transcription factors and increased PU.1 and IRF8 protein levels (Fig.11B).
Consequently, the Ly6C" monocyte population was expanded in blood from Sipril-

LysMCre but not S1pr1-F4/80Cre or S1pr1-KI mice (Fig. 11C).
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Figure 11. S1P1 overexpression in monocytes expands Ly6C" monocyte subset — A. PU.1, IRF8 and KIf4
MRNA expression levels (n = 5 for each group) were normalized to GAPDH and presented relative to S1prl-
KI. B. Intracellular and surface protein levels of PU.1 and IRF8 were analyzed by flow cytometry. Bar graphs
show fluorescence intensity medians. C. Cell surface staining for Ly6C and CD115 analyzed by flow
cytometry. Bar graphs represents % of Ly6¢c*/CD115" monocytes (n = 10 for each group). *p<0.05, **p<0.01
(Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

Previous studies revealed that Ly6C" monocytes show altered expression of molecules
involved in migration and adhesion to endothelial cells®°. As shown in Figure 12A,
monocytes obtained from Slprl-LysMCre mice were characterized by an enhanced
expression of CCR5 (receptor for regulated and normal T cell expressed and secreted,
RANTES), but not CCR2 (receptor for monocyte chemoattractant protein-1, MCP-1) both

at mRNA and protein levels. Consequently, these monocytes migrated more effectively

towards RANTES but not MCP-1 as compared to control cells (Fig. 12B).

60



Results

575 L1 >315
§§4 - ES g: 1
- 1) [T
553 £6 €8
=2 T o =3
Yo > wno0.5
g1 @3 53 =
S o 0 O g 25 ose 300
5§56 10°10'10? 10° 555 2 2 :
23 CCRS-PE i3 S s 200{ | ‘
oo
g 10 100
S s
oo
c 2 10- 5 =
S~ >21.0 s 0
- - =2 & < < Y QYR
22 £38 ae o\\ﬁ‘,‘(‘ \\Qot(' > @6‘»6@"
Qo « o8 &5 ¥ ¥ Lo
83 £s £505/Q = & & o G
NE 22 SE W v
[« 4+ ! o
S olE% 0%§§ S
556 & 10°10'10° 10 555
23 CCR2-FITC 23

Figure 12. Evaluation of Ly6C" monocyte migration — A: CCR2 and CCR5 expression levels (n = 5 for each
group). mRNA was normalized to GAPDH and presented relative to S1prl-KI. Surface protein levels were
analyzed by flow cytometry; Bar graphs show fluorescence intensity medians. B: Monocyte chemotaxis
towards RANTES (5.0 ng/mL, left) or MCP-1 (10.0 ng/mL, right). Migrated cells in the basolateral
compartment of Boyden chamber were stained and counted. Data from two experiments (n = 4 — 10 for each
group). *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

With respect to adhesion-mediating molecules, monocytes from Slprl-LysMCre mice
showed increased expression of very late antigen 4 (VLA4) and P-selectin glycoprotein
ligand-1 (PSGL-1; Fig. 13A). This was paralleled by increased binding of VCAM-1 and P-
selectin, which are the partners for VLA4 and PSGL-1, respectively (Fig. 13B).
Nevertheless, any differences in term of capacity of monocytes to bind ICAM-1 and to
promote the relative expression of VLA were observed among the two experimental groups

(Fig. 13C).
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Figure 13. Evaluation of adhesion of Ly6C" monocyte— Monocytes were collected from either S1pri-KI
(Ctrl), S1pri-LysMCre (Lys-Cre) or S1prl-F4/80Cre (F4-Cre) mice fed Chow diet (ChD). A. VLA-4 and
PSGL-1 expression levels (n = 5 for each group). B. Chimeric Fc/VCAM-1 and Fc/P-selectin binding to
monocytes exposed for 4 h to TNFa. PE-conjugated antibody against human IgG1 was used for secondary
staining (n= 4 for each group). C. VLA-1 expression levels (n=5) and chimeric Fc/ICAM-1 binding to
monocytes after 4h to TNFa. PE-conjugated antibody against human 1gG1 was used for secondary staining
(n= 4 for each group). *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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In addition, an increased adhesion of Slprl-LysMCre monocytes to bEnd.5 cells was

observed when they were pretreated with TNFa(Fig. 14).
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Figure 14. Evaluation of adhesion of Ly6CM monocyte— Monocytes were collected from either S1pri-KI
(Ctrl), S1pri-LysMCre (Lys-Cre) or S1prl-F4/80Cre (F4-Cre) mice fed Chow diet (ChD). bEnd.5 murine
endothelial cells were stimulated with TNFa(50.0 ng/mL) for 4h. The adherence of calcein-loaded monocytes
was evaluated under a fluorescence microscope. Data from two experiments (n=8 for each group). *p<0.05,
**p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

22. S1Pi1 overexpression in macrophages activates LXRa

In addition to IRF8- and PU.1-controlled genes, PM from S1prl-LysMCre mice showed an
increased expression of LXR-dependent genes (Fig. 15A). Therefore, we analyzed the effect
of S1P:1 overexpression on LXR activity. We found elevated expression of LXRa and LXR
target genes including ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1),
arginase 1 (Argl) and IL-5 in PM from S1prl-LysMCre and S1prl-F4/80Cre mice (Figure
15A). In addition, expression of these genes was further upregulated in macrophages
overexpressing S1P: upon treatment with LXR ligands desmosterol or 22-

hydroxycholesterol with retinoic acid (220H/RA, Fig. 15B).
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Figure 15. S1P1 overexpression in macrophages enhances expression and activation of LXRa and its target
genes- PM were collected from either S1prl-KI (Ctrl n=10-12), S1prl-LysMCre (Lys-Cre, n=9-12) or S1lprl-
F4/80Cre (F4-Cre, n=10-12) fed Chow diet (ChD) or Ldl-r’- mice transplanted with S1pr1-KI (n=10), S1prl-
LysMCre (n=9) or S1prl-F4/80Cre (n=9) BM and fed Western diet (WD). A. Expression of LXRa and its
targets analyzed by g°PCR. mRNA was normalized to GAPDH and presented relative to S1prl-Kl. B. PM from
ChD-fed mice were incubated for 24h in media with desmosterol (Des 10 or 50 pumol/L) or 220H, 0.5 and 5.0
pHg/mL/ 9cRA 10uM. LXR signature genes were analyzed by qPCR. Data from two experiments (n = 4 — 6 for
each group). *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

Moreover, the expression of CD226 and CD244, two cell surface markers reflecting LXR

activation, was upregulated in macrophages from S1prl-LysMCre and S1pr1-F4/80Cre mice

(Fig.16).
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Figure 16: Additional phenotypic characterization of S1P1 overexpressing macrophages- Cell surface
staining for LXR activity markers CD244 and CD226 was analyzed by flow cytometry. Shown are
representative dot-blots and bar graphs representing % of CD2447/F4/80* and CD226*/F4/80* macrophages.
n=10 for each group. *p<0.05(Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

Because of the elevated LXR activity, S1P: overexpressing macrophages displayed
increased cholesterol efflux to apoA-I or HDL, which are acceptor molecules interacting

with ABCA1 and ABCG1, respectively (Fig.17).
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Figure 17: Evaluation of cholesterol efflux in macrophages overexpressing S1P:- PM obtained from ChD-
fed mice and loaded with [1,2-*H]-cholesterol (n =3 for each group) were incubated for 4h in media with apoA-
| (10.0 pg/mL) or HDL (12.5 ug/mL). Fractional efflux was calculated as 3H-radioactivity present in the
medium divided by the total radioactivity (medium plus cell).***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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In addition, these cells secreted more IL-5 in response to desmosterol or 220H/9cRA and

elevated IL-5 levels were found in plasmas from S1prl-LysMCre and S1pr1-F4/80Cre mice

(Fig. 18).
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Figure 18: S1P: overexpression in macrophages enhances IL-5 secretion- PM established in cell culture
were incubated for 24h in media containing desmosterol (Des, 50 pmol/L) or 220H 5.0 umol/L and 9cRA
10uM. IL-5 concentrations in cell media and plasmas from WD-fed mice were determined by ELISA. *p<0.05,
**p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).

23. S1P; overexpression in  macrophages inhibits
apoptosis and promotes efferocytosis

Since the expression of anti-apoptotic genes (Bcl6, MafB) was increased in S1Pi-
overexpressing macrophages, we next examined the macrophage propensity to undergo
endoplasmic reticulum (ER)-stress-induced apoptosis. To this purpose, as shown in Figure
19A and B respectively, the transmembrane phosphatidylserine shift and activity of the
major executor caspase 3 were determined in PM after ER stress induction with
thapsigargin/fucoidan or cholesterol loading. In addition, the caspase 12 activity (Fig. 19C)
and the expression of CCAAT-enhancer-binding protein homologous protein CHOP
(Fig.19D), which are induced by ER stress, were determined. As shown in Figure 19, all
apoptosis indicators were attenuated in macrophages from Slprl-LysMCre and Slprl-

F4/80Cre mice.
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Figure 19. S1P1 overexpression in macrophages inhibits ER-stress-dependent apoptosis - PM were collected
from either S1pr1-KlI (Ctrl, n=10-12), S1prl-LysMCre (Lys-Cre, n=9-12) or S1prl-F4/80Cre (F4-Cre, n=10-
12) fed Chow diet (ChD) PM from ChD-fed mice were exposed for 24h to thapsigargin/fukoidan (Thapsi, 0.5
pmol/L and 25.0 pg/mL) or acetylated LDL (AcLDL, 100.0 pg/mL). Bar graphs show percentage of apoptotic
(annexin-V-positive) cells (graph A) and caspase-3 activities (graph B). Data from two experiments (n=5-6
for each group). Caspase-12 activities (graph C) and CHOP expression (picture D) in PM exposed to
thapsigargin or AcLDL. Results representative for one experiment out of two. *p<0.05, **p<0.01, ***p<0.001

(Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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Moreover, the tendency towards lower caspase-3 activity in S1Pj-overexpressing

macrophages was reversed by Bcl6 inhibitor 79-6 or MafB inhibitor bortezomib (Figure 20).
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Figure 20. Effect of inhibitors of anti-apoptotic proteins on thapsigargin- or cholesterol-loading-induced
caspase 3 activity - PM obtained from ChD-fed mice were established in cell culture and incubated for 30 min
with 79-6 (50.0 umol/L) or bortezomib (100 nmol/L) prior to adding thapsigargin/fukoidan (Thapsi, 0.5
pmol/L and fukoidan 25.0 pg/mL) or AcLDL (100.0 pug/mL) for 24h. Bar graphs show caspase-3 activities.
Shown are results from 2 independent experiments in triplicates. * - p<0.05, ** - p<0.01 (thapsigargin vs.
thapsigargin + inhibitor or AcLDL vs. AcLDL + inhibitor).

As the reduced propensity to undergo apoptosis is coupled to more effective efferocytosis,
we subsequently examined, whether efferocytosis is altered in S1Pi-overexpressing
macrophages. The results showed that the expression of MerTK and AxI1, receptors
responsible for the apoptotic cell ingestion and controlled by LXR and MafB,

respectively!?6:24% \was elevated in macrophages from S1prl-LysMCre and S1prl1-F4/80Cre

mice (Fig. 21A and B).
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Figure 21. S1P: overexpression in macrophages enhances efferocytosis — A and B left graphics: Expression
of efferocytosis receptor genes MerTK, and Axl-1 analyzed by gPCR. mRNA was normalized to GAPDH and
presented relative to S1prl-KIl. Data from two experiments (n =4 — 6 for each group). A and B central dot-plots
and right graphics: Cell surface staining for MerTK and AxI-1 analyzed by flow cytometry. Bar graphs
represents percent MerTK*/F4/80* and AxI-1*/F4/80* macrophages. *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre
vs. Ctrl or F4-Cre vs. Ctrl).

In addition, both desmosterol and 220H/9cRA augmented MerTK expression in these cells
(Fig. 22A). Likewise, S1P1 overexpression enhanced the expression of GAS6 acting as

bridging molecule between MerTK and apoptotic cells (Fig. 22B).
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Figure 22: S1P1 overexpression enhanced the expression of MertK and GAS6 — A: MerTK expression in
PM from ChD-fed mice incubated for 24 h with desmosterol (Des, 10 or 50 pmol/L) or 22-OH/9-cRA (220H:
0.5 and 5.0 pg/MI; 9cRA: 10uM). B. GAS6 expression in PM was analyzed by gPCR. mRNA was normalized
to GAPDH and presented relative to S1prl-Kl. *p<0.05, **p<0.01, ***p<0.001 (Lys-Cre vs. Ctrl or F4-Cre
vs. Ctrl).

Consequently, efferocytosis was enhanced in S1P:-overexpressing macrophages both in the

absence or presence of desmosterol as inferred from the increased ingestion of apoptotic
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RAW?264.7 cells (Fig. 23A). Next, it was investigated if S1P; overexpression affected
apoptosis and efferocytosis in atherosclerotic lesions from Ldl-r’- mice transplanted with
S1prl-Kl, S1pri-LysMCre or S1prl-F4/80Cre BM. Fewer macrophages was detected with
TUNEL-positive own nuclei, but more macrophages with TUNEL-positive ingested nuclei
within aortic root lesions, pointing to attenuated apoptosis, but more efficient efferocytosis

in S1prl-LysMCre and S1prl-F4/80Cre mice (Fig. 23B).
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Figure 23. S1P: overexpression in macrophages inhibits ER-stress-dependent apoptosis and enhances
efferocytosis - PM were collected from either S1prl-KI (Ctrl, n=10-12), S1prl-LysMCre (Lys-Cre, n=9-12)
or S1pr1-F4/80Cre (F4-Cre, n=10-12) fed Chow diet (ChD) or Ldl-r’- mice transplanted with S1pr1-KI (n=10),
S1prl-LysMCre (n=9) or S1prl-F4/80Cre (n=9) BM and fed Western diet (WD). A: Flow cytometry dot-plots
showing efferocytosis of apoptotic RAW264.7 cells by PM from ChD-fed mice incubated for 24h with
desmosterol (50 pmol/L). RAW264.7 cells and PM were labeled with Calcein and anti-F4/80-FITC,
respectively. Bar graph represents percent calcein*/F4/80* macrophages (n = 5 for each group). B. Aortic root
section images with apoptotic cells labeled by TUNEL (red), macrophages by anti-F4/80 (green), and nuclei
by Hoechst (blue). Apoptotic cells appear violet (red on blue) and efferocytotic cells appear yellow (red on
green). Bar-graph shows quantification of apoptotic and efferocytic cells. *p<0.05, **p<0.01, ***p<0.001
(Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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24. S1P; signals in macrophages via protein kinases A
(PKA) and AKT

Finally, the signaling pathways mediating the emergence of the anti-atherogenic phenotype
were investigated in S1Pi-overexpressing macrophages. Since PU.1 and LXR activities are
inversely and directly regulated by PKA as well as Akt and mechanistic target of rapamycin
complex 1 (MTORC1)%1242 respectively, the effect of S1P on the activation of these kinases
was examined in PM. As shown in Figure 24A, the PKA activity and concentration of its
upstream regulator cAMP were lower in PM from S1prl-LysMCre and S1prl-F4/80Cre
mice and this effect was potentiated by exogenous S1P. Moreover, pre-incubating PM with
the PKA activator DBCAMP suppressed the elevated PU.1 and IRF8 expression (Figure

24B).
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Figure 24: Evaluation of PKA activity- PM from S1prl-KI (Ctrl, n = 3 - 5), S1prl-LysMCre (Lys-Cre,n=3
- 5) or S1pr1-F4/80Cre (F4-Cre, n = 3 - 5) fed Chow diet (ChD) were established in cell culture. A. Cells were
exposed to S1P (1.0 umol/L) for 2 h and intracellular cAMP levels and PKA activity were measured using EIA
or Pep-Tag assay, respectively. B. PM were incubated with DbBCAMP (0.25 mmol/L) for 24h and PU.1 and
IRF8 expressions were analyzed by gPCR. §p<0.1; *p<0.05, **p<0.01
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Similarly, the elevated expression of LXR target genes ABCA1 and ABCG1 was abolished

in PM pretreated with inhibitors of AKT (GSK690693) and mTORCL1 (INK128). In addition,

ABCA1 and ABCGL1 expression was suppressed in the presence of bafilomycin (BAF) (Fig.

25), which indirectly inhibits Lamtorl, the scaffolding protein for mTORCL1 activation and

the element connecting the signaling between kinases Akt and mTORC1 and LXR?*L,
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Figure 25: Investigation of the effect of S1P1 on the activation of kinases in macrophages- Cells were
exposed for 30 min GSK690693 (10.0 pumol/L), INK128 (0.2 pmol/L) or bafilomycin (1.0 pmol/L) prior to
incubation with desmosterol (50 pmol/L) for 24 h. ABCA1 and ABCG1 gene expressions were analyzed by
gPCR. Shown are results from 2 independent experiments in duplicates. * - p<0.05, ** - p<0.01, *** - p<0.001
with vs. without treatment with activator/inhibitor.
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By contrast, basal and S1P-stimulated Akt activities were increased in S1P1-overexpressing
macrophages (Figure 26A). Similarly, S1P treatment stimulated mTORCL1 in macrophages
from S1prl-LysMCre and S1prl-F4/80Cre mice, as indicated by the phosphorylation of its
target p70S6 kinase (Fig. 26B). In contrast to Akt, STAT3 and STAT6 activities were
unchanged in PM from S1Pi-overexpressing macrophages regardless of the presence or

absence of S1P (Fig. 26C).
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Figure 26: Investigation of S1P: signals in macrophages via AKT, STAT-3 and STAT-6 -. PM from S1prl-
Kl (Ctrl, n =3 - 5), S1prl1-LysMCre (Lys-Cre, n = 3 - 5) or S1pr1-F4/80Cre (F4-Cre, n = 3 - 5) fed Chow diet
(ChD) were established in cell culture. A.and C. PM were analyzed for kinase activities or established in cell
culture and exposed to S1P (1.0 umol/L) for indicated times. Intracellular stainings for phospho-Akt (A
graphics), phospho-STAT3 (C, upper graphics) and phospho-STAT6 (C, lower graphics) were analyzed by
flow cytometry. Bar graphs show fluorescence intensity medians. B. For mTOR1 activity, PM lysates were
probed with antibodies against total and phosphorylated (P)-p70S6 kinase. Blots are representative for two
independent experiments. 88§ p<0.001 (Lys-Cre vs. Ctrl or F4-Cre vs. Ctrl).
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There is an abundant evidence in vitro supporting the notion that S1P, acting as a constituent
of HDLs, exerts anti-atherogenic effects. By contrast, results of in vivo studies regarding the
atheroprotective role of S1P are scarce and partially discrepant. In addition, S1P receptor
subtypes mediating the potentially atheroprotective effects of S1P and the underlying
molecular mechanisms still remain ambiguous. In particular, the use of pharmacological
agonists to amplify S1P signaling in murine atherosclerosis models, was hampered by
insufficient receptor specificity and poorly defined side effects?*®. Recently, a pronounced
progression of atherosclerosis could be observed in mice with a deficiency of S1P; in
endothelial®®” or myeloid cells?®>%2, However, the putative anti-atherogenic effects related
to an increased signaling via S1P receptors expressed in cells relevant to the pathogenesis of
atherosclerosis, such as macrophages, have not been as yet examined. Therefore, more
specific approaches, focusing on the endogenous S1P signaling in selected cells became
necessary to document beneficial effects in vivo of this sphingolipid on atherosclerosis.

To specifically address the putatively atheroprotective role of S1P receptor type-1 in
macrophages, in the present study myeloid-specific S1P; knock-in transgenic mouse models
were generated and used as donors in BM transplantation studies to produce Ldl”- chimeras
overexpressing S1P: in monocytes and macrophages (S1prl-LysMCre mice) or
macrophages only (S1prl-F4/80Cre mice). Several pieces of evidence suggest that
macrophages overexpressing S1P: protect against the development of atherosclerotic
plaques in mice. First, the analysis of vascular lesions in brachiocephalic arteries and aortic
roots showed a reduced plaque areas in both lines, even though the protective effects were
much more pronounced in Slprl-LysMCre than S1prl-F4/80Cre mice. Second, S1P:
overexpression attenuated necrotic core formation, which is dependent on the macrophage

death rate and removal of apoptotic debris within plaques. Congruent with these results,
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lower apoptosis levels, which correlated with an increased number of total and efferocytosis-
positive macrophages were encountered in atherosclerotic lesions of both mice lines.

These findings, combined with the lower amount of collagen observed in the lesions of
S1prl-LysMCre mice, point to a slower advancement of atherosclerotic disease in chimeras
overexpressing S1P: and for the first time provide a firm indication that the selective
amplification of S1Pi-mediated signaling, contributes to the protection against the
development of atherosclerosis in mice.

Although both the LysM and the F4/80 promoters direct the gene expression almost
exclusively in the monocyte/macrophages lineages, as indicated in the source literature and
confirmed in the present study using an in silico approach, the two S1P1 overexpressing
chimeras presented with two conspicuously distinct phenotypes. While S1prl-LysMCre
mice showed a pronounced reduction of atherosclerotic lesions combined with marked
alterations in the peripheral blood counts(data not shown), the respective effects were less
pronounced in S1prl-F4/80Cre mice. Two putative explanations may account for this
finding. First, the Cre expression directed by the F4/80 promoter was previously reported to
be lower than the LysM promoter?*. This observation has been recapitulated in the present
study as approximately 20 — 50% weaker gene expressions, promoter occupancies and
functional cell responses were noted in S1prl-F4/80Cre as compared to Slprl-LysMCre
macrophages. Second, only Slprl-LysMCre mice were able to overexpress S1Pi in
monocytes, resulting in elevated levels of PU.1 and IRF8 in these cells. These two
transcription factors have a crucial role in the formation of the Ly6C" monocytes, which are
able to infiltrate inflammatory sites, including progressing plaques, and to dominate the
monocytosis encountered in hypercholesterolemic animals?**2%, Consistent with the
evidence reported in literature?®, an expanded Ly6C" monocyte population was observed

in S1prl-LysMCre mice in the present study and monocytes isolated from these animals
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showed typical characteristics of Ly6C" cells including higher expression of proteins
involved in chemotaxis and interaction with endothelial cells (CCR5, PSGL1, VLA4), an
increased binding of P-selectin and VCAM-1, as well as a boosted migration towards
RANTES and adhesion to TNFa-activated endothelial cells. These findings allow to assume
that a high recruitment of S1P; overexpressing Ly6C" monocytes to atherosclerotic lesions
is dependent on their enhanced capacity to migrate along the chemokine gradient. This
characteristic of S1P1 overexpressing monocytes, together with the reduced propensity to
undergo apoptosis, likely accounts for the increased number of macrophages seen in plaques
from S1prl-LysMCre mice.

Ly6C" monocytes are conventionally considered pro-inflammatory, given that they are
capable to differentiate in pro-inflammatory M1 macrophages after entering the inflamed
tissue36245, Nevertheless, in few instances Ly6C" monocytes were found to give rise to anti-
rather than pro-inflammatory macrophages. For example, following to the recruitment of
Ly6C" monocytes to allergic skin or injured myocardium, they tend to convert to anti-
inflammatory M2 macrophages expressing typical surface markers and producing anti-
inflammatory cytokines!>%:15?,

More importantly, in a recent study it has been demonstrated that the penetration of Ly6C"
monocytes into atherosclerotic lesions and their differentiation to M2 macrophages is a pre-
condition for the plaque regression®*®. Furthermore, it was demonstrated that a subset of
Ly6C" monocytes characterized by a high expression of PU.1 was able to convert into anti-
inflammatory monocyte-derived dendritic cells. Conversely, the pro-inflammatory M1
macrophages derived from Ly6C" monocytes showed a markedly lower expression levels
of PU.1%%.

In parallel to the altering monocyte function, the S1P; overexpression also influences the

functional phenotype of macrophages. The contribution of S1P-induced signaling to the
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generation of the anti-inflammatory macrophages phenotype could be demonstrated in some
previous studies, where the expression of M1 genes and inflammatory cytokines production
in response to LPS?*® were both reduced in S1P-stimulated macrophages. Moreover,
conventional markers defining the M2 phenotype, such as Ym1, Arg-1 and IL-10 were
upregulated in these cells and this was explained either by a direct S1P; activation or the
autocrine stimulation by I1L-42%°, In our study, we recap all these findings and extend them
to define a novel functional phenotype observed in S1P exposed macrophages as a result of
a concurrent activation of PU.1/IRF8 and LXRa. As it has been demonstrated previously,
PU.1 acting in concert with additional transcriptions factors, such as IRF8, STAT6 or
IRF4%° s able to promote the expression of various M2 typical markers, including Arg-1,
Ym-1 and Fizz-1 and also to shift macrophages in M2a phenotype, which is characterized
by a high expression of MHCII and CD206 and an increased production of IL-1RA and IL-
4251252 Fyrthermore, PU.1 regulates the expression and activity of KLF4 and MafB, two
transcription factors capable to promote M2a macrophage polarization?"-?%, In the present
experimental setting, macrophages overexpressing S1P: displayed the typical characteristic
of M2a, encompassing the enhanced expression of MHCII, CD206, IL-1RA and IL-4.
However, these macrophages also showed the enhanced activity of LXR and the elevated
expression of several LXR targets with known anti-atherogenic properties such as ABCAL
or ABCG1. Previously, several studies showed that the reprogramming macrophages
towards the MZ2a phenotype down- rather than up-regulate LXRo-dependent gene
expression?>2%, In particular, after I1L-4 treatment, M2a macrophages showed decreased
cholesterol efflux capacity, owing to the reduced expression of LXRo and ABCA1%8, Ina
marked contrast, the overexpression of S1P1, which led to activation of LXRa, entailed the
upregulation of different genes, including IL-5, ABCG1, ABCAL and MerTK and thereby

enhanced both the cholesterol efflux and the reversed cholesterol transport. In this way, the
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simultaneous activation of PU.1/IRF8 and LXRa in S1P1-0verexpressing macrophages gave
rise to an entirely novel functional macrophage phenotype bundling several anti-

inflammatory and anti-atherogenic mechanisms (Fig. 27).
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Figure 27. Molecular mechanisms underlying atheroprotective effects of S1P1 signaling on macrophages.

First, cells overexpressing S1P: acquired anti-inflammatory properties, including the
increased secretion of cytokines such as IL-1RA, IL-10 and IL-5, through the enhanced
expression of PU.1, MafB, KLF4 and LXRa. These anti-inflammatory properties likely help
to resolve inflammation and protect against atherosclerosis. Moreover, due to an increase in
the LXRa activity, S1P1 overexpressing macrophages are able to upregulate the expression
of two important cholesterol transporters (ABCA1 and ABCG1) and to improve cholesterol
efflux capacity, which promotes the reverse cholesterol transport and consequently reduces
the plaque cholesterol burden. In addition, the macrophage propensity to undergo ER-stress
induced apoptosis, was attenuated though the increase expression of Bcl-6 and MafB. In this

way, the macrophage survival within atherosclerotic lesions was enhanced in mouse models

examined in the present study. Owing to the LXR and MafB dependent enhancement of the
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expression of MertK and Axl-1, respectively, these macrophages could also clear in a more
effective way the apoptotic cells, which is a process that decisively regulates the necrotic
core formation and the late progression of atherosclerotic lesion. Taken together our, current
findings support the idea that S1P; acts as master regulator of unique functional macrophage
phenotype, unifying multiple atheroprotective mechanisms. The identification of this
phenotype in S1prl-LysMCre and, to a lesser extent, in S1prl-F4/80Cre mice provides a
consistent explanation for the attenuated plaque formation seen in these animals.

Our results provide new insights into the signaling pathways connecting S1P1 with the
molecular mechanism, which are implicated in the development of the atheroprotective
phenotype in macrophages. S1P1 linking to the trimeric Gi protein triggers several signaling
cascades, which in addition to the conventional inhibition of cAMP, includes the activation
of Akt and P13K?2%¢_ Accordingly, the drop in the intracellular cAMP concentration and
PKA activity and an increased Akt activity, were noted in macrophages isolated from S1prl-
LysMCre and S1prl-F4/80Cre mice. By contrast, STAT3 which is activated by S1P; in
various tumor cell lines?® %8 remained latent in S1Pi-overexpressing macrophages.
Furthermore, the activity of STAT6, which is involved in the development of M2 phenotype
in macrophages exposed to 1L-4%>°, was not influenced by the S1P; expression?4°.

Previous studies demonstrated a decreased PU.1 promoter binding in macrophages upon
elevating intracellular cAMP levels and stimulating PKA activity?*22%°, Accordingly, the
reversal of increased PU.1 and IRF8 expression could be observed in S1P1-overexpressing
macrophages stimulated with cAMP mimetic DB-cCAMP.

Although the effects of suppressing cAMP signaling on the atherosclerotic plaque
development were not investigated to date, the present study suggests that the low level of
CAMP coupled to the enhanced PU.1 and IRF8 expression in macrophages could account

for the anti-inflammatory activity related to the macrophage phenotype and a consequent
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reduction of atherosclerosis in S1prl-LysMCre and S1prl-F4/80Cre mice. Moreover, the
Akt activation in macrophages was clearly linked to several anti-atherogenic effects. As an
example, Akt was able to promote macrophage survival thought the inhibition of caspase-3

or to stimulate transcriptional activation of anti-apoptotic genes?.

Consistently,
macrophages isolated from LDL-related protein-1 deficient mice (Lrp-17"), with a defective
Akt activation, presented an impaired efferocytosis?®?. Finally, upregulation of Akt activity
promotes the M2 macrophage polarization, whereas its attenuation gives rise to the M1
phenotype?®, In this context, it is of interest how Akt is identified as a triggering component
of the signaling pathway encompassing mTORCL1, which is the lysosomal adapter protein
Lamtor-1, and LXR, and culminating in the M2 macrophage polarization?*'. Consistent with
these findings, we noted that the activation of LXR in S1Pi-overexpressing macrophages is
dependent on the activation of Akt, mTORC1, and Lamtor-1, as it is abolished in the
presence of respective inhibitors. Altogether, our present results and evidences of previous
studies point to the role of Akt as an important mediator of the anti-atherogenic effect exerted
by S1P: in macrophages.

In conclusion, the results of the present study document that the amplification of S1P;-
dependent signaling in monocytes and macrophages countervails the development of
vascular lesion in a murine model of atherosclerosis. The underlying molecular mechanisms
involve the emergence of a novel macrophage phenotype, in which the parallel activation of
transcription factors PU.1/IRF8 and LXR coordinates several anti-atherogenic pathways
including enhanced secretion of anti-inflammatory cytokines, cholesterol disposal and
efferocytosis as well as reduced ER stress-induced apoptosis. Further investigations will be
required to understand whether and to which extent the atheroprotective mechanisms of S1P
identified here may contribute to the beneficial effect of this lysosphingolipid on

cardiovascular risk inferred from observational studies in humans.
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