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Till mamma och pappa

"Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less."

Marie Curie



Content

] A0 0 1 1 4P 8
ADDIEVIATIONS ...ttt ettt et et et e 9
INEOAUCTION ...ttt 11
| 31T 01 (0113 1 1RSSR 13
APOLIPOPTOLEIN M.ttt ettt e et e et e e naeesnreesnseas 17
Discovery of a new apolipoprotein..........ceecveerveerieercieeesieeeeeeeseeeenees 17

ApoM, a member of the lipocalin family .........cccoccevriiiniiiiiiiene, 17

APOM diStrIDULION. ....eeeiiiiiiieeiiecee e 19

ApoM in lipoproteins and lipoprotein metabolism.........cccceevveeveeneincnnnenne 19
MUTing APOM N MICE ....eevrieiiieiiieeiieeieeeree et e e e seeeetee e e eee e 19

Human APOM N MICE .....ccuveeruiieiiieriieeiee et 20
Sphingosine I1-phoSPRALE ........eevviiriiiieiiieit e 21
STP MetaboliSm ....ccueeiiiiriiniiiiiieeece e 21

Sphk1 and SPhK2 ......cccueiiiiieiieeeecee e 22

N 2 7 T USSR US PR 23
..................................................................................................................... 25

STP T@CEPLOTS .uevieitieeiieeiieeite et e st e st e steestteesseeesaaeesnseesnseesnseesseeeseeennes 26

The apOM/STP-COMPIEX ..ecuviiiiiieiiieeiie ettt 30

HDL, apoM and S1P in vascular inflammatory disease........c..cceceeveeveenceneennenne 33
The vascular Wall........cccooiiiiiiiiie e 33
ALhETOSCIEIOSTS ...eeuvieiiiiiiiieiieteee et 36

HDL in atherosclerosis and endothelial functionality ........................ 39

ApPOM in atheroSCIETOSIS ....uveerivieriiieeiieeiie et 39

S1P in atheroSClerosis ......cocueviereeriiriirieniericeeseee e 40

The apoM/S1P-complex in atherosclerosis and inflammation............ 41

SEPSIS -vveeutteeueeeeitieette et te et e et e e et e st e s te e e e e e bt e e nte e ateeenteeenteeenbeeereeeneeennes 42
..................................................................................................................... 45

HDL 00 SEPSIS . teeutieetieeiieeeiiesteesieeeteeetteesieeesiteesseeesneeesreesneeeseeennes 45



APOM and STP N SEPSIS .eevveerurieriieriieeiieerieesteeseeeseeeeiee e eee e 46

DIADELES ....eeniieieeiieiee et 47
ApoM and S1P in diabetes.........cccveereieeriieiiieiiecieecee e 48
Present INVEStIGAtiON .......cevvieiiieiiie ettt ettt e ee e et esbeesreeen 49
STP qUANtITICATION. ...eeitieeiieeiieeeiee e eee ettt e et e e eeeeeee e 49
ApoM and STP decrease in SEPSIS ....eevvvrerererieeriiieriieeiieeieeesieeeeeeesveeeeees 52

The apoM/S1P-complex is important for the anti-inflammatory effects of
HDL <ttt et et 53
ApoM and S1P in Type 1-diabetes........ccoveriierciiriiiiiiiieeie e, 55
The apoM/S1P-complex and its interaction with S1P-receptors................. 59
MaJOT FINAINES.....veeeeiieeeiie ettt ettt et e st e et e e stte e steesneeesnseesnneesnseeens 61
Populérvetenskaplig sammanfattning ..........ccceecevereiieeiieeiiienie e 62
ACKNOWIEAZEMENLS......coctiiiiiieiieeie ettt eee et enbeesneeas 66
RETEICNCES ...ttt e 68
Appendix 1: APOLIPOPTOLEINS.....eeeiereriieriieeiie ettt eeieeeteeetee et e eeeeeaeesreeseeeas 91



List of papers

This thesis is based on the following papers, which are referred to in the text by
their roman numerals:

IL.

111

Iv.

Frej C., Andersson A., Larsson B., Jun GL., Norstrom E., Happonen
KE., Dahlbiack B. Quantification of sphingosine 1-phosphate by
validated LC-MS/MS method revealing strong correlation with
apolipoprotein M in plasma but not in serum due to platelet activation
during blood coagulation. Anal Bioanal Chem. 2015, 407; 8533-42.

Frej C., Linder A., Happonen KE., Taylor F., Lupu F. and Dahlbick
B. Sphingosine 1-phosphate and its carrier apolipoprotein M in human
sepsis and in Escherichia coli sepsis in baboons. J Cell Mol Med.
2016, 20, 1170-81.

Ruiz M., Frej C., Holmér A., Guo L.J., Dahlbiack B. HDL associated
Apolipoprotein M limits endothelial inflammation by delivering
sphingosine 1-phosphate to the S1P1 receptor. In revision
Arteriosclerosis, Thrombosis and Vascular Biology.

Frej C., Mendez A., Ruiz M., Hughes TA., Dahlbick B., Goldberg R.
Shift in ApoM/S1P from dense to light HDL-particles in Type 1-
diabetes associated with impaired anti-inflammatory effects of the
HDL/apoM/S1P-complexes. Manuscript.

Frej C., Ruiz M., Happonen K., Dahlbiack B. Activation and
internalization of GFP-tagged S1P receptors in stable HEK293-cells
by the recombinant apoM/S1P-complex and apoM-containing HDL.
Manuscript.

Paper I is reprinted with permission from Springer and paper Il is reprinted with
permission from John Wiley and Sons Inc.



Abbreviations
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Introduction

High Density Lipoproteins (HDL) circulate in the blood stream carrying a variety
of lipids and proteins important in maintaining the vascular haemostasis. The
protein cargo in HDL particles is believed to be protective against cardiovascular
diseases via the reverse cholesterol transport and through anti-inflammatory
actions on the endothelial surface. In diseases like sepsis and coronary artery
disease, the endothelial functionality is altered and is thought to be a part of the
pathogenesis behind these diseases. In sepsis, HDL levels are decreased and in
cardiovascular disease, the HDL functionality is shifted towards a pro-
inflammatory phenotype. This makes HDL and its protein cargo potential
pharmaceutical targets in vascular inflammatory diseases. It is important to study
through which mechanisms HDL regulates inflammation in order to understand
the best approach to pharmacologically target HDL in different pathological
conditions. Candidates targeting enzymes leading to increased HDL-cholesterol
levels have failed in their ability to decrease the incidence of cardiovascular
disease (1). Moreover, recently the concept of HDL as a protective agent in
cardiovascular disease was challenged when individuals having high HDL-
cholesterol levels were shown not to be more protected against cardiovascular
diseases than those with normal HDL (2). This suggests that it is not the HDL
cholesterol per se that is vasculo-protective, but instead insinuates the HDL
proteome to be important. Adequate treatment and management of sepsis patients
are difficult and recently several clinical trials have failed in improving the
outcome for the patients (3).

Apolipoprotein M (apoM) was discovered in prof. Dahlbdck’s lab in 1999 and was
shown to be involved in the cardio-protective effects of HDL. More importantly,
apoM was shown to carry Sphingosine 1-phospate (S1P), a potent signaling
molecule involved in immune regulating functions. This thesis will describe what
my research has contributed to in understanding the role of the apoM/S1P-
complex in inflammatory vasculature diseases and its interaction with S1P-
receptors. Here I will give an overview on what I have been working with during
the last 5 years.
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Lipoproteins

The fat content in the western diet consists of triglycerides (TGs), phospholipids,
cholesterol, fat-soluble vitamins and long-chain fatty acids. Most of our fat intake
comes from TGs, which are the dominant source (90 %) of fat in both plants and
animals. TGs are digested in the intestinal lumen by lipases, which remove two
fatty acids from every triglyceride molecule thus generating one monoglyceride
and two free fatty acids. Lipids are not soluble in the aqueous milieu in the
intestine. Amphipathic bile acids, synthesized in the liver and secreted from the
gall bladder into the small intestine, interact with the surface of the large lipid
droplets and create small micelles that form a stable emulsion. Free fatty acids are
absorbed from the micelles and easily transported across the cell membrane by
diffusion into enterocytes lining the intestinal lumen. Cholesterol is transported via
specific active transporters, such as NPCIL1, ABCG5 and ABCG8 (4). In
enterocytes, absorbed free fatty acids are resynthesized into TGs in the smooth
endoplasmic reticulum and together with cholesterol and proteins arranged into
lipoproteins called chylomicrons. Chylomicrons are large (up to 500-1000 nm)
particles consisting of triglycerides and apolipoprotein B-48 (apoB48), which is
the main structural protein element. Chylomicrons are secreted via endocytosis
into the lymph system and further via the thoracic duct into the venous blood
stream just before entering the heart. Chylomicrons binds to endothelial
lipoprotein lipases (LPLs) located on luminal surface of the endothelial cells
where the TGs again break down into free fatty acids, which can be absorbed by
cells. Inside the cell, TGs are again reformed and stored or used as energy through
mitochondrial oxidation. The remaining chylomicron, the chylomicron remnant,
acquires apoE, lose apoC and concentrates cholesterol and are cleared by the liver
via apoE-mediated mechanisms (5). The loss of apoCs is believed to terminate the
action of the LPL since it requires apoC-II as a cofactor (6). ApoE can clear
chylomicron remnants through high affinity binding to the hepatic LDL-receptor
(LDLR), LDL receptor-related protein and finally via direct binding to hepatic
membranes via heparan sulfate proteoglycans (5, 7).

The liver can produce TGs as energy source for tissues, which are secreted as
Very Low Density Lipoproteins (VLDLs). VLDL is enriched in TGs and
apoB100 is the main protein, but VLDL can also contain apoC-1, C-II, C-III and E
(8). When entering the blood stream, VLDL is exposed to LPL, enabling tissues to
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absorb free fatty acids (9). After LPL action on VLDL, Intermediate density
lipoprotein (IDL) is formed, which is enriched in cholesterol and quickly
transformed to low density lipoproteins (LDL). LDL particles are stable and
consist of mainly cholesterol and they transport the majority of the cholesterol in
human plasma. LDL is taken up by cells mainly via binding to the LDLR, which is
ubiquitously expressed in humans, but particularly prevalent in the liver (10). A

figure illustrating the different sizes and densities of lipoproteins is shown in Fig
1.
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Figure 1: Lipoprotein subclasses

High Density lipoproteins (HDL) are produced by the liver (70-80 % of total
HDL) and the intestine as small disc-shaped, lipid poor particles (11). HDL is the
smallest lipoprotein (10 nm) with the highest density and can be sub-classified
either by its protein content, density or size. The HDL population is highly diverse
containing of up to 70 % of protein (by weight) and around 200 different proteins
have been identified in the HDL proteome (12). The HDL-particle consists of an
outer  amphiphilic  envelope composed of phospholipids (mainly
phosphatidylcholine), un-esterified cholesterol and proteins covering an inner core
of esterified cholesterol and TGs (13). ApoAl is the main structural protein in
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HDL and several apoA1 proteins arrange into a three dimensional structure, which
stabilizes the lipids and proteins in HDL (14).

Based on its buoyant density, HDL can be divided by ultracentrifugation into three
subgroups; the larger HDL, (1.063 g/mL <d<1.125 g/mL), the smaller HDL;
(1.125 g/mL<d<1.210 g/mL) and the very small HDL; (> 1.210 g/mL) (15).
Applying gradient gel electrophoresis, HDL can be separated into 5 subgroups
based on its diameter; HDL2a (8.8-9.7 nm), HDL2b (9.7-12.9 nm), HDL3a (8.2
nm-8.8 nm), HDL3b (7.8-8.2 nm) and HDL3c (7.2-7.8 nm) (15). As disc-shaped
HDL circulates in the blood stream, it absorbs cholesterol and phospholipids from
peripheral macrophages via binding to the ATP binding cassette transporter
(ABCAL1) forming nascent HDL (pre fHDL). ABCA1 is a transcellular membrane
protein ubiquitously expressed in the human body and binds to apoAl in HDL
enabling lipid secretion from cells to HDL (16). Cholesterol in nascent HDL is
esterified by lecithin cholesterol acyltransferase (LCAT), which promotes the
formation of mature spherical aHDL (17). Mature HDL can then further take up
cholesterol via binding to ABCGI or SR-B1 and transport cholesterol to the liver
via binding to hepatic SR-B1 (reverse cholesterol transport, RCT). Alternatively,
cholesterol can be transferred to VLDL/LDL via cholesterol ester transfer protein
(CETP). HDL exchanges esterified cholesterol with TGs from VLDL and LDL via
CETP, generating TG-rich HDL (18). HDL enriched in TGs is a substrate for LPL
and subjects with TG-enriched HDL have an increased clearance of apoAl and
together this lead to the clearance of HDL from the circulation (19). As shown in
transgenic animals and loss of function mutation in the human lipoprotein lipase-
gene, endothelial lipase strongly regulates plasma HDL-levels (20, 21). A
schematic picture of the lipoprotein metabolism is illustrated in Fig 2.
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Apolipoprotein M

The major functions of apolipoproteins in the circulation are i) formation of
lipoproteins, ii) shaping and stabilizing the structure of lipoproteins, iii) providing
functional properties to lipoproteins for example binding to the lipoprotein
receptors and 1iiii) activate enzymes involved in lipoprotein metabolism (8). A
description of the most important functions of the different apolipoproteins is
enclosed in appendix 1.

Discovery of a new apolipoprotein

Apolipoprotein M (apoM) was discovered in 1999 by prof. Dahlbédck’s laboratory
(22). After isolation and delipidation of lipoproteins from lipid-rich human
plasma, Xu and Dahlback performed N-terminal sequencing of proteins present in
the lipoprotein fraction. A new sequence was discovered, which did not match any
known protein when analysed by BLAST searches. However, several human-
expressed sequence tags were found to match, which lead to the successful cloning
and sequencing of apoM. ApoM was analysed by western blot using specific
antibodies raised in rabbits against amino acid sequences corresponding to the
identified sequence of apoM. ApoM was shown to be decreased in lipid-free
plasma and mostly associated with HDL and hence was defined as a new
apolipoprotein (22). The N-terminus did not contain any peptidase cleavage site
and apoM was secreted in the presence of microsomes, suggesting that a retained
signal peptide was used to anchor into the lipoproteins phospholipid monolayer (as
illustrated in Fig 3). This was further confirmed in a study by Axler et al. where
recombinantly expressed apoM (rapoM) lacking the signal peptide did not co-elute
in a gelfiltration system with human HDL as did wild type rapoM (23).

ApoM, a member of the lipocalin family

Via molecular modeling and subsequently via X-Ray crystallography, apoM was
initially shown to structurally belong to a ligand-binding family of proteins, called
lipocalins (24, 25). One characteristic feature highly preserved in this protein
family is the presence of an eight-stranded antiparallel B-barrel forming a
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hydrophobic pocket, in which small hydrophobic ligands can bind (26). This was
discovered to be true also for apoM, which upon crystallization was shown to
carry a myristic acid, a serendipitous finding, which resulted in the identification
of sphingosine 1-phosphate (S1P) as the natural ligand of apoM (25). ApoM
contains 6 cysteines, which forms three disulfide bridges attaching the N-terminus
and the C-terminus to the protein core (25). Upon secretion from HEK?293 cells,
apoM is glycosylated at one of its two possible glycosylation sites; Asn135. ApoM
in isolated HDL from human plasma is partially glycosylated as revealed by two
bands upon immunoblotting using specific apoM- antibodies (22). Searches for
homologous structures via protein databases found that apoM was mostly related
to a lipocalin called human al-acid glycoprotein (A1GP), the complement protein
C8y and to prostaglandin D synthase (PDB) (25). A1GP is increased in acute
coronary syndrome and high levels are associated with an increased risk of type 2-
diabetes (27). Patients with atrial fibrillation who have high levels of PDB, have
increased bleeding and higher mortality compared to those with low PDB levels
(28). The complement protein C8y is involved in complement-mediated cell lysis
but its main function is unknown (29). Thus these structurally related proteins do
not seem to have similar functions as apoM, which is believed to be an anti-
inflammatory molecule as discussed later.

HDL phospholipid A
monolayer y ’T il
Iil-fl;er li a}signal peptide

)

—
ApoM Hydrophobic
binding pocket

Figure 3: ApoM binding to the phospholipid monolayer in HDL via its signal peptide
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ApoM distribution

Human apoM is mainly produced by the liver and is secreted into plasma where 5
% of the HDL particles contain apoM. It is also expressed in the kidney from
where it is believed to be secreted into the urine and reabsorbed via binding to the
Megalin receptor in the kidney proximal tubule cells (22, 30). However, the
involvement of the LDL-receptor related protein chloride-proton exchanger CICS
in tubular apoM/S1P- reabsorption was shown in Cicn5” mice, which had
increased levels of apoM and S1P in the urine (31). ApoM is well preserved
among different species (rabbit, cow, dog, mouse and rat) indicating an essential
vital role of apoM (22) and we found that similarly to humans, baboons also
express apoM in the liver and kidney (paper 11).

ApoM in lipoproteins and lipoprotein metabolism

ApoM is mostly associated with HDL in human plasma where apoM is present in
HDL-fractions corresponding to densities between 1.07-1.21 g/L and sizes of 8
nM or 10-12 nM particles (HDL, and HDLs-particles) (32). In addition, apoM-
associated lipoprotein particles contain apoJ, apoAl, apoA-II, apoC-I, apoC-II and
apoC-III. ApoM is present to a smaller extent on LDL-particles and LDL
containing apoM particles are slightly smaller than LDL particles lacking apoM
(32). Interestingly, HDL containing apoM can protect both HDL and LDL from
oxidation better than HDL lacking apoM (32). When the same experiment was
done with LDL, LDL containing apoM was not more anti-oxidative compared to
LDL lacking apoM (32).

Murine ApoM in mice

The in vivo role of apoM in lipoprotein metabolism has mostly been studied in
mice. These studies have provided important information about the potential role
of apoM in lipoprotein metabolism. However, one should be aware of that there
are several factors in mice lipoprotein metabolism that are different from the
human lipoprotein metabolism. For example, in mice cholesterol circulates mainly
as HDL-cholesterol (HDL-C) whereas in human it is mainly as LDL-cholesterol
(LDL-C). Mice do not develop atherosclerosis uncompelled but need to be
genetically modified by knockdown of either LDL-R or apoE or both to develop
human-like atherosclerosis (33). In genetically modified mice it takes months to
develop atherosclerosis whereas it takes years in humans. Mice do not express
CETP, which is an important protein in the human lipoprotein metabolism (33).
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Unlike human apoM, murine apoM is not glycosylated (34). However, similarly to
the human counterpart it is mostly associated with HDL to which it is bound with
the retained signal peptide (34). It shares 80 % of the amino acid sequence with
human apoM. ApoM is expressed from day 10 in the mouse embryo (34). In apoE"
" mice feed a chow diet, apoM is associated with HDL but when changing the diet
to high fat and high cholesterol diet, apoM shifts towards the VLDL-sized
particles (34). Whether this shift has any functional relevance for apoM remains to
be elucidated. In apoAl” mice, plasma apoM is decreased by 33 % despite no
alteration in liver apoM mRNA expression. This suggest that there is an altered
translation, secretion or clearance pattern of apoM when apoAl is not present (34).

Human ApoM in mice

To study functions of human apoM in the lipoprotein metabolism, human apoM
transgenic mice (ApoM-Tg) and apoM-deficient mice (apoM™) have been used
(35). In addition, apoM metabolism has been investigated in several transgenically
modified lipoprotein mouse models such as; LDLR™ apoE”™ human ApoB
transgenic mice (apoB-Tg), apoAl™ and mice defective in LDL receptor-related
protein (Lrp“2/“2) (36). Upon overexpression of apoM, both total cholesterol and
TG levels are increased whereas they are decreased when depleting apoM (37).
Mice which have reduced apoM-expression in the liver have reduced HDL-C
levels (~25 %) and overexpression of apoM results a in two-fold increase of HDL-
C (37). The fraction of apoM in VLDL/LDL is increased compared to controls in
LDLR” mice although most of apoM is still found in the HDL-fractions (36).
Injecting apoM-enriched HDL into LDLR™ mice results in a quick transfer of
apoM to VLDL/LDL but this does not occur in WT-mice (36). Clearance of
VLDL/LDL from the circulation is decreased upon injection of VLDL/LDL
particles enriched in apoM compared to the clearance VLDL/LDL depleted of
apoM, which is also observed for HDL (118)(38). Humans carrying LDLR-
mutations or apoB-100-mutations have increased apoM plasma levels compared to
noncarriers (38). This indicates that LDL and apoB are inovolved in apoM
metabolism. Moreover, the presence of apoM on lipoproteins decreases lipoprotein
elimination which prolongs the circulation time, hence indicating that it is most
favourable for us when apoM is associated with HDL. Besides its role in the
lipoprotein metabolism, the role of apoM has been a mystery and the main
physiological ligand for apoM was for a long time unknown. A revolutionary
finding regarding the role of apoM was the discovery that it is the main carrier of
signaling phospholipid S1P in circulation (25, 39).
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Sphingosine 1-phosphate

The first evidence for the existence of SIP was in 1973 when it was found that
labeled sphingosine, the precursor of S1P, formed phosphorylated products in
platelets (40). Later on in the 80’s, sphingolipids gained a lot of interest when it
was discovered that sphingosine simulated cell growth via inhibiting protein C
(41). S1P was then proven to be involved in the sphingosine-mediated intracellular
release of Ca®"and to induce proliferation of fibroblasts (42). Since then, extensive
research has been carried out and S1P is now known to be involved in immune cell
trafficking, mediating endothelial permeability, stimulating survival and inhibiting
apoptosis of endothelial cells and regulating bone homeostasis (43, 44). S1P may
exert intracellular actions, however, most of its signaling properties are mediated
from the extracellular space through 5 different G-coupled receptors (GPCRs);
S1P,, S1P,, S1P;. S1P4and S1Ps. S1P in plasma is mainly produced by platelets,
erythrocytes and endothelial cells, but cells like mast cells and macrophages can
also produce S1P (45-47). Both erythrocytes and platelets express S1P-producing
enzymes, whereas they lack expression of S1P-degrading enzymes (46, 48). The
extracellular secretion of S1P from erythrocytes and platelets is believed to be
mediated via ATP-mediated transport whereas secretion of S1P from endothelial
cells has been shown to be regulated via the S1P transporter spinster homolog 2
(Spns2) (49-52). Platelets release S1P from two pools, one which is readily
available constitutively releasing S1P and one which is present in a-granules and
requires platelet activation for release (53). It was recently discovered that S1P is
carried by apoM in HDL (60 %) and by albumin (40 %) in the circulation (39).
Here 1 describe S1P metabolism and the present findings about S1P in
inflammation and regulation of vascular tone.

S1P metabolism

Sphingolipids are structural components in cellular membranes and they are highly
abundant in membrane microdomains such as lipid rafts and caveloae, suggesting
a role in cellular signaling and transmembrane trafficking (54). The most studied
sphingolipids are ceramide, sphingosine and S1P. Ceramide is composed of a N-
acetylated sphingosine (C18) backbone and is a key player in the phospholipid
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metabolism. Ceramide is formed de novo via condensation of serine and
palmitoyl-CoA by serine palmitoyl-transferase to form 3-ketosphinganine which is
further reduced to sphinganine and finally via N-acetylation transformed into
ceramide (55). Ceramide can also be generated via degradation of sphingomyelin
where sphingomyelin is hydrolysed by sphingomyelinases (SMases), which is
thought to be the most abundant way to generate ceramide (56). Finally, ceramide
can be generated by catabolism of complex phospholipids which are broken down
to sphingosine which regenerate ceramide via re-acylation by ceramide synthase
(55). In contrast to S1P, ceramide has pro-apoptotic effects and can induce cell
cycle arrest (227).

Ceramide is produced as a response to stress due to factors such as TNFa, IL-1
and UV-light, which activate sphingomyelinases leading to release of ceramide
(57). In frozen tissue sections isolated from different areas of the brain
investigating alterations in gene expression in dementia and alzheimer, genes
involved in de mnovo synthesis of ceramide were shown to have increased
expression, which could contribute to neurodegenerative effects via increased
apoptosis (58).

S1P is generated via breakdown of ceramide by ceramidases, resulting in
sphingosine. Sphingosine is phosphorylated by two specific kinases, sphingosine
kinase 1 (sphkl) and sphk2 in order to generate SIP. S1P can then be degraded
reversibly to sphingosine via de-phosphorylation by specific S1P-phosphatases
(Sppl and Spp2) and unspecific sphingolipid phosphatases, or irreversibly to
hexadecenal and ethanolamine-1-phosphate by SI1P Lyase (S1PL) (43, 59). A
description of the S1P-metabolism is illustrated in Fig 4. Ceramide is pro-
apoptotic whereas S1P is anti-apoptotic. Thereby enzymes involved in the
ceramide-sphingosine-S1P rheostat determine the levels of their respective
sphingolipid and hence control the fate of the cell (60).

Sphk1 and Sphk2

Sphk1 and Sphk?2 originate from different genes, i.e SPHK/ and SPHK?2 and are
highly conserved between species (61). SPHK2 encodes for a protein larger than
SPHK1 enclosing an additional 236 amino acids.

Despite sphkl and sphk2 exerting the same reaction, i.e. phosphorylation of
sphingosine, they are localized in different subcellular compartments, expressed
by different organs and have different cellular effects. Murine Sphk1 is expressed
mostly in the spleen, lung and liver, whereas murine sphk2 is mostly expressed in
the liver and heart. Human sphk2 is expressed in kidney, liver and brain (62).
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Sphk1 is localized in the cytosol and its activation promotes cell survival and
proliferation via intracellular production of S1P as shown in fibroblasts, T-cells
and endothelial cells (63, 64). Upon activation, sphkl is translocated to the cell
membrane where it preferentially binds phosphatidylserine or filamin A. (65, 66).
The binding between filamin A and sphkl seems to be important for the
cytoskeleton rearrangement effects exerted by these proteins such as lamellipodia
formation and cell migration.

In contrast, sphk2 is targeted to the nucleus via its nuclear localization signal
(NLS) sequence, where it inhibits DNA synthesis and induces cell cycle arrest
(67). Sphkl and sphk2 are important for embryonic neurogenesis and
angiogenesis. Thus, mice lacking both the enzymes die at E12.5 due to extensive
bleeding and exencephaly (cranial tube defect) (68). The pathogenic mechanism
behind the undeveloped nervous system was an increment of apoptosis in the
neuroepithelium in the mesencephalon (midbrain) and rhombencephalon
(hindbrain) (68).

The two kinases have shown be involved in the inflammatory response via
intracellular production of S1P (69). They show opposite involvement in
inflammatory diseases, however published data are contradictive. In a murine
collagen induced arthritis model, knockout of sphkl resulted in a less aggressive
phenotype with lower amounts of pro-inflammatory cytokines, whereas the
opposite was seen in sphk2 ”~ mice (70). In contrast, knocking out sphk2 in kidney
ischemia-reperfusion injury worsened the histological damage and kidney
function, which was not seen in sphkl'/' mice (71). Moreover, sphkl was more
important in the degranulation and antigen oriented migration of mast cells
compared to sphk2, however both kinases were important for cytokine release in
this cell type (72). In paper II we observed a strong increase in sphkl transcription
already 6-8 hours post E.coli i.v. infusion in baboons whereas sphk2 transcription
was inhibited. These results suggest that both sphks are involved in the immune
response. However, sphkl” mice developed a similar inflammation response as
wild type in a peritonitis model (69). Moreover, in a recent study, none of the
sphks were required for NF-kB activation and subsequent cytokine release in
murine macrophages (73) indicating that the kinases may have varying functions
in different cells.

S1P-Lyase

S1P-lyase (S1PL) is the only enzyme irreversibly degrading S1P, making it
important in regulating intracellular levels of SI1P. S1PL is located in the
endoplasmic reticulum as an integral membrane protein. S1PL catalyses the
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degradation of SIP in the cytosol via cleavage of the C,.; carbon bond, leading to
the formation of hexadecenal and ethanolamine phosphate (74, 75). SIPL is a 63.5
KDa protein encoded by the SGPLI gene. Murine S1PL is highly expressed in the
small intestine and thymus whereas modest expression is found in liver, kidney,
lung, stomach and virtually no expression in platelets (75). Even though the
expression is low in the liver, the hepatic activity is equally strong as in the spleen,
which has high expression (75). Studies of SIPL in human tissue revealed high
expression in liver and kidney whereas no expression was found in platelets and
erythrocytes (76). The importance of SIPL in liver function was shown in S1PL
deficient mice, which had hyperlipidemia with increased levels of VLDL, LDL,
HDL, serum TGs as well as increased S1P serum levels (77). These results suggest
that hepatic SIPL is involved in regulating circulating S1P-levels as well as
cholesterol metabolism.

Through the activity of SIPL, S1P levels are kept low in tissues creating a S1P-
gradient between tissues and blood. This gradient is important for lymphocyte
egress from secondary lymphoid organs (78). Mice treated with an S1PL-inhibitor
have a 100-fold increase in S1P in lymphoid tissues whereas S1P in the circulation
is normal (78). This interruption of the S1P-gradient leads to lymphopenia in the
circulation and accumulation of lymphocytes in the thymus (78). In contrast to
Sphkl and 2, SIPL” mice are viable upon birth, however they are smaller and
have a shorter life span (29 days) compared to their littermate controls (79). SIPL"
" mice have virtually no circulating T-lymphocytes and very low levels of B-
lymphocytes. However, their total leukocyte levels are normal due to a
compensatory increase in neutrophils and monocyte numbers (79). Targeting
S1PL in mice results in decreased severity of collagen induced arthritis and
currently pharmaceutical companies are developing pharmaceutical compounds
targeting S1PL in multiple sclerosis (80). These results suggest that SIPL is an
important regulator of immune cell trafficking mainly via controlling SIP levels in
lymphoid organs. However, suppression of SIPL activity by administration of
S1PL-inhibitor to wild type mice or using S1PL"" mice it was showed that SIPL
inhibition in LPS induced lung injury reduced the release of IL-6 and protected the
endothelial barrier via increased S1P-levels in lung tissue (81).
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S1P receptors

GPCRs are one of the biggest receptor family in the human genome, consisting of
up to 800 genes (82). GPCRs are made of 7 transmembrane domains with the C-
terminus located in the intracellular space and the N-terminus towards the
extracellular space. GPCRs can be grouped into 6 subgroups (A-F) based on their
sequence homology and S1P-receptors (S1PRs) belongs to group A (82). The
SI1PR family was first named the endothelial differentiation gene (Edg) family of
receptors. This name was based on the finding that Edgl (S1P;) was induced upon
administration of growth inhibitors in endothelial cells (83). The Edg-receptors
were named in the order they were discovered and later the name was changed to
S1PR after the discovery of SIP as their major ligand (84, 85). SIP is important
for many immune regulatory functions through signaling via its receptors. SIP
activates Rac and Rho GTPases which are important for -cytoskeleton
rearrangement and regulates migration and chemotaxis of many cells of the
immune and vascular systems (86). In addition, S1P can potentiate TLR4-
mediated secretion of cytokines upon LPS stimulation in primary human gingival
epithelial cells (87). Extensive research has been carried out in order to clarify the
signaling effects of S1P through its receptor. How the effects of S1P in the
vascular and immune systems are regulated by the different carries, i.e HDL and
albumin, remains to be clarified. In the chapters presenting the respective
receptors, I describe current findings about the S1P-singaling through each S1P-
receptor which I have summarized in Fig 5.

S1P; is the most well studied receptor abundantly expressed in the human body. In
a study in mice where relative expression of 353 GPCRs was evaluated, S1P; and
S1P; stood out as ubiquitously and abundantly expressed (83). S1P; is important
for vascularization and neurogenesis in mice (88). S1P,” mice have reduced
amounts of vascular smooth muscle cells (VSMCs), which result in an improperly
matured vascular system that leads to embryonic death (between E12.5 and E14.5)
due to excessive bleeding (88). S1P is also important for angiogenesis in adult
mice and mature tissues. During the clotting process, SI1P is released from
platelets, making endothelial cells migrate and proliferate, enabling new vessel
formation that supports the healing process during vascular thrombosis (89). As
shown in paper I, S1P released from platelets is mainly bound to albumin
suggesting a unique role of the different S1P-pools.

The chemotactic effect of S1P is abolished by pertussis toxin, which blocks
signaling via the Gy-protein, the signaling G-protein for S1P; (89, 90). HDL,
which via apoM carries 60 % of plasma SI1P was also able to induce endothelial
cell migration that was dependent on the activity of endothelial lipase (91). S1P; is
also important for immune cell migration. It is expressed by lymphocytes and
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regulates their egress from secondary lymphoid organs (92). The S1P-gradient
between lymph and blood is important for the trafficking of immune cells
expressing the S1P; receptor. The S1P; receptor is located in the cell membrane at
low S1P-levels and internalized at high S1P-levels (as shown in paper V), which
enables T-lymphocytes to sense the S1P-gradient. A S1PR-antagonist named
Fingolimod (FTY720) was the first oral drug against multiple sclerosis (MS), a
disease where the immune system degrades the myelin sheet around neurons (93).
Fingolimod degrades S1P; which makes lymphocytes unable to egress from
lymph nodes, thus inducing lymphopenia and inhibition of attacks of the myelin
sheet, which are observed in MS (94, 95). The S1P,/S1P-signalling axis in T-
lymphocytes is also important for lymphocyte trafficking during an infection (96).

Further, S1P, is important for cellular barrier functions. The first evidence of this
was shown by overexpressing SI1P; in HEK293 cells, which lead to increased
expression of P- and E-cadherin and increased cell aggregation (85). This was
further supported by several studies. In human and bovine pulmonary artery cells,
S1P was able to enhance the trans-monolayer electrical resistance (TEER) mainly
via S1P; but also to some extent via S1P;and S1P; (97). S1P; induces endothelial
barrier strengthening via assembling N-cadherin tight junction between endothelial
cells and underlying mural cells (98). Administration of S1P in a cremaster muscle
leakage model in rats could not rescue histamine-induced vascular leakage (99).
However, the plasma level of the arterially injected S1P at a dose of 0.0019-0.38
mg/kg body weight was not measured (99). In the same model, administration of a
S1P, agonist could significantly inhibit histamine-induced vascular leakage,
whereas injection of a specific S1P, antagonist promoted protective effects of S1P
(99). These data suggest that S1P; decreases endothelial barrier function whereas
S1P, increases endothelial permeability.

Using S1P; GFP signaling reporter mice (where activation of S1P; leads to the
expression a nuclear associated green fluorescent protein) it was observed that
S1P, was activated under normal conditions in lymphoid and spleen endothelial
cells. After administration of an S1P;-agonist or LPS, activation was seen in
vascular endothelial cells and hepatocytes (100). Using the same model, Galvani et
al. showed that S1P; protein expression was enhanced in arterial endothelial cells
upon an inflammatory challenge (101). SI1P; was 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
(102).

S1P, (Edg5) is also expressed in the endothelium and couples to Gi, G4 and in
particular with Gy,,1;3 —proteins (103). As discussed above S1P; has opposite effects
on the endothelial barrier compared to S1P;. It disrupts the barrier as shown by
decreased assembly of N-cadherin at adherent junctions and inhibition of actin
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polymerization upon overexpression of S1P, in human endothelial cells (104).
S1P; also decreases TEER in endothelial cells mediated via downstream signaling
through Rho-associated kinase (ROCK) and PTEN and reduced Rac activation
(104). In mice, administration of an S1P, antagonist augments S1P mediated Rac
activation and migration (105). In contrast to S1P;, S1P, inhibits migration and
proliferation via activation of Rho GTPase in fibroblasts, Chinese hamster ovary
cells and hepatocytes (106-108).

S1P,” mice are deaf at one month of age due to an impaired epithelial barrier in
the primary vasculature in the cochlea (the inner ear) (109). The expression of
S1P, is induced upon hypoxia in retinal vascular cells (110). When S1P; is present
in the retina, an increased infiltration of immune cells is observed compared to
wild type (110). Mice lacking S1P, are viable but when knocked out in
combination with SIP; the mice die earlier than SI1P,”” mice because of severe
impaired development of the vascular branches (111). Taken together, S1P,
inhibits cell migration, proliferation and disrupts cell barriers mainly via activation
of the Rho GTPase.

S1P; (Edg3) signals via the same G-proteins as SI1P, (103). S1P; mediates cell
chemotaxis towards S1P via phosphoinositide 3-kinase and Rac activation (107).
S1P; is important for VEGF-induced sprouting of endothelial cells as showed in
vitro and ex vivo (112). S1P; also regulates coronary flow via activation of Rho in
VSMCs (113).

Via signaling through S1P;, S1P upregulates transcription of metalloproteinases 9
and mediates pro-invasive and migratory phenotypes in human breast epithelial
cells (114). More evidence towards a pro-inflammatory role of S1P; was shown in
a study by Mukarami et al. demonstrating that silencing of S1P; protected mice
from developing severe pulmonary fibrosis independently of S1P levels in the
Broncho-alveolar lavage fluid (115).

S1P; regulates the function of VSMCs and dendritic cells. Mice deficient in S1P;
specifically in their dendritic cells were protected from kidney ischemia-
reperfusion injury via expansion of immunosuppressive regulatory T-cells (116).
In a murine sepsis model, inhibition of S1P; and PAR-1 receptor crosstalk
restrained spreading of the inflammation (117). The S1P, and S1P; receptors can
compensate for the loss of one of the receptors as shown in knock out mice
models. In a myocardial ischemic reperfusion injury model, single knockout mice
of S1P, and S1P; had similar infarct size as wild type. However, in double
knockout mice the damaged area increased by 50 % (118). Interestingly, HDL was
proven to reduce infarct size and reduce immune cell infiltration in the infarcted
area via S1P; signaling (119). When investigating how the vasculature is
developed when silencing the S1P; S1P, and S1P;, the double S1P, S1P; knockout
was not viable due to an increased pathologic morphology compared to single
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knockout mice, which were viable (111). In conclusion, S1P; mediates pro-
migratory effects via Rac-activation and upregulation of metalloproteinases.
Moreover, S1P; exert pro-inflammatory effects in atherosclerosis and fibrosis,
whereas is it protective in ischemic heart disease.

S1P, (Edg6) signals via G; and Giais (120). S1P4 is mostly expressed in lymphoid
tissue and regulates cell motility via Rho GTPase and induces cell rounding and
the formation of stress fibers (120). SIP, in contrast to S1P; does not affect
lymphocyte trafficking and S1P,” mice have normal levels of circulating
lymphocytes (121). However, dendritic cell migration and cytokine release are
heavily affected in S1Ps” mice and they display dysfunctional Tyl7-cell
differentiation (121). S1P,4 deficiency potentiated Ty2-mediated immune responses
and inhibited Tyl related reactions suggesting S1P4 to be involved in the
regulation and direction of the immune response (121).

S1Ps (Edg8) signals via G; and Gy,. S1Ps is expressed in oligodendrocytes in the
CNS and is expressed throughout the maturation of the myelin cell (122). In
mature oligodendrocytes, SIP induces cell survival effects via Akt activation,
whereas this was absent in cells from S1Ps” mice (122). S1Ps s also expressed on
natural killer (NK) cells and is important for their migration to inflamed tissues
and homing to lymphatic tissues (123). NK-cells lacking S1Ps accumulated in the
lymph node suggesting S1Ps to be important in the NK cell egress from secondary
lymphatic organs (124). An interesting finding was that S1Ps is expressed in
human brain capillaries and is important for the brain endothelial brain barrier, as
shown in vitro (125).
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The apoM/S1P-complex

The knowledge about the apoM/S1P complex and its function is limited due to the
recent discovery of this constitution. The first evidence for the existence for the
complex was the finding that SIP quenched the intrinsic fluorescence of
recombinant expressed apoM (rapoM) (25). Later this was confirmed in vivo both
in mice and humans as S1P co-eluted exclusively with HDL containing apoM and
not with HDL depleted of apoM (39). Moreover, apoM”™ mice have 50 % lower
plasma levels of S1P (39). Since the apoM/S1P complex is associated mainly with
a lipoprotein, it is not surprising that lipoprotein metabolism regulates the
circulating levels of the apoM/S1P-complex and vice versa. This was first shown
in patients with monogenic disorders affecting HDL and LDL metabolism (126).
Patients with heterozygous mutations in APOA1, LCAT and ABCA1 had 34 %
and 12 % reduction of SIP and apoM respectively, whereas patients with two
affected alleles had a 70 % and 48 % reduction, respectively (126). Interestingly,
albumin-associated S1P was not affected in this study suggesting that lipoprotein
metabolism only regulates the apoM-S1P pool. A study using both HepG2-cells
and mice, showed that overexpression of hepatic apoM levels increased S1P in
both liver tissue and in plasma, despite no increase in blood cell count (127). In
another study, overexpression of hepatic apoM in mice lead to the formation of
larger HDL particles enriched in apoM and S1P, however the HDL- concentration
was not altered (128). This effect on HDL-size was shown to be dependent on the
presence of the uncleaved signal peptide of apoM, as a mutated form of apoM
lacking the signal peptide lead to formation of small nascent HDL-particles (129).
Despite the presence of larger HDL particles, the macrophage cholesterol efflux
was not altered (128). As mentioned, S1P is mainly produced by platelets and
erythrocytes in plasma. S1P secretion from erythrocytes is increased in the
presence of HDL isolated from apoM-TG mice compared to HDL isolated from
apoM knockout mice (31). However, reconstituted HDL lacking apoM efficiently
accepted S1P from erythrocytes whereas albumin did not, suggesting that S1P
secretion from erythrocytes is not dependent on apoM but preferably release S1P
in the presence of HDL compared to albumin (31). How apoM delivers S1P to the
S1PRs is not understood. Recently, Zhang et al. proposed that spontaneous release
of S1P is unlikely due to the high unbinding force between apoM and S1P (130).
Instead they suggest based on molecular dynamic simulations that the release of
S1P demands tight interaction with acceptor molecules, i.e the SIPRs. Further
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experiments using expressed proteins are needed to confirm these preliminary
findings.
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HDL, apoM and S1P 1n vascular
inflammatory disease

In diseases in the vascular system like sepsis, atherosclerosis and diabetes there is
an altered functionality in cells within the vascular wall. Endothelial dysfunction
contributes to increased inflammation and pro-coagulant status in the vessel.
Atherosclerosis is believed to be driven by a low grade chronic inflammation in
the vasculature whereas sepsis is an acute activation of the innate immune
response upon recognition of pathogens in the circulation. The pathogenic
mechanisms behind atherosclerosis and sepsis are not completely understood,
however, the diseases involves cells lining the vessel wall (131).

The vascular wall

The vascular wall is important in creating a membrane barrier which regulates the
transport of water, gases, marcomolecules and cellular proteins between the blood
and underlying tissues. The vascular wall is build up by three major layers; tunica
intima, tunica media and tunica adventitia. Endothelial cells together with
pericytes build up the primary layer of the basal membrane, which is called tunica
intima. The endothelial cell, lining the luminal side of the vessel wall and coming
in contact with all circulating molecules, is crucial in regulating blood
homeostasis. The formation of the endothelial cell layer in the vascular wall begins
with differentiation of precursor cells (angioblasts), which assemble in a vascular
labyrinth (132). Different factors in circulation, such as vascular endothelial
growth factor (VEGF), VEGF receptor (VEGFR) 2 and basic fibroblast, stimulate
the differentiation of angioblasts. These precursor cells are not only present during
embryogenesis, but also in adult bone marrow and peripheral blood.

Endothelial cells release substances, such as prostacyclin, nitric oxide (NO) and
endothelium derived hyperpolarizing factors (EDHF) in order to communicate and
interact with its surrounding environment (133). EDHF and NO are important in
regulating endothelial-mediated relaxation of the wvascular wall which is
irreversibly correlated with hypercholesterolemia in larger vessels (133, 134).
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Endothelial cells express G-actin which forms F-actin polymers (135). F-actin
binds nucleotides, which results in the F-actin polymerization activating ATPase.
Activation of ATPase leads to actin re-arrangements, which is responsible for cell
motility and protein transportation within the cell (136, 137). Rho GTPases are the
main GTPases involved in cell motility. They belongs to the Ras superfamily and
consist of Rho, Rac, Cdc42, TC10 and TCL (138). Rho and Rac kinases are
involved in migration, motility and proliferation of vascular cells (139). Rho
stimulates endothelial and vascular smooth muscle cell contractility by inhibiting
NO production and via actin re-arrangements and is important in regulating the
endothelial barrier function (139, 140). Rac regulates similar downstream effects
as Rho and stimulates actin polymerization with subsequent cell migration (138).
Adherent junctions and tight junctions between endothelial cells are important in
creating the right vascular permeability. Tight junctions are located at the apical
surface between endothelial cells and are made of a complex composition of
proteins including occludins and claudins (141, 142). Adherent junctions are
mainly composed by vascular endothelial (VE)- cadherin. Ve-cadherin connects
endothelial cells via an extracellular domain and via intracellular binding to the
catenin family of proteins (141). VE-cadherin is regulated by the Rho-GTPase
family where Rho activation leads to disassembly and Rac to assembly of VE-
cadherin with subsequent increased or decreased endothelial permeability,
respectively.

Beneath the endothelial cell layer is the pericyte located which is believed to be a
relative to the smooth muscle cell (143). Pericytes contribute to the building of the
vascular basement membrane by inducing expression of connective protein such
as fibronectin, nidogen-1, perlecan and laminin (144). Moreover, co-culturing of
pericyte with endothelial cells results in up-regulation of integrins, compared to
endothelial monocultures, however monocultures still express integrins (144, 145).
Integrins are important for cell-cell and cell-extracellular contacts. Pericytes are in
direct contact with endothelial cells via N-cadherin and (-cadherin adherent
junctions in the basal membrane, which transfers contractile forces from the
pericytes to the endothelial cell (146). N-cadherin is scattered throughout the
pericyte-endothelial interaction surface and is absent without the presence of
pericytes (147). In dermal scarring, pericytes transform to a collagen producing
fibroblast (148). Separating the tunica intima from the underlying tunica media is
the internal elastic lamina (149).

Tunica media is made of VSMCs, collagen fibers and elastic tissue. The main
function of VSMCs is to mediate the contractile function to regulate blood flow
and blood pressure (150). However, VSMCs are also important in the formation of
new blood vessels, by stabilizing endothelial cells via producing extracellular
matrix components such a collagen, elastin and proteoglycans, which also possess
contractile properties (151). The contractile force of VSMCs is mostly due to the
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organized cytoskeleton built up by smooth muscle a-actin, F-actin filaments,
smooth muscle myosin heavy chain (MHC) and smoothelin (152, 153). In contrast
to skeletal and cardiac muscles cells, VSMCs are not terminally differentiated and
disperse a huge plasticity enabling phenotypic switching (154). VSMCs can switch
to a proliferatory and migratory phenotype characterized by the presence of a more
diffuse actin-network with loss of fibers and f-actin (155). Smooth muscle 22
alpha (SM22a), which is involved in regulating the equilibrium between G-actin
and F-actin, inhibits the phenotypic switch in VSMCs (156). Genetic ablation of
SM22a in mice leads to an increase in atherosclerotic area and increased presence
of VSMC in the plaque (157).

Tunica adventitia is the outmost part of the vessel. It is primarily made of
adventitial fibroblasts and collagen, which connects the blood vessel to the
surrounding tissues (158). The adventitial fibroblast is the major producer of
vascular reactive oxygen species (ROS) via NAPDH oxidase activation (158).
ROS have many different effects on vascular cells, they can induce expression of
endothelial adhesion proteins, reduce the availability of NO and induce apoptosis
(159).

Lately it has become clear that tunica adventitia contains progenitor cells for
macrophages, which cannot be replenished via the bone marrow or spleen (160).
These macrophages are highly present in atherosclerotic plaques (161). Progenitor
cells for endothelial cells and VSMCs (Sca-1") are also found in the adventitia
(162, 163). VSMCs generated from Sca-1" progenitor cells are highly present in
atherosclerotic plaques. These results suggest that monocyte chemotaxis from the
circulation is not the only source of pathogenic cell accumulation in
atherosclerotic plaques. The morphology of the vascular wall is illustrated in Fig
6.

35



Endothelial cell
Smooth muscle cell

Tunica intimia
Internal
elastic lamina

Tunica Media

Tunica Adventitial

Macrophage progenitor cell Collagen fiber Adventitial fibroblast

Figure 6: Morphology of the vascular wall

Atherosclerosis

The development of atherosclerosis can reside in cardiovascular diseases (CVD)
like ischemic heart disease (IHD), coronary artery disease (CAD) and coronary
heart disease (CHD). Atherosclerosis is believed to be driven by low grade chronic
inflammation in the vasculature. Different inflammatory biomarkers have been
associated with atherosclerosis (164). Higher levels of C-reactive protein in
patients have been associated with increased incidence of cardiovascular disease
(CVD) (165). Moreover, other circulating pro-inflammatory mediators have been
associated with an increased risk of CVD, like serum amyloid A, soluble
intercellular adhesion molecule type 1 (sICAM), IL-6, homocysteine, total
cholesterol, LDL and apoB (166). In addition, several different immune cells are
present in the atherosclerotic lesion for example macrophages, lymphocytes,
dendritic cells, mast cells and neutrophils. Moreover, patients surviving sepsis
have an increased risk of developing major cardiovascular events like ischemic
stroke, hemorrhagic stroke, myocardial infarction (MI) and heart failure. The
increased risk persisted up to 5 years post discharge from the hospital (167). These
results suggest an inflammatory mechanism to be involved in the pathogenesis of
atherosclerosis.

It is debated whether atherosclerosis starts with an inflammatory activation of
endothelial cells, which leads to accumulation of LDL, or if it starts with an
accumulation of LDL, which becomes pro-inflammatory and starts an
inflammatory response in the endothelial cell. Lesion-prone areas in the arterial
wall (e.g. the ascending aorta and the aortic arch) have 5-fold higher LDL levels
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than lesion-resistant areas after 16 days of high fat diet in rabbits (168). Moreover,
there are only minor traces of foam cells in the arterial walls, whereas most of the
LDL is found intact in fatty streaks suggesting that a retention of LDL happens
before or in parallel with the formation of foam cells (168). In serial sections
isolated from human aortas with different stages of atherosclerosis, the early
stages were characterized by the presence of lipid deposits followed by
accumulation of macrophages at later stages (169). These results suggest that
accumulation of lipids happens before the infiltration of immune cells occurs.

Modified LDL is believed to induce an injury to the endothelial cell thus initiating
an inflammatory response (170). As a response to the injury, the endothelial cell
upregulates adhesive molecules like E-selectin, intercellular adhesion molecule-1
(ICAM-1), and vascular cell adhesion protein 1 (VCAM-1), which induces rolling
and attachment of monocytes to the vascular endothelium and further their
migration across the endothelial cell layer into the intima. Once in the intima,
monocytes absorb oxidized LDL-particles and differentiate into macrophages and
become foam cells. The importance of macrophages in the early development of
atherosclerosis was shown in mice having 50 % lower circulating monocytes and
reduced plaque development and a more stable plaque composition (171).
Apoptosis of macrophages in fatty streaks (early stage of atherosclerosis
development) was found to be beneficial. In contrast, macrophage apoptosis in the
advanced lesion resulted in accumulation of apoptotic cell debris and increased
lesion sizes and increased recruitment of circulating monocytes (172). The reason
for this could be that early apoptosis of macrophages limits the accumulation of
foam cells whereas when already formed, apoptosis of macrophages is not any
longer protective. Oxidized LDL stimulates to increased VSMC proliferation and
migration of VSMCs from the media into the intima of the artery, where they
become a major part of the atherosclerotic lesion (173). VSMCs present in plaques
can also originate from the bone marrow (174). When in the intima, VSMCs can
differentiate to exhibit phenotypes of cell such as macrophages and mesenchymal
stem cells (173, 175). Foam cells together with collagen and VSMCs build up a
plaque covered by a fibrous cap which separates the plaque from the blood (176).
Patients who suddenly died of ischemic heart disease and presented with coronary
thrombosis had fibrous caps consisting of more macrophages and less VSMCs
compared to those without thrombosis (177). The fibrous cap ruptures because
metalloproteases, produced by entrapped macrophages, degrade extracellular
matrix making the fibrous cap unstable (178). A necrotic core is formed in the
deeper areas of the advanced plaque, which consists of lipids, dead cells and
calcification (176). The presence of a necrotic core and a thin fibrous cap
characterizes an unstable plaque which can easily rupture and release pro-
thrombotic substances like TF leading to the formation of thrombi and an acute
increased risk of stroke and MI. Actually, in a study by Davies in 1992, 73.3 % of
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patients dying from a sudden coronary death had a recent coronary thrombotic
lesion (179). An illustration showing the pathogenic morphology of an
atherosclerotic plaque is illustrated in Fig 7.

Rupture of fibrous cap and thrombus formation
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Figure 7: Morphology of an atherosclerotic plaque

The plasma level of LDL-C is an independent risk factor for the progression of
CVD (180, 181). Genetically modified mice with increased LDL-C have increased
atherosclerosis, whereas mice with normal LDL-C have no atherosclerosis (182,
183). The concentration and phenotype of circulating LDL is highly dependent on
the secretion of VLDL. There are two forms of VLDL; VLDL1 and VLDL2 where
VLDLI1 is large and TG-enriched and VLDL?2 is small and TG-depleted (184).
VLDLI1 is more pro-atherogenic and is present in patients with type-2-diabetes
(185). Secretion of VLDLI1 decreases HDL and increases the presence of small
LDL-particles. Small LDL particles can more easily enter the arterial wall, are
more easily oxidized and they have less affinity for the LDL-receptor, leading to
decreased clearance and longer circulation time (8). The secretion of VLDL is
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typically increased during acute inflammation due to stimulation of hepatic lipid
synthesis by TNFa (186). However, LDL is in contrast decreased in sepsis and the
oxidation of LDL is increased upon infection (187, 188).

HDL in atherosclerosis and endothelial functionality

HDL is believed to be atheroprotective mainly because of its role in RCT. Several
clinical investigations have shown that low HDL-C or apoAl are predictive risk
factors of CVD (189-192). In addition, studies in rodents have shown beneficial
effects on atherosclerosis by increasing the HDL-C (193, 194). HDL protects LDL
from oxidation via human serum lactonase paraoxonase (PON1) that degrades
lipid peroxidase and hence inhibits the formation of foam cells in the intima (195).
Lately HDL has gained interest as a pharmaceutical target in order to lower the
incidence of CVD by trying to increase the HDL-C in human plasma. Substances
increasing HDL-C in humans such as niacin (196) and CETP-inhibitors remain to
be proven protective in human clinical CVD events (13, 197, 198). Recently, a
study showing that genetic variants leading to increased HDL-C did not correlate
with a lowered risk of CVD suggests that it is not the HDL-C per se that is
protective (2).

HDL exerts endothelial protective effects through several actions. It can inhibit the
expression of pro-inflammatory adhesion molecules on the endothelial surface,
stimulate endothelial NO-production and inhibit apoptosis (199, 200). Platelet-
activating factor (PAF) is a pro-inflammatory mediator secreted during acute
inflammation by activated platelets, leukocytes and endothelial cells, which
activates monocytes and increases vascular permeability (201, 202). Two enzymes
in HDL, PON1 and platelet-activating factor acetylhydrolase, were reported to
inhibit monocyte binding to endothelial cells and inactivate PAF, respectively
(199). However, HDL has altered phenotype in acute MI and can become pro-
inflammatory instead (203)

ApoM in atherosclerosis

When HDL isolated from apoM-depleted mice is injected into C57BL/6 mice only
a pool of larger HDL is formed in contrast to injection of wild type HDL where a
smaller HDL-subfraction is formed over time (37). This small subfraction is
believed to be pref-HDL on which apoM is strongly present, suggesting apoM to
be important in the formation of pre-HDL (37). This was further supported in a
study by Christoffersen et al., where generation of pref-HDL was increased in
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apoM-TG mice compared to controls (35). Interestingly, in one study, two-fold
apoM overexpression on an LDLR ™ background lead to decreased atherosclerosis
(35). In contrary in a second study overexpressing apoM two- or ten-fold on a
LDLR” background, no inhibition in atherosclerotic plaque formation was
observed, (36). The discrepancy between these studies can be explained by the
gender differences as only female mice were used in the first study whereas only
male mice were used in the second study. Interestingly, the female mice did not
have a co-concomitant increase in VLDL/LDL cholesterol upon apoM-
overexpression as did the male mice. This could explain the absence of
atherosclerotic protection of apoM in male mice and the contradictive results
between the two studies. Remarkably, two-fold increase of apoM- reduce oil-red
stained lesions by 70 % compared to wild type and in apoE” mice, ten-fold
increase of apoM reduce the atherosclerotic area by 60 % (36). These results
strongly suggest apoM to be involved in anti-atherogenic effects in the
vasculature.

The role of apoM in human cardiovascular disease is not clear. Genetic studies
suggest that a defect in APOM associates with CHD, whereas plasma levels of
apoM do not clearly correlate with CHD. The prevalence of three polymorphic
sites in APOM is higher in Chinese CVD patients compared to controls and two of
these sites confer lower expression of apoM as judged by luciferase assay (204,
205). In a Swedish population with recurrent venous thrombosis (VTE), an APOM
polymorphism (rs805297) was correlated with increased incidence of VTE in men
only, and plasma levels of apoM was reduced in men with VTE (206, 207).

Since apoM is important for the cardio-protective effects of HDL, one would
expect it to correlate with CVD. However, in two large cohorts (n=255 and
n=1865), there were no differences in apoM plasma levels between individuals
who developed CVD and healthy subjects (208). In patients with critical limb
ischemia or abdominal aortic aneurysm, plasma apoM was decreased but was not
an independent risk factor (209, 210).

To conclude, apoM clearly protects against atherosclerosis in mice models. In
humans, apoM plasma levels do not correlate with human CVD. The absent
correlation between apoM and CVD could be explained by the presence of LDL-
associated apoM, which might have altered properties and could gain pro-
atherogenic characteristics. However, this needs to be further clarified.

S1P in atherosclerosis
S1P mediates different effects in atherosclerosis depending on through which

S1PR it signals and on which cell type the S1PR is expressed. The S1P, receptor is
involved in retaining macrophages in the atherosclerotic plaque as shown in ApoE’
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"S1P,” mice having severely attenuated atherosclerosis due to less accumulation
of macrophages and foam cell formation compared to apoE'/' mice (211). S1P; had
similar effect as S1P, and was important for recruitment of monocytes and
macrophages to the plaque in the aorta (212). However, accumulation of VSMCs
was seen in apoE”"S1P;” mice suggesting the overall atherosclerotic lesion volume
not to be altered as compared in apoE™ mice (212).

S1P; can induce mobilization of P-selectin on endothelial cells, thereby promoting
leukocyte rolling and further atherosclerosis (213). In contrast, endothelial specific
S1P, silencing blocked rolling via inhibition of cAMP with subsequent induction
of sphkl (213). The role of S1P-signaling in atherosclerosis has been largely
evaluated by using FTY 720, a non-specific SIPR-reverse agonist. Administration
of FTY720 into apoE” mice reduced the plaque volume by 62.5 % mainly via
reducing the amounts of infiltrating macrophages (214). The underlying
mechanism was inhibition of thrombin-induced release of monocyte
chemoattractant protein-1 (MCP-1) in isolated rat artery segments (214).

The role of S1P in human cardiovascular disease is not clear. A study investigating
the correlation between S1P and aortic stenosis found that plasma SIP was a
strong predictor of stenosis and rose with increasing severity of the disease (215).
In contrary, a study by Sattler et al. observed a decrease in plasma S1P in patients
with CAD compared to controls (216). This was further confirmed in patients with
IHD having an inverse correlation between HDL-associated S1P (serum depleted
of LDL and VLDL) and IHD occurrence (217). In patients with MI, the S1P
plasma levels were decreased by 50 % both immediately and after 5 days post
infarction (218). This was confirmed in a second study which was speculated to be
due to decreased release of S1P from erythrocytes (219). HDL isolated from
human plasma collected from patients with CAD had lower S1P content and
decreased activation of known downstream S1P-signalling targets (Akt, Erk and
eNOS) that could be restored with S1P-loading in HDL (220).

To conclude, in human atherosclerotic related diseases such as CVD and IHD,
circulating S1P-levels are often decreased. SIP seems to affect atherosclerotic
morphology mainly via regulating macrophage recruitment through S1P, and S1P;
signaling. How low S1P-levels observed in human atherosclerotic related diseases
affects its role in atherosclerotic pathogenesis remains to be clarified.

The apoM/S1P-complex in atherosclerosis and inflammation
Specific silencing of S1P; in endothelial cells resulted in enhanced expression of
ICAM-1 and VCAM-1, whereas administration of HDL+apoM and not BSA+S1P

to human endothelial cells suppressed the ICAM-1 expression (101). The
relevance of apoM in S1P-mediated anti-inflammatory effects has been
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investigated in  apoM”~ mice. ApoM™ mice exhibit 50 % less SIP in plasma and
have increased extravasation of Evans blue in the lung indicating a lower
endothelial barrier function in the lung (39). This was reversed by administration
of an S1P;-agonist (221) demonstrating the specificity for S1P;,. We have
investigated through which receptor apoM-associated S1P regulates the expression
of pro-inflammatory adhesion molecules on human endothelial cells and we could
confirm that the apoM/S1P-complex signals through S1P; to exert endothelial
protective effects (paper I1I).

In apoM” mice it was shown that the apoM/SIP-complex is expendable for
lymphocyte trafficking. However, there was an increased proliferation of
hematopoietic/lymphoid progenitor cells in the bone marrow of apoM'/' mice with
increased presence of lymphocytes in the central nervous system (222). Moreover,
this study showed that apoM-associated S1P inhibited lymphopoiesis via S1P;
signaling, whereas albumin-associated S1P did not (222). In paper 1l we did not
observe any correlation between S1P and white blood cell count in sepsis.

Sepsis

Sepsis occurs when microorganisms (MOs) enter the circulation and is
characterized by an intensive and immediate activation of the innate immune
system and the coagulation system and dysregulation of the endothelial barrier.
Normally, the immune system protects us and its activation leads to killing and
disarming invading MOs. However, when large amounts of MOs are present in the
circulation, hyper activation of the immune and coagulation systems lead to
uncontrolled actions damaging the host. Sepsis is defined as presense of MOs in
the circulation with symtoms characterising systemic inflammatory response
syndrome (SIRS) including hypothermia or hyperthermia, tachycardia,
tachypnoea, high or low white blood cell count (223). A schematic figure
demonstrating the acute phase reseponse in the vessel is illustrated in Fig 8.

MOs enter the circulation mainly via the respiratory tract during phnemonia, via
the gastro-intestinal tract and the genito-urinary system during urinary tract
infections or through primary blood infections (224). MOs contain antigens, such
as lipopolysaccharide (LPS), lipoproteins, outer membrane proteins, flagellin,
fimbriae, peptidoglycan and lipoteichoic acid but can also release toxins, such as
heat-shock protein and DNA fragments. These antigens are recognized by pattern
recognition receptors such as toll-like receptors (TLRs), nucleotide binding
oligomerization domain (Nodl and Nod2) and peptidoglycan recognition
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receptors. Today, ten different TLRs have been identified and they are expressed
on B- and T-lymphocytes, monocytes, granulocytes and endothelial cells (225).
Binding of LPS to TLRs leads to activation of downstream intracellular adaptors
such as myeloid differentiation protein (MyD88) and TIR receptor domain-
containing adaptor protein inducing interferon § (TRIF), which leads to nuclear
translocation of the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB), a cytokine transcription factor (226). Activation of immune cells via
TLRs leads to excessive release of pro-inflammatory cytokines, such as tumour
necrosis factor o (TNFa), interleukin-6 (IL-6) and IL-8 within 30-90 minutes after
LPS recognition (226). The cytokine release leads to upregulation of adhesion
molecules and attraction of immune cells into tissues. Neutrophils, accounting for
50-70 % of circulating leukocytes in humans, are recruted to damaged endothelial
cells, bind to adhesion molecules and transmigrate into the tissue where they kill
pathogens via degranulation, production of ROS and generation of neutrophil
extracellular traps (NETs) (227). NETs trap and disarm microbes extracellularly.
However, they can also be harmful to the host and cause obstructing of vessels
leading to ischemia and organ failure (228). Activated neutrophils induce
maturation of dendritic cells (DCs) making them produce cytokines, induce T-cell
proliferation and activate natural killer cells (229).

Endothelial cells have important anticoagulant effects and regulates the
coagulation status in the vessel via four main pathways; production of tissue-factor
inhibitor (TFPI), generation of activated protein C (APC), production of tissue-
type plasminogen activator to induce fibrinolysis and via production of NO
inhibits platelet aggregation (3). All of these functions are impaired in sepsis
leading to a pro-coagulant environment in the vessel. Endothelial cells express
TLR4 and TLR2 and can syntesize Tissue Factor (TF), the main activator of the
extrinsic coagualation pathway, upon activation by endotoxin, TNF and IL-1 (230,
231). TF is also found on neutrophils binding to monocyte derive microparticles or
on activated monocytes (232). The formation of vascular thrombi upon infection is
generated to protect us in order to enhance the entrapment and destruction of the
pathogens and to limit their spread in the body (233). However, in systemic
inflammation, the activation of the coagulation system occurs simultaneously in
microvessels in the whole body leading to disseminated intravascular
coagulopathy (DIC). DIC is characterized by massive thrombin formation,
consumption of coagulation components, decreased fibrinolysis and extensive
formation of thrombi in microvessels (233). DIC leads to the obstruction of
microvessels with reduced blood flow to organs and subsequent development of
organ failure (232). The consumption of coagulation components leads to a
following high risk of bleeding.

Endothelial cells are important in maintaining a balanced barrier function which
becomes heavily dysfunctional in sepsis (234). Re-arranged actin network in
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endothelial cells occurs upon exposure of gram-negative bacteria due to the
binding of thrombin to protease-activated receptor 1 (PAR-1) which leads to
activation of G-protein G5 and Rho-activation (235). Rho-activation leads to
cell-contraction and cell-rounding with subsequent disruption of cell to cell
contacts resulting in increased transport of albumin and macromolecules into the
underlying tissues (17). This also leads to increased exposure of underlying tissues
expressing large amounts of TF, exceeding the pro-coagulant status. Interestingly
in later stages of sepsis, PAR-1 forms heterodimers with PAR-2 switching the
signaling pathway to G, with subsequent Rac-activation and increased barrier
function (3). The barrier protective effects exerted by both APC and thrombin are
linked to co-activation of S1P;, whereas thrombin induced barrier disruptive
effects are associated with S1P; (3). Thrombin, together with VEGF, can induce
the internalization of VE-cadherin, further increasing the endothelial permeability
(236). The increased permeability is believed to be associated with multi-organ
failure (MOF) in sepsis. However, interestingly histopathology findings in patients
dying from MOF revealed that tissues are fairly normal characterized by a mild
tissue oedema (3). However, even though the oedema was not extended, organ
function still failed suggesting even a small leakage can be fatal for many organs.

As a response to the intense initial activation of the immune system, there is a
following anti-inflammatory feedback mechanism. The production of anti-
inflammatory cytokines such as IL-10, transforming growth factor § (TGF-f) and
IL-13 is seen as a compensatory action which can lead to immunoparalysis and
apoptosis of immune cells (228, 237). Ex vivo experiments revealed that blood
from septic patients at the intensive care unit (ICU) had blunted TNFa-production
in response to endotoxin and these patients were associated with longer ICU-stay
and higher infection incidence (238, 239). A possible explanation could be the
presence of soluble TLR receptors that has been reported to act as decoy receptors
blocking TLR signalling (240).

Resolution of an inflammatory response was long believed to be a passive
clearance of immune cells and cell debris but lately this hypothesis has been
challenged with new evidence pointing towards an active process enabling tissues
to restore into normal homeostasis. Lipoxins and resolvins program mononuclear
cells to limit their entrance to inflamed tissues and activate macrophages to engulf
apoptotic mononuclear cells (241). Metabolites from omega-3 are generated by
leukocytes during resolution of the inflammatory process and these mediators
increase phagocytosis and the transport of ingested leukocytes back to lymphatic
tissues (242, 243). Resolvin El1 generated by human neutrophils inhibits
superoxide production in response to TNF and inhibits >90 % of alveolar bone
destruction in a rabbit periodontitis model (244, 245).
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Figure 8: The acute phase response in a blood vessel
HDL in sepsis
HDL has antioxidant, anti-inflammatory and endothelial protective effects and is a

part of the innate immune system (246-249). Levels of HDL are decreased in
patients with sepsis and low levels correlate with increased mortality (250-252).
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Patients having concentrations of HDL above 25 mg/dl have a 100 % survival rate
and by using cutoffs of high HDL (>20 mg/dl) and low HDL (<20 mg/dl), HDL
could predict the overall 30-day mortality with 92 % sensitivity, 80 % specificity
and 83 % accuracy (252). ApoAl might also be important in the acute phase
response and human patients with sepsis have lower apoAl levels, which are
inversely correlated to survival (253). Moreover, injection of an apoAl-mimetic
peptide decreased the inflammatory response and restored HDL levels in a cecal
ligation and puncture rat model (254).

The mechanism behind the decreased HDL levels in sepsis is not clear but
increased levels of the secretory phospholipase A, and cytokines have been shown
to increase the catabolism of HDL in inflammation (255, 256). Recently Zou et al.
reported a delta-HDL value to be an alternative prognostic marker to distinguish
between gram-negative and gram-positive bacterial infection where patients with
gram-negative bacterial infection had a much more severe decrease in HDL
plasma levels during the first day of hospitalization (257).

HDL has several potential protective mechanisms in sepsis. HDL associates with
LPS- binding protein and neutralizes LPS in the circulation (249). Administration
of LPS to serum results in reduced buoyant density of LPS, indicating lipid-
association of LPS, which was absent in delipidated plasma and restored with
addition of HDL but not with addition of VLDL or LDL (258, 259). HDL inhibits
the interaction between LPS and its receptors on monocytes thus preventing
activation of immune cells and release of cytokines (260). HDL also promotes the
clearance of LPS via SR-B1 by up to 4-fold in HEK-cells and 2-fold in primary
hepatocytes (261). Lipoteichoic acid, which is generated by gram positive bacteria,
activates immune cells via the TLR2/6 pathway. Lipoteichoic acid is mostly
present in plasma as complex with HDL, which neutralizes its pro-inflammatory
effects (262, 263). Moreover, HDL contains many proteins involved in immune
regulation such as complement proteins (C3, C4A and C4B) and antimicrobial
complexes made of haptoglobin-related protein, apolipoprotein L-I and apoAl
(264, 265).

ApoM and S1P in sepsis

APOM is located in a cluster of genes involved in the immune system and hence
apoM could also be a mediator of the inflammatory response. The first indication
of this was found in 2007 where Feingold et al. showed in vitro and in vivo a
decrease of apoM upon pro-inflammatory stimuli (266). However, one limitation
with this study was the small number of human patients (n=6). To follow up this
result in a larger cohort, Kumaraswamy et al. quantified apoM in plasma from 233
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patients with different severity of sepsis and found that apoM levels were
increasingly lower with increased severity of the disease (187). S1P is decreased in
sepsis as recently showed in a study by Winkler et al. who quantified S1P in
serum from 100 sepsis patients and 214 healthy controls (267). Moreover, patients
with dengue-fever, a disease characterized with substantial plasma leakage, had
lower S1P levels compared to controls (268). The importance of the apoM/S1P-
complex in sepsis is not clear. In paper II we measured plasma levels of apoM and
S1P in both human and non-human primate sepsis and found that both were
decreased reflecting the severity of the disease. S1P was decreased rapidly already
within the first 4-6 hours making S1P a potential biomarker in sepsis. This will be
further discussed under present investigation.

Diabetes

Type 1 diabetes (T1D) is characterized by abolished insulin production caused by
an autoimmune assault on B-cells in the islet of Langerhans in the pancreas,
whereas type 2-diabetes (T2D) is mainly due to insufficient usage of insulin in the
body i.e insulin resistance (269). In 2015, the number of individuals having
diabetes worldwide was estimated to 415 million people and the number is
believed to rise in the nearest 20 years (270). The causative mechanisms behind
the onset of T1D, which often occurs in teenage years, are unclear, however
genetic as well as environmental factors and existence of co-autoimunity (co-
existanse of other auto-immune diseases) are believed to be involved. In 90 % of
the individuals who develop T1D, certain histocompatibility complex haplotypes
are present as compared to 40 % in healthy individuals (271). Co-existence of
auto-immune diseases, such as thyroid disease or coeliac disease, have been linked
to T1D as well as environmental factors, such as viral infections, the hygiene-
hypothesis (that we are too clean) and breast feeding versus formula milk,
however further evidence are needed before links can readily be established (270).

T1D patients have an increased risk of CVD and the mechanism behind is unclear
(272). The difference of CVD between T1D and T2D is that CVD occurs much
earlier in T1D. Moreover, in T1D, women are affected by stroke equally much as
men, whereas in T2D the incidence in men is higher. Patients with diabetes (non-
defined type) have atherosclerotic plaques consisting of more lipids, macrophages
and thrombus as compared to non-diabetic patients (273). Atherosclerosis in T1D
specifically, is characterized by more widespread burden (more vessels affected)
with increased severity of stenosis (274). One explanation of increased
atherosclerosis in T1D could be the presence of increased pro-inflammatory
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mediators (C-reactive protein, IL-6 and fibrinogen) in the circulation of T1D
patients compared to controls (272). Another causative mechanism of
atherosclerosis in T1D is endothelial dysfunction (275). Both hyperglycemia and
hypoglycemia are associated with increased oxidative stress and reduced NO-
production in endothelial cells as shown in vitro (276). Also, endothelial
vasodilation was impaired in vivo in humans, as injection of methacholine induced
stronger increase in blood flow in healthy subjects compared to individuals with
insulin-dependent diabetes (277). These results suggest that there is an increased
endothelial dysfunction in T1D, which could contribute to the increased risk of
CVD associated with T1D.

HDL is often increased in T1D whereas it is decreased in T2D (278). Despite this,
T1D-patients, especially women, are not more protected against CVD, suggesting
altered properties of HDL in T1D. Indeed, HDL can lose its protective effects or
gain dysfunctional properties, becoming pro-atherogenic and pro-inflammatory.
The concept of dysfunctional HDL was first established in rabbits in 1995, when it
was shown that HDL during acute inflammation lost apoA1l, PON-1, PAF-AH and
gained serum amyloid A (SAA). This HDL was much less effective in inhibiting
LDL oxidation (279). Moreover, overexpression of LCAT in mice leads to
increased HDL-C levels but surprisingly results in increased atherosclerosis (280).
Dysfunctional HDL is further discussed in paper IV.

ApoM and S1P in diabetes

Recently, the composition of HDL was shown to be altered in T2D with lower
levels of S1P and subsequently decreased protection of HDL against oxidative
stress in cardiomyocytes (281). More evidence of alteration in the HDL
phosphosphingolipidome in diabetes was observed in T1D patients having reduced
S1P levels in both HDL, and HDL; particles compared to controls (282). Diabetic
aortas express more ICAM-1 and VCAM-1 than healthy aortas and 100 nM S1P
could inhibit this increased expression ex vivo (283). ApoM is known to be
decreased in T2D, however alterations of plasma levels of apoM and S1P in T1D
are not known (284). Furthermore, the importance of the apoM/S1P-complex and
its functionality in T1D has not been studied. In paper IV we quantified plasma
levels of apoM and S1P in T1D patients and healthy controls. Moreover, we
investigated the anti-inflammatory effects of different HDL-subpopulations
isolated from T1D patients and controls. We found that there was no difference in
plasma levels of apoM and S1P between controls and T1D-patients. The
functionality of T1D-HDL was altered and this was not due to reduced levels of
apoM and S1P. This is further discussed in next chapter.
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Present Investigation

The aims of this study were to explore the role of the apoM/S1P complex in its
interaction with S1P-receptors and in vascular inflammation. As shown by Galvani
et al., the apoM/S1P-complex increases the assembly of VE-cadherin adherent
junctions via signaling through S1P; (39). In addition, apoM is strongly reduced in
sepsis with plasma levels negatively correlating with disease severity (187). This
got us engaged to further investigate the anti-inflammatory role the apoM/S1P-
complex and its interaction with the SIPRs. In order to quantify SIP in patient
cohorts and in different preparations for cell-experiments, we developed an S1P-
quantification method in collaboration with the clinical chemistry department at
Skéne University Hospital as described in paper I. In paper II, we used this method
to quantify plasma S1P in the same human sepsis-cohort as used for apoM. In
addition, we investigated the plasma levels of apoM and S1P in a non-human
primate sepsis model where we could study alterations of apoM and S1P in plasma
and tissues over time. In paper III, we further investigated the mechanism behind
the anti-inflammatory role of the apoM/S1P-complex in vitro by studying its
potential to inhibit pro-inflammatory adhesion molecules on the surface of primary
human endothelial cells (HAECs). As the apoM/S1P-complex was shown to have
anti-atherogenic properties in our experiments, we were interested in analyzing the
importance of apoM and SIP in a group of patients with known increased risk of
developing atherosclerosis and CVD; patients with diabetes (paper IV). In paper
V, we aimed to investigate if the apoM/S1P-complex could interact with all of the
S1PRs. In order to do this, we created stable cell clones expressing S1P;.5s coupled
to a green fluorescent protein (GFP) and followed the internalization pattern of the
S1PRs upon addition of S1P carried by different cargos.

S1P quantification

S1P is a zwitterion meaning it has both positive and negative charges within the
molecule but a formal neutral charge at neutral pH. In addition, SIP has a
hydrophobic C18-carbon tail with a hydrophilic inorganic phosphoric acid head,
making it amphipathic. These properties make S1P difficult to separate and handle
in chromatographic systems since it will affect intermolecular forces between S1P
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and the stationary/mobile phases. S1P was first quantified by using thin layer
chromatography (TLC), however these methods had poor recovery and complex
sample preparations (285, 286). Later liquid chromatography (LC) was introduced
to increase resolution and automation. Today, LC coupled to tandem mass
spectrometry (MS/MS) is the most commonly used method to quantify S1P (287).
The powerful MS/MS-methodology has very high selectivity and high resolution
due to its possibility to select and separate molecules with specific mass down to 1
Da.

In paper I we describe a LC-MS/MS method, which we developed in order to
quantify S1P in plasma and cell extracts (see schematic overview in Fig 9). We
tried different LC-columns like HILIC, Cg and Cyg, however all gave distinct peak
tailing, which is a sign of carry over. Carry over of S1P between injections has
been described in the literature and was solved with derivatization of the amino-
group or repeated wash-steps between each injection (288). However, this is time
consuming and can cause unspecific binding that will interfere with the
quantification of S1P. We solved it with a Cig column from Waters that consisted
of a positively charged stationary phase at low pH. The potential explanation
behind the absence of peak tailing with this column could be repelling forces
between the amino-group and the stationary phase which both were positively
charged the low pH in our mobile buffer. An internal standard (IS) is used to
compensate for experimental variations during the quantification and is added
during the extraction procedure. We started using a S1P-homolog with a Cy;
aliphatic chain, which was the most used internal standard at that time. However,
S1P:C,7 had shorter retention time than S1P (3.4 and 3.8 minutes respectively) due
to the shorter aliphatic chain. We investigated ion suppression by matrix
components in the extract at those particular retention times and found ion-
suppression at the S1P:C,; elution time. This can induce unstable results and hence
we tried deuterium-marked S1P (d7:S1P) as IS instead. D7:S1P co-eluted with
S1P and hence removed the problem with ion-suppression.

In this paper we also established protocol for blood sample preparation for S1P
quantification. Since S1P is produced by both platelets and erythrocytes, S1P can
be secreted into blood upon sample collection. We came to the conclusion that
plasma anticoagulated with citrate, lithium-heparin or EDTA and serum from the
same individual contained different amount of S1P. Serum had particularly high
S1P-levels, which was due to activated platelets that released S1P. In addition,
S1P-concentrations in plasma were dependent on the centrifugation force applied.
S1P decreased between 300g x 15 minutes and 2000g x 10 minutes due to removal
of platelets, however from 2000g x 20 min to 20000g x 20 minutes S1P was to our
surprise increased. We speculated that this was due to a re-organization of
erythrocytes due to increased centrifugation forces as showed in a study by Cines
et al. (289). Finally, we discovered that the S1P released from activated platelets
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was mainly bound to albumin. If this was due to a saturation of apoM of due to the
lack of an active transporter of S1P into apoM, needs to be clarified.

To conclude, we have established a robust S1P-quantification method and
developed a handling protocol of blood samples ensuring accurate S1P-
quantification. Quantification of SI1P in blood samples is a delicate process since
both erythrocytes and platelets can secrete S1P upon blood sampling. Platelets are
easily activated for example by cold temperatures (290) and great care has to be
considered in sample handling to ensure proper comparability between patient and
control groups. Identical sampling protocol including type of plasma-anticoagulant
and centrifugation force should be applied to all samples included in a study where
S1P-levels are compared between groups. S1P-quantification in serum should be
avoided, as this could be a measure of platelet function rather than actual S1P-
concentration in the circulation. A drawback of the LC-MS/MS technique is the
limited availability for most labs. However, future quantification methods more
available such as ELISAs, needs to be further proven reliable in the complex
quantification of S1P in order to replace the robust LC-MS/MS technique (291).
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ApoM and S1P decrease in sepsis

In sepsis, the endothelial cell layer becomes highly permeable, leading to leakage
of blood into tissues with subsequent low blood pressure and organ failure. The
apoM/S1P-complex is important in mediating anti-inflammatory and endothelial
protective effects (39, 101). It can through signaling via S1P; increase the
assembly of VE-cadherin and increase the endothelial barrier function (39).
Hence, it is interesting to study the role of apoM and S1P in sepsis. Plasma levels
of apoM were shown to correlate with disease severity in human sepsis patients
(187). By the time this study was carried out we did not have access to an S1P-
quantification method. In paper II we used the LC-MS/MS method developed in
paper I to quantify SIP in the same patient-cohort as used for apoM and found that
S1P was decreased with increased severity of the disease, similarly to apoM. In
addition, we had access to archived samples from a unique well-defined sepsis
model in baboons developed at Oklahoma medical research center in the USA by
Fletcher Taylor and Florea Lupu. They had infused different doses of E.coli into
baboons, which subsequently developed different severities of sepsis and followed
them by collecting samples over time. The mRNA expression of apoM in both
liver and kidney was strongly decreased after 12 hours post E.coli infusion. We
found that plasma levels of both SIP and apoM were decreased in relation to the
severity of the disease and that SIP was decreased already within the first 6-8
hours, which was not seen for apoM. These results suggest that the loss of apoM
is not the reason per se for the decrease in S1P. S1P correlated strongly with
circulating platelets, hence we believe that the loss of S1P in our model was due to
platelet senescence. Erythrocytes, which have been proposed to be the main source
of circulating S1P, were decreased at later timepoints and did not correlate
strongly with S1P levels. A recent study investigating the importance of
erythrocytes and platelets as individual S1P sources revealed that both were
needed for recovery after sepsis, whereas they had overlapping functions for the
vascular development (292).

To conclude, our results show that the apoM/S1P complex is heavily decreased in
sepsis reflecting the severity of the disease. Moreover, the transcription of apoM is
turned off in the liver early in the sepsis time course. Since S1P is an important
regulator of the endothelial barrier and function of mural cells, the decrease in
apoM/S1P may lead to vascular dysfunction and could hence be a potential future
pharmacological target in sepsis. It is intriguing to speculate in why the apoM-
production is turned off in the liver and why plasma S1P is decreased already after
6 h despite strong presence of apoM and erythrocytes. S1P has opposing effect on
the endothelial barrier depending on which receptor its signals through. S1P,
increases endothelial barrier function whereas S1P; is barrier-disruptive (104). It is
possible that S1P signals more through S1P; at low S1P levels and more through
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S1P, at high S1P levels as we suggest in paper V. Hence it could be beneficial to
reduce S1P-levels during the acute phase response. To investigate if the reduced
apoM/S1P-levels in sepsis are protective or causative, wild type, apoM” and
apoM-Tg mice could be challenged with different doses of bacteria to induce
different severity of sepsis. If the apoM” mice had worse outcome and if the
apoM-TG mice had increased survival or vice versa, it could give us a clue about
whether the observed decreased plasma levels of apoM and S1P in sepsis are
regulated in order to limit the inflammation or if it is a pathological consequence
in sepsis. In addition, after induction of sepsis the S1P-levels could be restored by
administration of S1P carried by different carriers in order to rule out carrier-
specific effects and to evaluate whether restoring plasma S1P could rescue the
septic phenotype. To investigate how the S1P-receptors mediate the endothelial
permeability during sepsis, one could use endothelial specific knockouts of S1P ,
induce sepsis and inject Evans Blue and analyze leakage out in the tissues. To
pharmacologically modulate the SIP/S1PR signaling pathway in sepsis, one would
need to develop specific receptor inhibitors targeting only vascular S1P receptors.
This because the SIPRs mediate trafficking of immune cells between tissue and
circulation, which could be disrupted if targeting S1PRs generally. This is not
favorable in sepsis since the presence of white blood cells disarms the invading
MOs and prolonged lymphopenia is associated with increased mortality in sepsis
(293). In addition, S1PRs have unique downstream effects and exert tissue specific
signaling, demonstrating the need of receptor specific targeting in diseases to
avoid unwanted side-effects. The inhibitory effect on formation of soluble VCAM-
1 (sVCAM-1) by apoM and S1P is not known. If apoM and S1P have additional
inhibitory effects on sVCAM-1, it could be important in sepsis as circulating
levels of sVCAM-1 are associated with MOF and increased mortality (294).

The apoM/S1P-complex is important for the anti-
inflammatory effects of HDL

In paper III we investigate the role of the apoM/SIP complex in endothelial
inflammation. As discussed above, endothelial dysfunction is believed to be an
initial step in atherosclerosis and contribute to increased risk of CVD in diabetes.
Upon activation by pro-inflammatory stimuli, endothelial cells upregulate their
expression of pro-inflammatory adhesion molecules like E-selectin, ICAM-1 and
VCAM-1 to attract circulating monocytes to the site of inflammation. Hence, the
upregulation of these adhesion molecules is an early event in the pathogenesis of
atherosclerosis and is thereby an interesting pharmaceutical target. HDL can
inhibit pro-inflammatory adhesion molecule expression on the endothelial surface
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(246) and the apoM/S1P-complex has been suggested to mediate these effects of
HDL (101). Galvani et al. isolated HDL from wild type and apoM'/' mice which
they applied on human endothelial cells in vitro and found that S1P carried on
HDL was able to inhibit ICAM-1 expression, whereas albumin-associated S1P and
HDL-depleted of apoM were less efficient (101).

In paper III we investigate if we could confirm the findings by Galvani et al. by
using HDL isolated from human healthy donors to study if the anti-inflammatory
effects exerted by HDL are due to the presence of apoM and S1P. We challenged
HAECs with TNFa to induce an inflammatory response and to induce expression
of the pro-inflammatory adhesion molecules E-selectin, VCAM-1 and ICAM-1 on
the endothelial surface. To test if apoM and S1P could inhibit expression of these
adhesion molecules, recombinant apoM (rapoM) loaded with S1P or HDL isolated
from human plasma containing or lacking the apoM/S1P-complex were added to
the cells together with TNFa for 4 hours incubation in a cell incubator. Expression
of adhesion molecules on the endothelial surface was analyzed by flow cytometry.
We found that rapoM loaded with S1P could significantly inhibit the TNF-induced
expression of E-selectin and VCAM-1 but not ICAM-1 compared to rapoM only.
More interestingly, HDL containing apoM or enriched in apoM inhibited
expression whereas HDL lacking apoM did not. Through the use of S1PR-specific
inhibitors against S1P;, S1P, and S1P; we found that these protective effects
mediated by the apoM/S1P-complex were through S1P; signaling.

We analyzed monocyte adhesion by calculating the amount of fluorescently
labeled monocytes that were attached on the endothelial cell layer upon the
treatment described above. Bound monocytes were quantified visually in a
fluorescent microscope or by measuring total cell fluorescence in cell lysate by a
TECAN reader. RapoM+S1P and total HDL were slightly more efficient in
inhibiting monocytes compared to either rapoM or HDL-apoM. The absence of a
stronger effect by the apoM/S1P-complex could be due to the presence of ICAM-1
expression which is known to be constitutively expressed on endothelial cells
(295). Previously, S1P associated with HDL has been shown to be more efficient
in keeping the endothelial barrier intact as compared to albumin-associated S1P,
suggesting carrier-specific roles of S1P (101, 296). We could confirm these results
as we found that S1P carried by rapoM at low S1P-concentration was more
efficient in inhibiting VCAM-1 compared to S1P carried by albumin.

To investigate the role of apoM and S1P in their influence on the permeability of
the endothelial cell layer, we used two different methods commonly used for this
purpose. In one we measured electric resistance over a confluent cell layer (TEER)
and in the other we measured transcellular efflux of large molecules (70 KDa). We
found that rapoM+S1P and HDL+apoM could rescue the barrier as it increased
TEER and decreased transcellular efflux as compared to rapoM and HDL-apoM.
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Even though the presence of the apoM/S1P-complex could inhibit the expression
of adhesion molecules, it could not completely suppress the TNFa-induced
upregulation of these molecules and in addition, it did not have any effect on
ICAM-1 expression. These results suggest that there are other factors in HDL
contributing to its endothelial protective effects. PON1 is associated with the same
HDL-particles as apoM and has several endothelial-protective effects like
inhibiting monocyte adhesion on human endothelial cells via antioxidative effects
on HDL (297). Moreover, PON1 has anti-apoptotic effects on endothelial cells as
shown by lack of inhibitory effects on caspase-9 in HDL isolated from PON1™"
mice as compared to wild type HDL (298). ApoAl is also important as shown in
humans with cardiovascular symptoms. When they were injected with
reconstituted HDL containing apoAl and phosphatidylcholine they had lower
expression of VCAM-1 and lower lipid content in their plaques as compared to
controls in the placebo group (299).

To conclude, these results suggest that the apoM/S1P-complex contributes in
mediating the anti-inflammatory and endothelial protective effects by HDL
through S1P,. The S1P/S1PR signaling system has many known effects in murine
atherosclerosis. S1P; suppresses ICAM-1 and VCAM-1 expression on endothelial
cells as shown in vivo whereas SI1P,” mice have greatly attenuated foam cell
formation and reduced atherosclerosis (101, 211). Sng'/' mice have diminished
leukocyte rolling on endothelial cells compared to wild type mice as visualised in
vivo by intravital microscopy (213). Whether S1P associated with apoM in HDL
mediates these observed effects through S1P, and S1P; remains to be clarified.
Possibly a specific S1P;-agonist specifically targeting S1P; in the endothelium
could be a potential pharmaceutical target in the treatment of atherosclerosis.
Investigating how the apoM/S1P-complex directs its signaling specificity to the
different S1PRs could help us develop such a compound.

ApoM and S1P in Type 1-diabetes

Obesity in the young population is associated with subsequent development of
T1D (300). T1D patients have increased media-intima thickness and increased risk
of developing CVD despite increased levels of HDL (301, 302). This make T1D-
patients an interesting group in which to study HDL-functionality. Plasma levels
of S1P are increased in obese mice and men (303). Moreover, S1P is increased in
mice with TID whereas both apoM and S1P are decreased in T2D (281, 304).
However, the role of the apoM/S1P complex in human T1D is unknown.

In paper IV we investigated the role of the apoM/S1P-complex in HDL-
functionality in T1D patients compared to healthy controls. We quantified plasma
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levels of apoM and S1P in human T1D patients and healthy controls by ELISA
and LC-MS/MS, respectively and found no difference between the groups. Both
apoM and S1P have been shown to be associated with HDL, and HDL; particles.
To investigate in which HDL-particles the apoM/S1P-complexes are located in
T1D, light, medium-dense and dense HDL-particles were isolated from T1D and
control plasma by ultracentrifugation. Both men and women with T1D had much
more cholesterol in their light HDL-particles compared to corresponding particles
in controls. Moreover, apoM and S1P were mostly located in dense and medium-
dense particles in controls whereas in T1D there was a shift towards light HDL-
particles, especially in women. HDL is believed to lose its anti-atherogenic
properties in patients with CAV (305) and hence we were interested in evaluating
the HDL functionality in T1D. Different HDL-subfractions were either pooled to
generate total HDL or kept separated in order to investigate the functionality of the
different subpopulations individually. We evaluated HDL-functionality by
measuring its inhibitory effects on pro-inflammatory adhesion molecule
expression on the endothelial surface by flow cytometry as in paper III. When total
HDL was added to HAECs there was no difference in HDL-functionality between
T1D and control HDL. Interestingly, when adding HDL-subfractions separately
based on the cholesterol distribution in plasma, light HDL-particles were less able
to inhibit the expression of E-selectin and completely unable to inhibit VCAM-1
expression compared to denser particles in both T1D or controls. When adding the
different subfractions containing the same amount of S1P, i.e. 100 nM, light HDL-
particles were still completely unable to inhibit VCAM-1 expression.

To conclude, T1D patients, particularly women, have increased levels of
cholesterol in their light particles and these particles are less anti-inflammatory
compared to dense HDL-particles. Thereby, TI1D-patients have more
dysfunctional HDL in regards of its anti-inflammatory properties. The light HDL
particles in T1D have higher levels of apoM/S1P-complexes, but despite this,
these particles are still less anti-inflammatory. This shows that the light HDL-
particles are not less anti-inflammatory due to lower amounts of apoM and S1P.
The inhibitory effects by the apoM/S1P-complex in HDL is carried out through
signaling via the S1P,; receptor (101). As shown by our results, this interaction is
impaired when apoM and S1P is present on lighter HDL particles. The underlying
mechanism behind this could be sterical hindrance since these particles are large
and hence the interaction with receptors on the endothelial surface could be
aggravated. To investigate the mechanism behind the reduced anti-inflammatory
effects by the lighter HDL-particles one could use reconstituted HDL made of
different composition to rule out the influence of different proteins and lipids. One
such approach was made by Ashby et al. who replaced apoAl with apoAll in
HDL; particles and found no alteration in the inhibition of VCAM-1 on human
endothelial cells (306). In addition, delipidated apoAl or phosphatidylcholine

56



separately did not have any inhibitory effect on VCAM-1, however when
combined into spherical HDL-particles the inhibitory effect was restored (306).

One explanation of the altered apoM/S1P-funtionality in light HDL-particles could
be altered specificity in the signaling with the different S1PRs. The different S1P-
receptors mediate opposite effects in the regulation of pro-inflammatory adhesion
molecules. S1P; increase the expression of VCAM-1 and ICAM-1 whereas S1P,;
inhibits its expression. Since endothelial dysfunction is believed to contribute to
increased atherosclerosis and CVD in T1D, impaired delivery of SIP to S1P,
could be one explanation behind endothelial dysfunction in T1D. Altered
specificity between the apoM/S1P-complex and S1PRs when the complex is
present on different HDL-subclasses is possible and a very interesting research
question. It is possible that when apoM/S1P-complexes are present on light HDL-
particles, the specificity shifts towards S1P, and hence a possible loss of anti-
inflammatory effect via S1P; is gained. This could be tested by using methods
described in paper V.

In conclusion, there were no alteration in plasma levels of apoM and S1P in T1D
compared to controls. T1D patients, especially women, had more cholesterol and
apoM/S1P-complexes in their light HDL-particles and despite this, light HDL-
particles were less anti-inflammatory than dense particles. This suggests that T1D
patients have more dysfunctional HDL and that this could be one explanation for
the absent protection by increased HDL in T1D-patients. A simplified overview of
the anti-inflammatory actions by the apoM/S1P-complex are illustrated in Fig 10.
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Figure 10: Actions of apoM and S1P in vascular inflammation
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The apoM/S1P-complex and its interaction with S1P-
receptors

S1P exerts its extracellular signaling via 5 GPCRs, S1P,s. These receptors are
expressed in distinct cellular populations and in different organs in the human
body. All S1PRs have been shown to internalize in response to the presence of
extracellular S1P (120, 307-309). S1P, internalization and recycling are important
for enabling lymphocyte egress from secondary lymphoid organs and to migrate
towards the circulation. However, the importance and functionality of
internalization and recycling pattern within the cell for the SIPRs are not well
understood. Moreover, most of published internalization studies have been carried
out by using unbound S1P. The role of S1P signaling through its different
receptors when associated with apoM in HDL is not known.

In order to investigate the importance of apoM in delivering S1P to the SIPRs, we
established stable cell clones of HEK293 cells expressing the five different S1P-
receptors tagged with a GFP molecule in paper V. The coupling to a GFP-tag was
done in order to follow the internalization pattern of the receptors by confocal
microscopy. To investigate if rapoM+S1P could internalize all receptors and to
study the time-dependent effect on receptor internalization, we added 900 nM
rapoM+S1P to SIPR-GFP HEK293 cells and incubated them from 0-60 min. We
fixed the cells with paraformaldehyde and analyzed receptor localization by
confocal microscopy. All receptors were internalized by rapoM-+SIP although
with possibly different efficacy. The internalization of the S1PRs was differently
regulated by time where S1P;, S1P,, S1P3;, S1P, were mostly internalized after 20-
30 minutes whereas S1Pswas internalized after 40-60 minutes.

To quantify the effect of the S1P-dose on internalization, we established a method
to isolate membrane-associated proteins using a non-cell permeable biotin.
Biotinylated proteins were isolated with magnetic streptavidin-coated dynabeads
and analyzed with SDS-PAGE gel followed by western blotting using a GFP-
antibody. S1PR-GFP expressing cells were exposed to 0-900 nM recombinant
apoM loaded with S1P followed by evaluation by confocal microscopy and cell
surface biotinylation. Interestingly, S1P, and S1P, showed distinct results from
one another. S1P; was internalized in a dose-dependent manner whereas S1P, was
strongly internalized at low S1P levels (100 nM) but present at the cellular
membrane at high S1P-levels (900 nM). S1P, and S1Pswere not clearly affected in
a dose-dependent manner by rapoM+S1P.

In order to evaluate the function of the apoM/S1P-complex when present on its
different carriers, HDL was isolated from human plasma obtained from healthy
volunteers through ultracentrifugation and subsequent gelfiltration. ApoM-
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containing HDL was depleted from apoM via affinity chromatography with
monoclonal antibodies against apoM (made in house). HDL was characterized by
its size, and apolipoprotein content as evaluated by SDS-PAGE gel followed by
silver staining. ApoM and apoAl were quantified by ELISA, and S1P by LC-
MS/MS. The addition of HDL containing apoM/S1P (150 nM S1P) resulted in
internalization of all S1PRs, whereas HDL lacking the apoM/S1P complex
retained the receptor at the cell surface. Also albumin containing similar amounts
of S1P had similar effects as HDL+apoM/S1P.

To investigate if HDL could induce the same dose-dependent effects as
rapoM+S1P, HDL containing 150, 300 and 900 nM S1P was added and the
internalization was evaluated by confocal microscopy. HDL containing different
S1P-concentrations revealed the same pattern for S1P; and S1P,, as did
rapoM+S1P, i.e SIP; was internalized dose-dependently and S1P, only at low
S1P-levels. S1P4 and S1Ps were only slightly internalized by rapoM+S1P or HDL.
These results can explain dose-dependent effects exerted by S1P as different doses
regulate which S1PR is present on the cell surface. For example, low levels of S1P
(1InM) induce substantial degranulation of human mast cell in vitro via the S1P,
receptor (72) and high S1P concentrations (1 wuM) induce release of pro-
inflammatory cytokines from mast cells whereas low levels does not (72).

In conclusion, this paper shows that S1P carried by apoM can internalize all S1P-
receptors although with different efficacy and at different concentration.
Extracellular S1P-levels might regulate which receptors are present in the cellular
membrane. Since the SIPRs mediate diverse intracellular signaling pathways, this
finding could be important in order to understand how apoM/S1P controls S1P-
signaling. These methods could be used in order to study the mechanism behind
the observed effects in paper IV. Different sizes of reconstituted HDL could be
added to the different S1PR-expressing cell clones and internalization could be
measured. This could tell us if light HDL preferentially signals through S1P, and
hence could explain the observed effects of decreased anti-inflammatory effects by
light HDL-particles.

To conclude, our findings suggest that the apoM/S1P-complex is an important
mediator in regulating endothelial protective effects. In sepsis, effective treatment
is lacking and treatment-resistant low blood pressure is characteristic of septic
shock. In atherosclerosis, recent clinical trials investigating compounds resulting
in increased HDL-C levels failed in reducing the risk of CVD. ApoM and S1P
could potentially be future pharmaceutical targets in these inflammatory diseases
mediating increased endothelial barrier function and decreased expression of pro-
inflammatory adhesion molecules. However, one should be aware of targeting the
S1P/S1PR signaling is challenging as the receptors mediate opposing downstream
effects in distinct cell populations.

60



Major findings

*1dentical blood sampling protocol for all samples enrolled in a study in which
S1P-quantification is exerted is of highest priority to ensure accurate comparison
between groups.

* S1P secreted upon platelet activation is bound to albumin.

*The apoM/S1P-complex is decreased in sepsis reflecting the severity of the
disease in both humans and non-human primates.

*The transcription of apoM is turned off in E.coli sepsis in the non-human primate
liver.

*ApoM and SIP contribute in the anti-inflammatory effects exerted by HDL on
the endothelial surface.

*ApoM and S1P plasma levels are not altered in T1D

*The apoM/S1P-complex shift towards light HDL-particles in T1D. These
particles are unable to inhibit pro-inflammatory adhesion molecule expression on
endothelial cells.

*The apoM/S1P-complex can induce internalization of all S1PRs, however with
different efficacy.

*S1P; is dose-dependently internalized by rapoM+S1P and HDL, whereas S1P; is
strongly internalized at lower levels and present at the cellular membrane at higher
levels.
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Popularvetenskaplig sammanfattning

Insidan av kérlviggen kldds av ett enkelt lager av endotelceller med underliggande
motoriska celler och stddvdvnad som fungerar som en barridr mellan blod och
vdvnad. Det innersta lagret, endotelcellerna, kommer i direkt kontakt med
komponenter i blodet och utsondrar molekyler for att kommunicera med
underliggande celler. Endotelcellerna reglerar genomsléppligheten av vatten, gaser
och proteiner till underliggande celler och utgér dédrmed en viktig funktion i
kommunikationen mellan blod och védvnad. Hog-densitets-lipoproteiner (HDL)
transporterar kolesterol och fett i blodet och anses skydda mot sjukdomar i
blodsystemet. Dess huvudsakliga funktion dr att transportera kolesterol fran celler
1 kroppen till levern for vidare utsondring i avforingen och anses pa sa sitt skydda
frén ansamling av kolesterol i kérlviggen (s kallad ateroskleros). HDL har utover
detta anti-inflammatoriska egenskaper och anses vara en del av den fOrsta
forsvarslinjen 1 immunsystemet. Till exempel si& kan HDL neutralisera
sjukdomsalstrande  proteiner utsondrade fran bakterier och forhindra
inflammatoriska fordndringar i endotelceller. HDL kan dven 6ka kontakten mellan
endotelceller och pd s& sdtt forhindra alltfor stor genomsldpplighet.
Apolipoproteiner utgor en stor del av HDLs komposition och &r viktiga for manga
av HDLs effekter i den vaskuldra vdggen. Apolipoprotein Al dr det vanligaste
proteinet och dr oumbdrligt for strukturen av HDL. ApoAl utsondras fritt frdn
kolesterol och fett fran levern som genom sin resa genom kroppen absorberar
kolesterol fran celler och formar moget HDL. HDL kan ddrmed finnas i olika
storlekar eftersom det kan innehélla olika mangd kolesterol. Betydelsen av de
olika storlekarna av HDL é&r inte klarlagt, men det finns vissa indicier som pekar
pa att det har olika effekt.

Ett nytt apolipoprotein blev upptickt for ca 16 ar sedan och blev kallat
apolipoprotein M (apoM) efter att ha blivit upptickt nést efter apolipoprotein L.
ApoM visade sig vara associerat till storsta delen med HDL i humant plasma
genom att binda med en icke-klyvbar peptid. ApoM tillhor en grupp proteiner som
heter Lipokaliner. Lipokaliner karakteriseras av att de har en ficka dir sma
fettsyror kan binda in och pa sitt transportera fettsyror i kroppen. Genom
djurstudier visade sig apoM vara involverat inom lipoprotein metabolismen och
paverkade nivaer av bade HDL och l4g-densitets lipoproteiner (LDL). Okning av
apoM-nivéer i1 plasma ledde till minskad inflammation och ansamling av
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kolesterol i kiirlviggen. Aven om dessa resultat indikerade pa att apoM kan vara
involverat i lipoprotein metabolismen, var den huvudsakliga rollen av apoM lidnge
okédnd. Det skulle drdja dnda till 2011 d& det visade sig att apoM var den
huvudsakliga transportdren av sfingosin 1-fosfat (S1P). S1P kan binda till 5 olika
receptorer pa cellens yta och kan pa sa sitt reglera olika effekter i cellen. Till
exempel kan SIP reglera Overlevnad, cell-delning och cell-rorlighet. SI1P é&r
involverat i immunforsvaret diar den till exempel reglerar forflyttning av
immunceller mellan lymfan och blodet. S1P kan ocksa reglera genomsléppligheten
hos endotelceller genom att paverka dess rorlighet och cell till cell kontakter. I
blodet transporteras S1P till storsta delen av apoM i HDL men kan &ven
transporteras av albumin. Hur de olika effekterna av S1P fungerar nér det &r
bundet till apoM ér till storsta del oként.

I denna avhandling har vi studerat reglering av inflammatoriska effekter pa
humana endotelceller av SI1P nér det i huvudsakligen dr bundet till apoM. For att
kunna gora detta etablerade vi forst en kvantifieringsmetod for S1P dér vi kunde
kvantifiera SI1P i serum och plasma. S1P produceras av bade roda blodkroppar och
blodpléttar, vilka kan utséndra SI1P vid provtagning. Detta gor det svért att méta
S1P i blodet da aktiverade blodceller kan utséndra S1P och ge felaktiga resultat.
Vi etablerade ett protokoll for siker hantering av blodprover genom att utfora
olika sorters stabilitets-experiment. Vi kom fram till slutsatsen att tillracklig
centrifugering av proverna var nddvéndigt for att avldgsna alla blodpléttar (ca
2000g i 10 minuter). Nér vél alla blodplattar var avldgsna var provet stabilt mot till
exempel upprepade nedfrysnings-cykler. Den viktigaste slutsatsen var att behandla
blodprover fran kontroller och patienter identiskt eftersom ménga parametrar
kunde péverka S1P-halterna i proverna.

Genom att anvinda denna metod kvantifierade vi S1P i plasma frén patienter med
olika svérighetsgrad av blodforgiftning (sepsis) och i arkiverade prover fran icke-
humana primater, ocksd med olika svarighetsgrader av sepsis. Vi kunde &ven
analysera transkription av gener i levern och njuren sdsom apoM, apoAl, albumin
och andra gener involverade i S1P-metabolismen. Vi fann att plasma nivder av
S1P och apoM var kraftigt minskade vid sepsis och minskningen reflekterade
sjukdoms-graden. S1P i plasma sjonk tidigt, redan efter ndgra timmar vilket
innebédr att S1P kan fungera som en markor for sepsis. Vi fann dven att
transkriptionen av apoM i bade njuren men framforallt i levern var starkt himmad
redan 12 timmar efter att bakterier hade kommit in i blodet.

Vi var édven intresserade av att undersbka om apoM/S1P-komplexet kunde
forhindra inflammations-mekanismer involverade i ateroskleros. Vi utsatte
humana endotelceller for inflammatorisk stimuli med eller utan nirvaro av apoM
och S1P. Sedan mitte vi antalet inflammatoriska molekyler, si kallade adhesions-
molekyler, som dr en del av patologin bakom uppkomsten av ateroskleros. Vi
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maitte dessa pa endotelcellens yta for att se om apoM och S1P kunde forhindra
dess uppkomst. Vi fann att HDL innehallande apoM och S1P delvis kunde himma
forekomsten av inflammatoriska molekyler pd ytan medan HDL utan apoM och
S1P var oférmogen till det. Detta var ocksd sant for uppritthallandet av
endotelcells-barridren. Dessa resultat visar att apoM/S1P-komplexet ar viktigt for
anti-inflammatorisk verkan av HDL pa endotelceller och att dess nérvaro kan
hjdlpa till med att férhindra ateroskleros.

For att studera detta i en population som har 6kad risk for ateroskleros och
hjart/kérl-sjukdom undersdkte vi apoM och S1P i patienter med typ 1-diabetes
(T1D). Vi kvantifierade apoM och S1P i plasma frdn 89 patienter med T1D och 42
hilsosamma kontroller. Vi fann att det inte var nigon skillnad mellan dessa
grupper med avseende pa halter av apoM och S1P i plasma. T1D-patienter har ofta
okad koncentration av HDL i blodet, men &r inte mer skyddade fran hjért/kérl-
sjukdom. Detta gor dem till en intressant grupp att studera HDL-funktionalitet i
eftersom deras HDL kan vara dysfunktionellt. Vi isolerade olika storlekar av HDL
frdn plasma genom centrifugering och applicerade HDL frn bade T1D-patienter
och kontroller p4 humana endotelceller via samma experimentella modell som
beskrivet ovan. Vi fann att T1D-patienter hade mer kolesterol i deras litta HDL-
partiklar jimfort med kontroller. Aven apoM/S1P-komplexet var forskjutet mot
latta partiklar i T1D jamfort med kontroller, sérskilt for kvinnor. Trots att apoM
och S1P fanns i ldtta partiklar var dessa sdmre i att himma inflammatoriska
adhesions-molekyler p& endotelcellernas yta. Dessa resultat foreslédr att T1D-
patienter har mer HDL som inte kan himma inflammatoriska processer. Detta kan
vara en del av orsaken till en dkad risk for hjart/kérl-sjukdom i T1D.

Det ér viletablerat att S1P nér det &r buret till apoM kan signalera via en av S1P-
receptorerna, S1P,. Huruvida apoM-associerat S1P kan signalera genom ovriga
receptorer dr inte kdnt. Vi undersokte detta genom att utrycka gron-fluorescerande
S1P-receptorer som vi stimulerade med SIP bundet till apoM. Eftersom
receptorerna var fluorescerande kunde vi folja receptorernas reaktion pd olika
stimuli. Vi sdg att apoM-associerat S1P kunde interagera med alla S1P-
receptorerna och att méngden tillsatt komplex kunde bestimma vilken receptor
som var nérvarande pa cell-ytan.

For att ssmmanfatta s& pekar vara resultat pé att halter av apoM och S1P i blodet
ar starkt minskade under akut inflammation. Om detta ir en patologisk pafoljd av
sepsis eller regleras for att pdverka den inflammatoriska responsen aterstar att
klargéra. Vi sdg ocksd att apoM/SI1P-komplexet &r viktigt for de anti-
inflammatoriska effekterna av HDL i kérlvdggen och kan himma inflammatoriska
adhesionsmolekyler pd endotelcellens yta och dirmed hdmma uppkomst av
ateroskleros. Nar apoM och S1P &r nédrvarande pd stora HDL-molekyler (nér de
innehéller mycket kolesterol) forsvinner delar av deras anti-inflammatoriska
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effekter och denna sorts HDL-molekyler dr mer frekventa i personer med dkad
risk for hjart/kirl-sjukdom. Slutgiltligen sa visar véra studier att apoM-associerat
S1P kan interagera med alla S1P-receptorer med olika effektivitet. Véra resultat
visar att apoM och S1P ir framtida potentiella farmaceutiska mal for utvecklandet
av nya likemedel inom vaskuldra inflammatoriska sjukdomar.

65



Acknowledgements

Tack till framfor allt Bjorn for att du ville ha mig som doktorand i ditt lab. Tack
for ditt stora tdlamod, ditt vdnliga sétt och din humor &ven nir jag gjorde konstiga
saker som till exempel att blanda bidde rew- och fwd-primer i sekvenserings-
mixen. Nér jag startade hos dig kunde jag inte s mycket om celler eller klinisk
forskning, men under mina ar hos dig har jag vidgat mina vyer fran att bara tinka
pa ldkemedel till att fokusera pa att forst och framst forstd hur saker och ting
fungerar. Ditt ledarskap och instéllning till medicinsk vetenskap &r unikt och jag &r
vildigt tacksam for allt du har lart mig.

Utan dig Kaisa vid min sida hade jag fortfarande gjort t-test vid statistiska
jdmforelser mellan flera forsoks-grupper. Denna avhandlingen hade heller inte
blivit s& bra, for du har lart mig hur man ska utféra och skriva vetenskap med
odndligt tdlamod. Ditt engagemang i mig och min utveckling, samtidigt som du
har haft fullt upp med ditt egna liv, bevisar vilken otrolig kvinna och fantastisk fin
vén du ar.

Anders och Benny, tack for att ni hjilpte oss att utveckla den fina LC-MS/MS-
metoden for S1P. Er expertis och hjdlpsamhet gjorde det mojligt att hinga med i
forskningen kring apoM och SIP. Tack for alla roliga stunder framfér mass-
spektrometern och for allt ni lart mig.

Mario, thank you for great collaboration in the apoM/S1P-project. Your critical
investigating about the anti-inflammatory properties of apoM and S1P helped me
forming this thesis. Thank you for all the fun after-works in the office and fun
times in Humlebeack.

Thanks to all my collaborators and co-authors in both Sweden and USA; Adam
Linder, Florea Lupu, Fletcher Taylor, Ronald Goldberg and Armando
Mendez.

Tack Sofia for att du var en glad virvelvind i labbet nér jag borjade och for att du
larde mig hur man optimerar saker och ting pd bésta sétt. Tack for alla roliga turer
i Malmos nattliv och tack for din underbara vanskap.

Li, tack for att du tog hand om mig i borjan av min tid pa labbet och ldrde mig hur
en PCR fungerar. Tack for all hjdlp med outtréttlig rening av HDL och apoM-
ELISA. Ditt glada sétt far en att le pd morgnarna!

66



Eva-Lotta, tack for att du har hjilpt mig med alla méjliga saker jag har behovt
hjdlp med och tack Anette for administrativ hjélp.

Tack Ruzica for roligt séllskap i och utanfor labbet. Utan dig hade mass-spec-
lordagarna inte varit lika lédtta att uthdrda. Tack for dans pd adelgatan, mysiga
promenader och trevliga pratstunder.

Sinh, tack for att du har varit en sddan god granne béde pa labbet och pé kontoret.
Tack for alla roliga after-works pa labbet och dina moves pd dansgolvet dr det
ingen som sldr! Tack for att du alltid &r sé& hjélpsam och tar dig tid.

Tack Helena for att du var min handledare nér jag gjorde mitt examensjobb pa
Bjorns lab, trots att du sjélv var ny pa labbet. Tack for att du ldrde mig att det &r
viktigt att ha sitt egna sprak hihi.

Tack Eva for att vara kaffe-stunder inne i akvariet och for allt du lart mig om
blodpléttar. Tack Josefin for véara intressanta experiment i kylrummet. Tack Lina,
Hiromi, Anna, Oktawia och Sunil for givande diskussioner, roliga stunder pa
och utanfor labbet.

Tack Anna H, Ashfaque, Xiao, Hamideh och Abrar for trevlig delning av
vaning 6. Tack for att jag har fatt anvinda era maskiner och tack for trevliga
moten 1 vart party corner!

Everyone at Floor 4 and 5, Anna Blom and your group for letting me use your
equipment. Especially thanks for your patient when I had 15 membranes at the
same time to develop in the CCD-camera! Thank you for all interesting morning-
meetings, fun christmas parties and nice environment.

Jorgen och Annette, tack for att jag far rida er fina hiast Peppy och for att ni har
tagit hand om mig och matat mig med jimna mellanrum.

Jag vill tacka alla mina vinner som visat tdlamod under min tid som doktorand,
mina sociala talanger har inte alltid varit pa topp.

Hela min familj vill jag tacka for mysiga sammankomster och samvaro.
Pepparkaksbak, gdsamiddag och sléktkalas &r héjdpunkter under &ret.

Martin och hans familj for att ni har kommit in mitt liv. Martin, tack for att du
har gett mig ditt stod och haft tdlamod med mig nér jag varit uppslukad i
forskningen. Martin, med dig dr varje dag ett nytt dventyr.

Speciellt vill jag tacka Mamma, Rebecca och Rickard for att ni har stottat mig
och for all hjélp jag fatt av er. Utan er hade detta inte varit mojligt!

67



References

1. Liao JK. Effect of torcetrapib in patients at high risk for coronary events. Curr
Atheroscler Rep. 2008;10(4):282.
2. Voight BF, Peloso GM, Orho-Melander M, Frikke-Schmidt R, Barbalic M, Jensen

MK, et al. Plasma HDL cholesterol and risk of myocardial infarction: a mendelian randomisation
study. Lancet. 2012;380(9841):572-80.

3. Opal SM, van der Poll T. Endothelial barrier dysfunction in septic shock. J Intern
Med. 2015;277(3):277-93.

4. Igbal J, Hussain MM. Intestinal lipid absorption. Am J Physiol Endocrinol Metab.
2009;296(6):E1183-94.

5. Cooper AD. Hepatic uptake of chylomicron remnants. J Lipid Res.
1997;38(11):2173-92.

6. Shelburne F, Hanks J, Meyers W, Quarfordt S. Effect of apoproteins on hepatic
uptake of triglyceride emulsions in the rat. J Clin Invest. 1980;65(3):652-8.

7. Innerarity TL, Mahley RW. Enhanced binding by cultured human fibroblasts of

apo-E-containing lipoproteins as compared with low density lipoproteins. Biochemistry.
1978;17(8):1440-7.

8. Feingold KR, Grunfeld C. Introduction to Lipids and Lipoproteins. In: De Groot
LJ, Beck-Peccoz P, Chrousos G, Dungan K, Grossman A, Hershman JM, et al., editors. Endotext.
South Dartmouth (MA)2000.

9. Dallinga-Thie GM, Franssen R, Mooij HL, Visser ME, Hassing HC, Peelman F, et
al. The metabolism of triglyceride-rich lipoproteins revisited: new players, new insight.
Atherosclerosis. 2010;211(1):1-8.

10. Go GW, Mani A. Low-density lipoprotein receptor (LDLR) family orchestrates
cholesterol homeostasis. Yale J Biol Med. 2012;85(1):19-28.

11. Zhou L, Li C, Gao L, Wang A. High-density lipoprotein synthesis and metabolism
(Review). Mol Med Rep. 2015;12(3):4015-21.

12. Rached FH, Chapman MJ, Kontush A. HDL particle subpopulations: Focus on
biological function. Biofactors. 2015;41(2):67-77.

13. Annema W, von Eckardstein A. Dysfunctional high-density lipoproteins in

coronary heart disease: implications for diagnostics and therapy. Transl Res. 2016;173:30-57.

14. Rosenson RS, Brewer HB, Jr., Davidson WS, Fayad ZA, Fuster V, Goldstein J, et
al. Cholesterol efflux and atheroprotection: advancing the concept of reverse cholesterol transport.
Circulation. 2012;125(15):1905-19.

15. Rosenson RS, Brewer HB, Jr., Chapman MJ, Fazio S, Hussain MM, Kontush A, et
al. HDL measures, particle heterogeneity, proposed nomenclature, and relation to atherosclerotic
cardiovascular events. Clin Chem. 2011;57(3):392-410.

68



16. Wang N, Silver DL, Costet P, Tall AR. Specific binding of ApoA-I, enhanced
cholesterol efflux, and altered plasma membrane morphology in cells expressing ABC1. J Biol
Chem. 2000;275(42):33053-8.

17. Fielding CJ, Shore VG, Fielding PE. A protein cofactor of lecithin:cholesterol
acyltransferase. Biochem Biophys Res Commun. 1972;46(4):1493-8.

18. Voloshyna I, Reiss AB. The ABC transporters in lipid flux and atherosclerosis.
Prog Lipid Res. 2011;50(3):213-24.

19. Lamarche B, Uffelman KD, Carpentier A, Cohn JS, Steiner G, Barrett PH, et al.
Triglyceride enrichment of HDL enhances in vivo metabolic clearance of HDL apo A-I in healthy
men. J Clin Invest. 1999;103(8):1191-9.

20. Ishida T, Choi S, Kundu RK, Hirata K, Rubin EM, Cooper AD, et al. Endothelial
lipase is a major determinant of HDL level. J Clin Invest. 2003;111(3):347-55.
21. Edmondson AC, Brown RJ, Kathiresan S, Cupples LA, Demissie S, Manning AK,

et al. Loss-of-function variants in endothelial lipase are a cause of elevated HDL cholesterol in
humans. J Clin Invest. 2009;119(4):1042-50.

22. Xu N, Dahlback B. A novel human apolipoprotein (apoM). J Biol Chem.
1999;274(44):31286-90.

23. Axler O, Ahnstrom J, Dahlback B. Apolipoprotein M associates to lipoproteins
through its retained signal peptide. FEBS Lett. 2008;582(5):826-8.

24. Duan J, Dahlback B, Villoutreix BO. Proposed lipocalin fold for apolipoprotein M
based on bioinformatics and site-directed mutagenesis. FEBS Lett. 2001;499(1-2):127-32.

25. Sevvana M, Ahnstrom J, Egerer-Sieber C, Lange HA, Dahlback B, Muller YA.

Serendipitous fatty acid binding reveals the structural determinants for ligand recognition in
apolipoprotein M. J Mol Biol. 2009;393(4):920-36.

26. Flower DR. The lipocalin protein family: structure and function. Biochem J.
1996;318 (Pt 1):1-14.
27. Schmidt MI, Duncan BB, Sharrett AR, Lindberg G, Savage PJ, Offenbacher S, et

al. Markers of inflammation and prediction of diabetes mellitus in adults (Atherosclerosis Risk in
Communities study): a cohort study. Lancet. 1999;353(9165):1649-52.

28. Bacci MR, Cavallari MR, de Rozier-Alves RM, Alves Bda C, Fonseca FL. The
impact of lipocalin-type-prostaglandin-D-synthase as a predictor of kidney disease in patients with
type 2 diabetes. Drug Des Devel Ther. 2015;9:3179-82.

29. Parker CL, Sodetz JM. Role of the human C8 subunits in complement-mediated
bacterial killing: evidence that C8 gamma is not essential. Mol Immunol. 2002;39(7-8):453-8.
30. Faber K, Hvidberg V, Moestrup SK, Dahlback B, Nielsen LB. Megalin is a

receptor for apolipoprotein M, and kidney-specific megalin-deficiency confers urinary excretion of
apolipoprotein M. Mol Endocrinol. 2006;20(1):212-8.

31. Sutter I, Park R, Othman A, Rohrer L, Hornemann T, Stoffel M, et al.
Apolipoprotein M modulates erythrocyte efflux and tubular reabsorption of sphingosine-1-
phosphate. J Lipid Res. 2014;55(8):1730-7.

32. Christoffersen C, Nielsen LB, Axler O, Andersson A, Johnsen AH, Dahlback B.
Isolation and characterization of human apolipoprotein M-containing lipoproteins. J Lipid Res.
2006;47(8):1833-43.

33. Getz GS, Reardon CA. Animal models of atherosclerosis. Arterioscler Thromb
Vasc Biol. 2012;32(5):1104-15.

69



34, Faber K, Axler O, Dahlback B, Nielsen LB. Characterization of apoM in normal
and genetically modified mice. J Lipid Res. 2004;45(7):1272-8.

35. Christoffersen C, Jauhiainen M, Moser M, Porse B, Ehnholm C, Boesl M, et al.
Effect of apolipoprotein M on high density lipoprotein metabolism and atherosclerosis in low density
lipoprotein receptor knock-out mice. J Biol Chem. 2008;283(4):1839-47.

36. Christoffersen C, Pedersen TX, Gordts PL, Roebroek AJ, Dahlback B, Nielsen LB.
Opposing effects of apolipoprotein m on catabolism of apolipoprotein B-containing lipoproteins and
atherosclerosis. Circ Res. 2010;106(10):1624-34.

37. Wolfrum C, Poy MN, Stoffel M. Apolipoprotein M is required for prebeta-HDL
formation and cholesterol efflux to HDL and protects against atherosclerosis. Nat Med.
2005;11(4):418-22.

38. Christoffersen C, Benn M, Christensen PM, Gordts PL, Roebroek AJ, Frikke-
Schmidt R, et al. The plasma concentration of HDL-associated apoM is influenced by LDL receptor-
mediated clearance of apoB-containing particles. J Lipid Res. 2012;53(10):2198-204.

39. Christoffersen C, Obinata H, Kumaraswamy SB, Galvani S, Ahnstrom J, Sevvana
M, et al. Endothelium-protective sphingosine-1-phosphate provided by HDL-associated
apolipoprotein M. Proc Natl Acad Sci U S A.2011;108(23):9613-8.

40. Stoffel W, Heimann G, Hellenbroich B. Sphingosine kinase in blood platelets.
Hoppe Seylers Z Physiol Chem. 1973;354(5):562-6.

41. Hannun YA, Bell RM. Lysosphingolipids inhibit protein kinase C: implications for
the sphingolipidoses. Science. 1987;235(4789):670-4.

42. Zhang H, Desai NN, Olivera A, Seki T, Brooker G, Spiegel S. Sphingosine-1-
phosphate, a novel lipid, involved in cellular proliferation. J Cell Biol. 1991;114(1):155-67.

43. Ksiazek M, Chacinska M, Chabowski A, Baranowski M. Sources, metabolism, and
regulation of circulating sphingosine-1-phosphate. J Lipid Res. 2015;56(7):1271-81.

44, Kwon YG, Min JK, Kim KM, Lee DJ, Billiar TR, Kim YM. Sphingosine 1-

phosphate protects human umbilical vein endothelial cells from serum-deprived apoptosis by nitric
oxide production. J Biol Chem. 2001;276(14):10627-33.

45. Venkataraman K, Lee YM, Michaud J, Thangada S, Ai Y, Bonkovsky HL, et al.
Vascular endothelium as a contributor of plasma sphingosine 1-phosphate. Circ Res.
2008;102(6):669-76.

46. Ito K, Anada Y, Tani M, Ikeda M, Sano T, Kihara A, et al. Lack of sphingosine 1-
phosphate-degrading enzymes in erythrocytes. Biochem Biophys Res Commun. 2007;357(1):212-7.
47. Mitra P, Oskeritzian CA, Payne SG, Beaven MA, Milstien S, Spiegel S. Role of

ABCCI in export of sphingosine-1-phosphate from mast cells. Proc Natl Acad Sci U S A.
2006;103(44):16394-9.

48. Yatomi Y, Igarashi Y, Yang L, Hisano N, Qi R, Asazuma N, et al. Sphingosine 1-
phosphate, a bioactive sphingolipid abundantly stored in platelets, is a normal constituent of human
plasma and serum. J Biochem. 1997;121(5):969-73.

49. Fukuhara S, Simmons S, Kawamura S, Inoue A, Orba Y, Tokudome T, et al. The
sphingosine-1-phosphate transporter Spns2 expressed on endothelial cells regulates lymphocyte
trafficking in mice. J Clin Invest. 2012;122(4):1416-26.

50. Kobayashi N, Kobayashi N, Yamaguchi A, Nishi T. Characterization of the ATP-
dependent sphingosine 1-phosphate transporter in rat erythrocytes. J Biol Chem.
2009;284(32):21192-200.

70



51. Kobayashi N, Nishi T, Hirata T, Kihara A, Sano T, Igarashi Y, et al. Sphingosine
1-phosphate is released from the cytosol of rat platelets in a carrier-mediated manner. J Lipid Res.
2006;47(3):614-21.

52. Hisano Y, Kobayashi N, Yamaguchi A, Nishi T. Mouse SPNS2 functions as a
sphingosine-1-phosphate transporter in vascular endothelial cells. PLoS One. 2012;7(6):e38941.

53. Jonnalagadda D, Sunkara M, Morris AJ, Whiteheart SW. Granule-mediated release
of sphingosine-1-phosphate by activated platelets. Biochim Biophys Acta. 2014;1841(11):1581-9.
54. Simons K, Ikonen E. Functional rafts in cell membranes. Nature.
1997;387(6633):569-72.

55. Jazvinscak Jembrek M, Hof PR, Simic G. Ceramides in Alzheimer's Disease: Key

Mediators of Neuronal Apoptosis Induced by Oxidative Stress and Abeta Accumulation. Oxid Med
Cell Longev. 2015;2015:346783.

56. Jenkins RW, Canals D, Hannun YA. Roles and regulation of secretory and
lysosomal acid sphingomyelinase. Cell Signal. 2009;21(6):836-46.

57. Hannun YA. Functions of ceramide in coordinating cellular responses to stress.
Science. 1996;274(5294):1855-9.

58. Katsel P, Li C, Haroutunian V. Gene expression alterations in the sphingolipid
metabolism pathways during progression of dementia and Alzheimer's disease: a shift toward
ceramide accumulation at the earliest recognizable stages of Alzheimer's disease? Neurochem Res.
2007;32(4-5):845-56.

59. Mandala SM, Thornton R, Tu Z, Kurtz MB, Nickels J, Broach J, et al. Sphingoid
base 1-phosphate phosphatase: a key regulator of sphingolipid metabolism and stress response. Proc
Natl Acad Sci U S A. 1998;95(1):150-5.

60. Pettus BJ, Chalfant CE, Hannun YA. Ceramide in apoptosis: an overview and
current perspectives. Biochim Biophys Acta. 2002;1585(2-3):114-25.
61. Kohama T, Olivera A, Edsall L, Nagiec MM, Dickson R, Spiegel S. Molecular

cloning and functional characterization of murine sphingosine kinase. J Biol Chem.
1998;273(37):23722-8.

62. Liu H, Sugiura M, Nava VE, Edsall LC, Kono K, Poulton S, et al. Molecular
cloning and functional characterization of a novel mammalian sphingosine kinase type 2 isoform. J
Biol Chem. 2000;275(26):19513-20.

63. Olivera A, Kohama T, Edsall L, Nava V, Cuvillier O, Poulton S, et al. Sphingosine
kinase expression increases intracellular sphingosine-1-phosphate and promotes cell growth and
survival. J Cell Biol. 1999;147(3):545-58.

64. Xia P, Wang L, Gamble JR, Vadas MA. Activation of sphingosine kinase by tumor
necrosis factor-alpha inhibits apoptosis in human endothelial cells. J Biol Chem.
1999;274(48):34499-505.

65. Stahelin RV, Hwang JH, Kim JH, Park ZY, Johnson KR, Obeid LM, et al. The
mechanism of membrane targeting of human sphingosine kinase 1. J Biol Chem.
2005;280(52):43030-8.

66. Maceyka M, Alvarez SE, Milstien S, Spiegel S. Filamin A links sphingosine
kinase 1 and sphingosine-1-phosphate receptor 1 at lamellipodia to orchestrate cell migration. Mol
Cell Biol. 2008;28(18):5687-97.

67. Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, Nakamura S. Sphingosine
kinase 2 is a nuclear protein and inhibits DNA synthesis. J Biol Chem. 2003;278(47):46832-9.

71



68. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia RL. Essential
role for sphingosine kinases in neural and vascular development. Mol Cell Biol. 2005;25(24):11113-
21.

69. Michaud J, Kohno M, Proia RL, Hla T. Normal acute and chronic inflammatory
responses in sphingosine kinase 1 knockout mice. FEBS Lett. 2006;580(19):4607-12.
70. Lai WQ, Irwan AW, Goh HH, Melendez AJ, Mclnnes IB, Leung BP. Distinct roles

of sphingosine kinase 1 and 2 in murine collagen-induced arthritis. J] Immunol. 2009;183(3):2097-
103.

71. Jo SK, Bajwa A, Ye H, Vergis AL, Awad AS, Kharel Y, et al. Divergent roles of
sphingosine kinases in kidney ischemia-reperfusion injury. Kidney Int. 2009;75(2):167-75.

72. Oskeritzian CA, Alvarez SE, Hait NC, Price MM, Milstien S, Spiegel S. Distinct
roles of sphingosine kinases 1 and 2 in human mast-cell functions. Blood. 2008;111(8):4193-200.
73. Xiong Y, Lee HJ, Mariko B, Lu YC, Dannenberg AJ, Haka AS, et al. Sphingosine
kinases are not required for inflammatory responses in macrophages. J Biol Chem.
2016;291(21):11465.

74. Saba JD, de la Garza-Rodea AS. S1P lyase in skeletal muscle regeneration and
satellite cell activation: exposing the hidden lyase. Biochim Biophys Acta. 2013;1831(1):167-75.
75. Ikeda M, Kihara A, Igarashi Y. Sphingosine-1-phosphate lyase SPL is an

endoplasmic reticulum-resident, integral membrane protein with the pyridoxal 5'-phosphate binding
domain exposed to the cytosol. Biochem Biophys Res Commun. 2004;325(1):338-43.

76. Van Veldhoven PP, Gijsbers S, Mannaerts GP, Vermeesch JR, Brys V. Human
sphingosine-1-phosphate lyase: cDNA cloning, functional expression studies and mapping to
chromosome 10q22(1). Biochim Biophys Acta. 2000;1487(2-3):128-34.

77. Bektas M, Allende ML, Lee BG, Chen W, Amar MJ, Remaley AT, et al.
Sphingosine 1-phosphate lyase deficiency disrupts lipid homeostasis in liver. J Biol Chem.
2010;285(14):10880-9.

78. Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, Cyster JG. Lymphocyte
sequestration through S1P lyase inhibition and disruption of S1P gradients. Science.
2005;309(5741):1735-9.

79. Vogel P, Donoviel MS, Read R, Hansen GM, Hazlewood J, Anderson SJ, et al.
Incomplete inhibition of sphingosine 1-phosphate lyase modulates immune system function yet
prevents early lethality and non-lymphoid lesions. PLoS One. 2009;4(1):e4112.

80. Cosconati S, Novellino E. The first sphingosine 1-phosphate lyase inhibitors
against multiple sclerosis: a successful drug discovery tale. ] Med Chem. 2014;57(12):5072-3.
81. Zhao Y, Gorshkova IA, Berdyshev E, He D, Fu P, Ma W, et al. Protection of LPS-

induced murine acute lung injury by sphingosine-1-phosphate lyase suppression. Am J Respir Cell
Mol Biol. 2011;45(2):426-35.

82. Hanson MA, Peach R. Structural biology of the S1P1 receptor. Curr Top Microbiol
Immunol. 2014;378:23-53.
83. Hla T, Maciag T. An abundant transcript induced in differentiating human

endothelial cells encodes a polypeptide with structural similarities to G-protein-coupled receptors. J
Biol Chem. 1990;265(16):9308-13.

84. Chun J, Goetzl EJ, Hla T, Igarashi Y, Lynch KR, Moolenaar W, et al. International
Union of Pharmacology. XXXIV. Lysophospholipid receptor nomenclature. Pharmacol Rev.
2002;54(2):265-9.

72



85. Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R, et al.
Sphingosine-1-phosphate as a ligand for the G protein-coupled receptor EDG-1. Science.
1998;279(5356):1552-5.

86. Czeloth N, Bernhardt G, Hofmann F, Genth H, Forster R. Sphingosine-1-
phosphate mediates migration of mature dendritic cells. J Immunol. 2005;175(5):2960-7.
87. Eskan MA, Rose BG, Benakanakere MR, Zeng Q, Fujioka D, Martin MH, et al.

TLR4 and S1P receptors cooperate to enhance inflammatory cytokine production in human gingival
epithelial cells. Eur J Immunol. 2008;38(4):1138-47.

88. Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson JP, et al. Edg-1, the G
protein-coupled receptor for sphingosine-1-phosphate, is essential for vascular maturation. J Clin
Invest. 2000;106(8):951-61.

89. English D, Welch Z, Kovala AT, Harvey K, Volpert OV, Brindley DN, et al.
Sphingosine 1-phosphate released from platelets during clotting accounts for the potent endothelial
cell chemotactic activity of blood serum and provides a novel link between hemostasis and
angiogenesis. FASEB J. 2000;14(14):2255-65.

90. Liu F, Verin AD, Wang P, Day R, Wersto RP, Chrest FJ, et al. Differential
regulation of sphingosine-1-phosphate- and VEGF-induced endothelial cell chemotaxis. Involvement
of G(ialpha2)-linked Rho kinase activity. Am J Respir Cell Mol Biol. 2001;24(6):711-9.

91. Tatematsu S, Francis SA, Natarajan P, Rader DJ, Saghatelian A, Brown JD, et al.
Endothelial lipase is a critical determinant of high-density lipoprotein-stimulated sphingosine 1-
phosphate-dependent signaling in vascular endothelium. Arterioscler Thromb Vasc Biol.
2013;33(8):1788-94.

92. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al.
Lymphocyte egress from thymus and peripheral lymphoid organs is dependent on S1P receptor 1.
Nature. 2004;427(6972):355-60.

93. Brown BA, Kantesaria PP, McDevitt LM. Fingolimod: a novel
immunosuppressant for multiple sclerosis. Ann Pharmacother. 2007;41(10):1660-8.

94. Garris CS, Blaho VA, Hla T, Han MH. Sphingosine-1-phosphate receptor 1
signalling in T cells: trafficking and beyond. Immunology. 2014;142(3):347-53.

95. Graler MH, Goetzl EJ. The immunosuppressant FTY 720 down-regulates
sphingosine 1-phosphate G-protein-coupled receptors. FASEB J. 2004;18(3):551-3.

96. Benechet AP, Menon M, Xu D, Samji T, Maher L, Murooka TT, et al. T cell-

intrinsic SIPR1 regulates endogenous effector T-cell egress dynamics from lymph nodes during
infection. Proc Natl Acad Sci U S A. 2016;113(8):2182-7.

97. Garcia JG, Liu F, Verin AD, Birukova A, Dechert MA, Gerthoffer WT, et al.
Sphingosine 1-phosphate promotes endothelial cell barrier integrity by Edg-dependent cytoskeletal
rearrangement. J Clin Invest. 2001;108(5):689-701.

98. Paik JH, Skoura A, Chae SS, Cowan AE, Han DK, Proia RL, et al. Sphingosine 1-
phosphate receptor regulation of N-cadherin mediates vascular stabilization. Genes Dev.
2004;18(19):2392-403.

99. Lee JF, Gordon S, Estrada R, Wang L, Siow DL, Wattenberg BW, et al. Balance of
S1P1 and S1P2 signaling regulates peripheral microvascular permeability in rat cremaster muscle
vasculature. Am J Physiol Heart Circ Physiol. 2009;296(1):H33-42.

73



100. Kono M, Tucker AE, Tran J, Bergner JB, Turner EM, Proia RL. Sphingosine-1-
phosphate receptor 1 reporter mice reveal receptor activation sites in vivo. J Clin Invest.
2014;124(5):2076-86.

101. Galvani S, Sanson M, Blaho VA, Swendeman SL, Obinata H, Conger H, et al.
HDL-bound sphingosine 1-phosphate acts as a biased agonist for the endothelial cell receptor S1P1
to limit vascular inflammation. Sci Signal. 2015;8(389):ra79.

102. Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atherosclerosis in
the human carotid bifurcation. Positive correlation between plaque location and low oscillating shear
stress. Arteriosclerosis. 1985;5(3):293-302.

103. Skoura A, Hla T. Regulation of vascular physiology and pathology by the S1P2
receptor subtype. Cardiovasc Res. 2009;82(2):221-8.
104. Sanchez T, Skoura A, Wu MT, Casserly B, Harrington EO, Hla T. Induction of

vascular permeability by the sphingosine-1-phosphate receptor-2 (S1P2R) and its downstream
effectors ROCK and PTEN. Arterioscler Thromb Vasc Biol. 2007;27(6):1312-8.

105. Inoki I, Takuwa N, Sugimoto N, Yoshioka K, Takata S, Kaneko S, et al. Negative
regulation of endothelial morphogenesis and angiogenesis by S1P2 receptor. Biochem Biophys Res
Commun. 2006;346(1):293-300.

106. Goparaju SK, Jolly PS, Watterson KR, Bektas M, Alvarez S, Sarkar S, et al. The
S1P2 receptor negatively regulates platelet-derived growth factor-induced motility and proliferation.
Mol Cell Biol. 2005;25(10):4237-49.

107. Okamoto H, Takuwa N, Yokomizo T, Sugimoto N, Sakurada S, Shigematsu H, et
al. Inhibitory regulation of Rac activation, membrane ruffling, and cell migration by the G protein-
coupled sphingosine-1-phosphate receptor EDGS5 but not EDG1 or EDG3. Mol Cell Biol.
2000;20(24):9247-61.

108. Ikeda H, Satoh H, Yanase M, Inoue Y, Tomiya T, Arai M, et al. Antiproliferative
property of sphingosine 1-phosphate in rat hepatocytes involves activation of Rho via Edg-5.
Gastroenterology. 2003;124(2):459-69.

109. Kono M, Belyantseva A, Skoura A, Frolenkov GI, Starost MF, Dreier JL, et al.
Deafness and stria vascularis defects in S1P2 receptor-null mice. J Biol Chem. 2007;282(14):10690-
6.

110. Skoura A, Sanchez T, Claffey K, Mandala SM, Proia RL, Hla T. Essential role of
sphingosine 1-phosphate receptor 2 in pathological angiogenesis of the mouse retina. J Clin Invest.
2007;117(9):2506-16.

111. Kono M, Mi Y, Liu Y, Sasaki T, Allende ML, Wu YP, et al. The sphingosine-1-
phosphate receptors S1P1, S1P2, and S1P3 function coordinately during embryonic angiogenesis. J
Biol Chem. 2004;279(28):29367-73.

112. Das A, Lenz SM, Awojoodu AO, Botchwey EA. Abluminal stimulation of
sphingosine 1-phosphate receptors 1 and 3 promotes and stabilizes endothelial sprout formation.
Tissue Eng Part A. 2015;21(1-2):202-13.

113. Murakami A, Takasugi H, Ohnuma S, Koide Y, Sakurai A, Takeda S, et al.
Sphingosine 1-phosphate (S1P) regulates vascular contraction via S1P3 receptor: investigation based
on a new S1P3 receptor antagonist. Mol Pharmacol. 2010;77(4):704-13.

114. Kim ES, Kim JS, Kim SG, Hwang S, Lee CH, Moon A. Sphingosine 1-phosphate
regulates matrix metalloproteinase-9 expression and breast cell invasion through S1P3-Galphaq
coupling. J Cell Sci. 2011;124(Pt 13):2220-30.

74



115. Murakami K, Kohno M, Kadoya M, Nagahara H, Fujii W, Seno T, et al. Knock out
of S1P3 receptor signaling attenuates inflammation and fibrosis in bleomycin-induced lung injury
mice model. PLoS One. 2014;9(9):¢106792.

116. Bajwa A, Huang L, Kurmaeva E, Gigliotti JC, Ye H, Miller J, et al. Sphingosine 1-
Phosphate Receptor 3-Deficient Dendritic Cells Modulate Splenic Responses to Ischemia-
Reperfusion Injury. J Am Soc Nephrol. 2016;27(4):1076-90.

117. Niessen F, Schaffner F, Furlan-Freguia C, Pawlinski R, Bhattacharjee G, Chun J,
et al. Dendritic cell PAR1-S1P3 signalling couples coagulation and inflammation. Nature.
2008;452(7187):654-8.

118. Means CK, Xiao CY, Li Z, Zhang T, Omens JH, Ishii I, et al. Sphingosine 1-
phosphate S1P2 and S1P3 receptor-mediated Akt activation protects against in vivo myocardial
ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol. 2007;292(6):H2944-51.

119. Theilmeier G, Schmidt C, Herrmann J, Keul P, Schafers M, Herrgott I, et al. High-
density lipoproteins and their constituent, sphingosine-1-phosphate, directly protect the heart against
ischemia/reperfusion injury in vivo via the S1P3 lysophospholipid receptor. Circulation.
2006;114(13):1403-9.

120. Graler MH, Grosse R, Kusch A, Kremmer E, Gudermann T, Lipp M. The
sphingosine 1-phosphate receptor S1P4 regulates cell shape and motility via coupling to Gi and
G12/13.J Cell Biochem. 2003;89(3):507-19.

121. Schulze T, Golfier S, Tabeling C, Rabel K, Graler MH, Witzenrath M, et al.
Sphingosine-1-phospate receptor 4 (S1P(4)) deficiency profoundly affects dendritic cell function and
TH17-cell differentiation in a murine model. FASEB J. 2011;25(11):4024-36.

122. Jaillard C, Harrison S, Stankoff B, Aigrot MS, Calver AR, Duddy G, et al.
Edg8/S1P5: an oligodendroglial receptor with dual function on process retraction and cell survival. J
Neurosci. 2005;25(6):1459-69.

123. Walzer T, Chiossone L, Chaix J, Calver A, Carozzo C, Garrigue-Antar L, et al.
Natural killer cell trafficking in vivo requires a dedicated sphingosine 1-phosphate receptor. Nat
Immunol. 2007;8(12):1337-44.

124. Jenne CN, Enders A, Rivera R, Watson SR, Bankovich AJ, Pereira JP, et al. T-bet-
dependent S1P5 expression in NK cells promotes egress from lymph nodes and bone marrow. J Exp
Med. 2009;206(11):2469-81.

125. van Doorn R, Lopes Pinheiro MA, Kooij G, Lakeman K, van het Hof B, van der
Pol SM, et al. Sphingosine 1-phosphate receptor 5 mediates the immune quiescence of the human
brain endothelial barrier. J Neuroinflammation. 2012;9:133.

126. Karuna R, Park R, Othman A, Holleboom AG, Motazacker MM, Sutter I, et al.
Plasma levels of sphingosine-1-phosphate and apolipoprotein M in patients with monogenic
disorders of HDL metabolism. Atherosclerosis. 2011;219(2):855-63.

127. Kurano M, Tsukamoto K, Ohkawa R, Hara M, Iino J, Kageyama Y, et al. Liver
involvement in sphingosine 1-phosphate dynamism revealed by adenoviral hepatic overexpression of
apolipoprotein M. Atherosclerosis. 2013;229(1):102-9.

128. Liu M, Seo J, Allegood J, Bi X, Zhu X, Boudyguina E, et al. Hepatic
apolipoprotein M (apoM) overexpression stimulates formation of larger apoM/sphingosine 1-
phosphate-enriched plasma high density lipoprotein. J Biol Chem. 2014;289(5):2801-14.

75



129. Liu M, Allegood J, Zhu X, Seo J, Gebre AK, Boudyguina E, et al. Uncleaved
ApoM signal peptide is required for formation of large ApoM/sphingosine 1-phosphate (S1P)-
enriched HDL particles. J Biol Chem. 2015;290(12):7861-70.

130. Zhang H, Pluhackova K, Jiang Z, Bockmann RA. Binding Characteristics of
Sphingosine-1-Phosphate to ApoM hints to Assisted Release Mechanism via the ApoM Calyx-
Opening. Sci Rep. 2016;6:30655.

131. Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med.
1999;340(2):115-26.

132. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med.
2000;6(4):389-95.

133. Urakami-Harasawa L, Shimokawa H, Nakashima M, Egashira K, Takeshita A.
Importance of endothelium-derived hyperpolarizing factor in human arteries. J Clin Invest.
1997;100(11):2793-9.

134. Matoba T, Shimokawa H, Nakashima M, Hirakawa Y, Mukai Y, Hirano K, et al.
Hydrogen peroxide is an endothelium-derived hyperpolarizing factor in mice. J Clin Invest.
2000;106(12):1521-30.

135. Janssen WJ, Geluk HC, Boes M. F-actin remodeling defects as revealed in primary
immunodeficiency disorders. Clin Immunol. 2016;164:34-42.

136. Oda T, Iwasa M, Aihara T, Maeda Y, Narita A. The nature of the globular- to
fibrous-actin transition. Nature. 2009;457(7228):441-5.

137. Schuler H. ATPase activity and conformational changes in the regulation of actin.
Biochim Biophys Acta. 2001;1549(2):137-47.

138. Pai SY, Kim C, Williams DA. Rac GTPases in human diseases. Dis Markers.
2010;29(3-4):177-87.

139. Shimokawa H, Sunamura S, Satoh K. RhoA/Rho-Kinase in the Cardiovascular
System. Circ Res. 2016;118(2):352-66.

140. van Nieuw Amerongen GP, Beckers CM, Achekar ID, Zeeman S, Musters RJ, van
Hinsbergh VW. Involvement of Rho kinase in endothelial barrier maintenance. Arterioscler Thromb
Vasc Biol. 2007;27(11):2332-9.

141. Darwish I, Liles WC. Emerging therapeutic strategies to prevent infection-related
microvascular endothelial activation and dysfunction. Virulence. 2013;4(6):572-82.

142. Gunzel D, Yu AS. Claudins and the modulation of tight junction permeability.
Physiol Rev. 2013;93(2):525-69.

143. Fernandez-Klett F, Priller J. Diverse functions of pericytes in cerebral blood flow
regulation and ischemia. J Cereb Blood Flow Metab. 2015;35(6):883-7.

144. Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE. Pericyte recruitment

during vasculogenic tube assembly stimulates endothelial basement membrane matrix formation.
Blood. 2009;114(24):5091-101.

145. PATRYCJA BARANSKA HJ, ZOFIA PAWLOWSKA, , CIERNIEWSKI
WKaCS. Expression of Integrins and Adhesive Properties of Human Endothelial Cell Line EA.hy
926. Cancer Genomics & Proteomics. 2005;2:265-70.

146. Tilton RG, Kilo C, Williamson JR. Pericyte-endothelial relationships in cardiac
and skeletal muscle capillaries. Microvasc Res. 1979;18(3):325-35.
147. Gerhardt H, Betsholtz C. Endothelial-pericyte interactions in angiogenesis. Cell

Tissue Res. 2003;314(1):15-23.

76



148. Sundberg C, Ivarsson M, Gerdin B, Rubin K. Pericytes as collagen-producing cells
in excessive dermal scarring. Lab Invest. 1996;74(2):452-66.

149. Osborne-Pellegrin MJ. Some ultrastructural characteristics of the renal artery and
abdominal aorta in the rat. J Anat. 1978;125(Pt 3):641-52.
150. Brozovich FV, Nicholson CJ, Degen CV, Gao YZ, Aggarwal M, Morgan KG.

Mechanisms of Vascular Smooth Muscle Contraction and the Basis for Pharmacologic Treatment of
Smooth Muscle Disorders. Pharmacol Rev. 2016;68(2):476-532.

151. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth
muscle cell differentiation in development and disease. Physiol Rev. 2004;84(3):767-801.
152. Alexander MR, Owens GK. Epigenetic control of smooth muscle cell

differentiation and phenotypic switching in vascular development and disease. Annu Rev Physiol.
2012;74:13-40.

153. van der Loop FT, Schaart G, Timmer ED, Ramackers FC, van Eys GJ. Smoothelin,
a novel cytoskeletal protein specific for smooth muscle cells. J Cell Biol. 1996;134(2):401-11.

154. Gomez D, Owens GK. Smooth muscle cell phenotypic switching in
atherosclerosis. Cardiovasc Res. 2012;95(2):156-64.

155. Porter KE, Riches K. Vascular Smooth Muscle as a Target for Novel Therapeutics.
Curr Diab Rep. 2015;15(10):72.

156. Han M, Dong LH, Zheng B, Shi JH, Wen JK, Cheng Y. Smooth muscle 22 alpha
maintains the differentiated phenotype of vascular smooth muscle cells by inducing filamentous actin
bundling. Life Sci. 2009;84(13-14):394-401.

157. Feil S, Hofmann F, Feil R. SM22alpha modulates vascular smooth muscle cell
phenotype during atherogenesis. Circ Res. 2004;94(7):863-5.
158. Di Wang H, Ratsep MT, Chapman A, Boyd R. Adventitial fibroblasts in vascular

structure and function: the role of oxidative stress and beyond. Can J Physiol Pharmacol.
2010;88(3):177-86.

159. Yung LM, Leung FP, Yao X, Chen ZY, Huang Y. Reactive oxygen species in
vascular wall. Cardiovasc Hematol Disord Drug Targets. 2006;6(1):1-19.
160. Psaltis PJ, Puranik AS, Spoon DB, Chue CD, Hoffman SJ, Witt TA, et al.

Characterization of a resident population of adventitial macrophage progenitor cells in postnatal
vasculature. Circ Res. 2014;115(3):364-75.

161. Robbins CS, Hilgendorf I, Weber GF, Theurl I, Iwamoto Y, Figueiredo JL, et al.
Local proliferation dominates lesional macrophage accumulation in atherosclerosis. Nat Med.
2013;19(9):1166-72.

162. Zengin E, Chalajour F, Gehling UM, Ito WD, Treede H, Lauke H, et al. Vascular
wall resident progenitor cells: a source for postnatal vasculogenesis. Development.
2006;133(8):1543-51.

163. Passman JN, Dong XR, Wu SP, Maguire CT, Hogan KA, Bautch VL, et al. A
sonic hedgehog signaling domain in the arterial adventitia supports resident Scal+ smooth muscle
progenitor cells. Proc Natl Acad Sci U S A. 2008;105(27):9349-54.

164. Soeki T, Sata M. Inflammatory Biomarkers and Atherosclerosis. Int Heart J.
2016;57(2):134-9.
165. Goldstein JA, Chandra HR, O'Neill WW. Relation of number of complex coronary

lesions to serum C-reactive protein levels and major adverse cardiovascular events at one year. Am J
Cardiol. 2005;96(1):56-60.

77



166. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other
markers of inflammation in the prediction of cardiovascular disease in women. N Engl ] Med.
2000;342(12):836-43.

167. Ou SM, Chu H, Chao PW, Lee YJ, Kuo SC, Chen TJ, et al. Long-Term Mortality
and Major Adverse Cardiovascular Events in Sepsis Survivors. A Nationwide Population-based
Study. Am J Respir Crit Care Med. 2016;194(2):209-17.

168. Schwenke DC, Carew TE. Initiation of atherosclerotic lesions in cholesterol-fed
rabbits. I. Focal increases in arterial LDL concentration precede development of fatty streak lesions.
Arteriosclerosis. 1989;9(6):895-907.

169. Nakashima Y, Fujii H, Sumiyoshi S, Wight TN, Sueishi K. Early human
atherosclerosis: accumulation of lipid and proteoglycans in intimal thickenings followed by
macrophage infiltration. Arterioscler Thromb Vasc Biol. 2007;27(5):1159-65.

170. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature.
1993;362(6423):801-9.
171. Stoneman V, Braganza D, Figg N, Mercer J, Lang R, Goddard M, et al.

Monocyte/macrophage suppression in CD11b diphtheria toxin receptor transgenic mice differentially
affects atherogenesis and established plaques. Circ Res. 2007;100(6):884-93.

172. Gautier EL, Huby T, Witztum JL, Ouzilleau B, Miller ER, Saint-Charles F, et al.
Macrophage apoptosis exerts divergent effects on atherogenesis as a function of lesion stage.
Circulation. 2009;119(13):1795-804.

173. Feil S, Fehrenbacher B, Lukowski R, Essmann F, Schulze-Osthoff K, Schaller M,
et al. Transdifferentiation of vascular smooth muscle cells to macrophage-like cells during
atherogenesis. Circ Res. 2014;115(7):662-7.

174. Caplice NM, Bunch TJ, Stalboerger PG, Wang S, Simper D, Miller DV, et al.
Smooth muscle cells in human coronary atherosclerosis can originate from cells administered at
marrow transplantation. Proc Natl Acad Sci U S A. 2003;100(8):4754-9.

175. Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins RM,
et al. KLF4-dependent phenotypic modulation of smooth muscle cells has a key role in
atherosclerotic plaque pathogenesis. Nat Med. 2015;21(6):628-37.

176. Fok PW. Growth of necrotic cores in atherosclerotic plaque. Math Med Biol.
2012;29(4):301-27.
177. Davies MJ, Richardson PD, Woolf N, Katz DR, Mann J. Risk of thrombosis in

human atherosclerotic plaques: role of extracellular lipid, macrophage, and smooth muscle cell
content. Br Heart J. 1993;69(5):377-81.

178. Libby P. Current concepts of the pathogenesis of the acute coronary syndromes.
Circulation. 2001;104(3):365-72.

179. Davies MJ. Anatomic features in victims of sudden coronary death. Coronary
artery pathology. Circulation. 1992;85(1 Suppl):119-24.

180. Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB.
Prediction of coronary heart disease using risk factor categories. Circulation. 1998;97(18):1837-47.
181. Sharrett AR, Ballantyne CM, Coady SA, Heiss G, Sorlie PD, Catellier D, et al.

Coronary heart disease prediction from lipoprotein cholesterol levels, triglycerides, lipoprotein(a),
apolipoproteins A-I and B, and HDL density subfractions: The Atherosclerosis Risk in Communities
(ARIC) Study. Circulation. 2001;104(10):1108-13.

78



182. Veniant MM, Sullivan MA, Kim SK, Ambroziak P, Chu A, Wilson MD, et al.
Defining the atherogenicity of large and small lipoproteins containing apolipoprotein B100. J Clin
Invest. 2000;106(12):1501-10.

183. Lieu HD, Withycombe SK, Walker Q, Rong JX, Walzem RL, Wong JS, et al.
Eliminating atherogenesis in mice by switching off hepatic lipoprotein secretion. Circulation.
2003;107(9):1315-21.

184. Olofsson SO, Wiklund O, Boren J. Apolipoproteins A-I and B: biosynthesis, role
in the development of atherosclerosis and targets for intervention against cardiovascular disease.
Vasc Health Risk Manag. 2007;3(4):491-502.

185. Taskinen MR. Diabetic dyslipidaemia: from basic research to clinical practice.
Diabetologia. 2003;46(6):733-49.

186. Feingold KR, Grunfeld C. Tumor necrosis factor-alpha stimulates hepatic
lipogenesis in the rat in vivo. J Clin Invest. 1987;80(1):184-90.

187. Kumaraswamy SB, Linder A, Akesson P, Dahlback B. Decreased plasma
concentrations of apolipoprotein M in sepsis and systemic inflammatory response syndromes. Crit
Care. 2012;16(2):R60.

188. Memon RA, Staprans I, Noor M, Holleran WM, Uchida Y, Moser AH, et al.
Infection and inflammation induce LDL oxidation in vivo. Arterioscler Thromb Vasc Biol.
2000;20(6):1536-42.

189. Gordon DJ, Knoke J, Probstfield JL, Superko R, Tyroler HA. High-density
lipoprotein cholesterol and coronary heart disease in hypercholesterolemic men: the Lipid Research
Clinics Coronary Primary Prevention Trial. Circulation. 1986;74(6):1217-25.

190. Miller NE, Thelle DS, Forde OH, Mjos OD. The Tromso heart-study. High-density
lipoprotein and coronary heart-disease: a prospective case-control study. Lancet. 1977;1(8019):965-
8.

191. Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR. High density
lipoprotein as a protective factor against coronary heart disease. The Framingham Study. Am J Med.
1977;62(5):707-14.

192. Emerging Risk Factors C, Di Angelantonio E, Sarwar N, Perry P, Kaptoge S, Ray
KK, et al. Major lipids, apolipoproteins, and risk of vascular disease. JAMA. 2009;302(18):1993-
2000.

193. Duverger N, Kruth H, Emmanuel F, Caillaud JM, Viglietta C, Castro G, et al.
Inhibition of atherosclerosis development in cholesterol-fed human apolipoprotein A-I-transgenic
rabbits. Circulation. 1996;94(4):713-7.

194. Badimon JJ, Badimon L, Fuster V. Regression of atherosclerotic lesions by high
density lipoprotein plasma fraction in the cholesterol-fed rabbit. J Clin Invest. 1990;85(4):1234-41.
195. Tward A, Xia YR, Wang XP, Shi YS, Park C, Castellani LW, et al. Decreased

atherosclerotic lesion formation in human serum paraoxonase transgenic mice. Circulation.
2002;106(4):484-90.

196. Ginsberg HN, Reyes-Soffer G. Niacin: a long history, but a questionable future.
Curr Opin Lipidol. 2013;24(6):475-9.
197. Schwartz GG, Olsson AG, Abt M, Ballantyne CM, Barter PJ, Brumm J, et al.

Effects of dalcetrapib in patients with a recent acute coronary syndrome. N Engl J Med.
2012;367(22):2089-99.

79



198. Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJ, Komajda M, et al.
Effects of torcetrapib in patients at high risk for coronary events. N Engl ] Med. 2007;357(21):2109-
22.

199. Saemann MD, Poglitsch M, Kopecky C, Haidinger M, Horl WH, Weichhart T. The
versatility of HDL: a crucial anti-inflammatory regulator. Eur J Clin Invest. 2010;40(12):1131-43.
200. Cockerill GW, Huehns TY, Weerasinghe A, Stocker C, Lerch PG, Miller NE, et al.

Elevation of plasma high-density lipoprotein concentration reduces interleukin-1-induced expression
of E-selectin in an in vivo model of acute inflammation. Circulation. 2001;103(1):108-12.

201. Imaizumi TA, Stafforini DM, Yamada Y, McIntyre TM, Prescott SM, Zimmerman
GA. Platelet-activating factor: a mediator for clinicians. J Intern Med. 1995;238(1):5-20.

202. Wu A, Hinds CJ, Thiemermann C. High-density lipoproteins in sepsis and septic
shock: metabolism, actions, and therapeutic applications. Shock. 2004;21(3):210-21.

203. Ortiz-Munoz G, Couret D, Lapergue B, Bruckert E, Meseguer E, Amarenco P, et
al. Dysfunctional HDL in acute stroke. Atherosclerosis. 2016;253:75-80.

204. Zheng L, Luo G, Zhang J, Mu Q, Shi Y, Berggren-Soderlund M, et al. Decreased

activities of apolipoprotein m promoter are associated with the susceptibility to coronary artery
diseases. Int J Med Sci. 2014;11(4):365-72.

205. Xu WW, Zhang Y, Tang YB, Xu YL, Zhu HZ, Ferro A, et al. A genetic variant of
apolipoprotein M increases susceptibility to coronary artery disease in a Chinese population. Clin
Exp Pharmacol Physiol. 2008;35(5-6):546-51.

206. Ahmad A, Sundquist K, Zoller B, Dahlback B, Svensson PJ, Sundquist J, et al.
Identification of polymorphisms in Apolipoprotein M gene and their relationship with risk of
recurrent venous thromboembolism. Thromb Haemost. 2016;116(3):432-41.

207. Memon AA, Sundquist J, Zoller B, Wang X, Dahlback B, Svensson PJ, et al.
Apolipoprotein M and the risk of unprovoked recurrent venous thromboembolism. Thromb Res.
2014;133(3):322-6.

208. Ahnstrom J, Axler O, Jauhiainen M, Salomaa V, Havulinna AS, Ehnholm C, et al.
Levels of apolipoprotein M are not associated with the risk of coronary heart disease in two
independent case-control studies. J Lipid Res. 2008;49(9):1912-7.

209. Ahnstrom J, Gottsater A, Lindblad B, Dahlback B. Plasma concentrations of
apolipoproteins A-I, B, and M in patients with critical limb ischemia. Clin Biochem. 2010;43(6):599-
603.

210. Ahnstrom J, Gottsater A, Lindblad B, Dahlback B. Plasma concentrations of
apolipoproteins A-I, B and M in patients with abdominal aortic aneurysms. Clin Biochem.
2010;43(4-5):407-10.

211. Skoura A, Michaud J, Im DS, Thangada S, Xiong Y, Smith JD, et al. Sphingosine-
1-phosphate receptor-2 function in myeloid cells regulates vascular inflammation and
atherosclerosis. Arterioscler Thromb Vasc Biol. 2011;31(1):81-5.

212. Keul P, Lucke S, von Wnuck Lipinski K, Bode C, Graler M, Heusch G, et al.
Sphingosine-1-phosphate receptor 3 promotes recruitment of monocyte/macrophages in
inflammation and atherosclerosis. Circ Res. 2011;108(3):314-23.

213. Nussbaum C, Bannenberg S, Keul P, Graler MH, Goncalves-de-Albuquerque CF,
Korhonen H, et al. Sphingosine-1-phosphate receptor 3 promotes leukocyte rolling by mobilizing
endothelial P-selectin. Nat Commun. 2015;6:6416.

80



214. Keul P, Tolle M, Lucke S, von Wnuck Lipinski K, Heusch G, Schuchardt M, et al.
The sphingosine-1-phosphate analogue FTY 720 reduces atherosclerosis in apolipoprotein E-deficient
mice. Arterioscler Thromb Vasc Biol. 2007;27(3):607-13.

215. Deutschman DH, Carstens JS, Klepper RL, Smith WS, Page MT, Young TR, et al.
Predicting obstructive coronary artery disease with serum sphingosine-1-phosphate. Am Heart J.
2003;146(1):62-8.

216. Sattler KJ, Elbasan S, Keul P, Elter-Schulz M, Bode C, Graler MH, et al.
Sphingosine 1-phosphate levels in plasma and HDL are altered in coronary artery disease. Basic Res
Cardiol. 2010;105(6):821-32.

217. Argraves KM, Sethi AA, Gazzolo PJ, Wilkerson BA, Remaley AT, Tybjaerg-
Hansen A, et al. S1P, dihydro-S1P and C24:1-ceramide levels in the HDL-containing fraction of
serum inversely correlate with occurrence of ischemic heart disease. Lipids Health Dis. 2011;10:70.
218. Knapp M, Baranowski M, Czarnowski D, Lisowska A, Zabielski P, Gorski J, et al.
Plasma sphingosine-1-phosphate concentration is reduced in patients with myocardial infarction.
Med Sci Monit. 2009;15(9):CR490-3.

219. Knapp M, Lisowska A, Zabielski P, Musial W, Baranowski M. Sustained decrease
in plasma sphingosine-1-phosphate concentration and its accumulation in blood cells in acute
myocardial infarction. Prostaglandins Other Lipid Mediat. 2013;106:53-61.

220. Sattler K, Graler M, Keul P, Weske S, Reimann CM, Jindrova H, et al. Defects of
High-Density Lipoproteins in Coronary Artery Disease Caused by Low Sphingosine-1-Phosphate
Content: Correction by Sphingosine-1-Phosphate-Loading. J] Am Coll Cardiol. 2015;66(13):1470-85.
221. Christensen PM, Liu CH, Swendeman SL, Obinata H, Qvortrup K, Nielsen LB, et
al. Impaired endothelial barrier function in apolipoprotein M-deficient mice is dependent on
sphingosine-1-phosphate receptor 1. FASEB J. 2016;30(6):2351-9.

222. Blaho VA, Galvani S, Engelbrecht E, Liu C, Swendeman SL, Kono M, et al. HDL-
bound sphingosine-1-phosphate restrains lymphopoiesis and neuroinflammation. Nature.
2015;523(7560):342-6.

223. Cohen J, Vincent JL, Adhikari NK, Machado FR, Angus DC, Calandra T, et al.
Sepsis: a roadmap for future research. Lancet Infect Dis. 2015;15(5):581-614.

224. Annane D, Bellissant E, Cavaillon JM. Septic shock. Lancet. 2005;365(9453):63-
78.

225. Zarember KA, Godowski PJ. Tissue expression of human Toll-like receptors and

differential regulation of Toll-like receptor mRNAs in leukocytes in response to microbes, their
products, and cytokines. J Immunol. 2002;168(2):554-61.

226. Cohen J. The immunopathogenesis of sepsis. Nature. 2002;420(6917):885-91.
227. Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils.
Annu Rev Pathol. 2014;9:181-218.

228. Taylor FB, Jr., Kinasewitz GT, Lupu F. Pathophysiology, staging and therapy of
severe sepsis in baboon models. J Cell Mol Med. 2012;16(4):672-82.

229. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation
and regulation of innate and adaptive immunity. Nat Rev Immunol. 2011;11(8):519-31.

230. Creasey AA, Chang AC, Feigen L, Wun TC, Taylor FB, Jr., Hinshaw LB. Tissue

factor pathway inhibitor reduces mortality from Escherichia coli septic shock. J Clin Invest.
1993;91(6):2850-60.

81



231. Moore KL, Andreoli SP, Esmon NL, Esmon CT, Bang NU. Endotoxin enhances
tissue factor and suppresses thrombomodulin expression of human vascular endothelium in vitro. J
Clin Invest. 1987;79(1):124-30.

232. Pawlinski R, Mackman N. Cellular sources of tissue factor in endotoxemia and
sepsis. Thromb Res. 2010;125 Suppl 1:S70-3.

233. Lupu F, Keshari RS, Lambris JD, Coggeshall KM. Crosstalk between the
coagulation and complement systems in sepsis. Thromb Res. 2014;133 Suppl 1:S28-31.

234. Aird WC. The role of the endothelium in severe sepsis and multiple organ
dysfunction syndrome. Blood. 2003;101(10):3765-77.

235. Riewald M, Ruf W. Mechanistic coupling of protease signaling and initiation of
coagulation by tissue factor. Proc Natl Acad Sci U S A. 2001;98(14):7742-7.

236. Gavard J, Gutkind JS. VEGF controls endothelial-cell permeability by promoting
the beta-arrestin-dependent endocytosis of VE-cadherin. Nat Cell Biol. 2006;8(11):1223-34.

237. Remick DG. Pathophysiology of sepsis. Am J Pathol. 2007;170(5):1435-44.
238. Heagy W, Hansen C, Nieman K, Cohen M, Richardson C, Rodriguez JL, et al.

Impaired ex vivo lipopolysaccharide-stimulated whole blood tumor necrosis factor production may
identify "septic" intensive care unit patients. Shock. 2000;14(3):271-6; discussion 6-7.

239. Heagy W, Nieman K, Hansen C, Cohen M, Danielson D, West MA. Lower levels
of whole blood LPS-stimulated cytokine release are associated with poorer clinical outcomes in
surgical ICU patients. Surg Infect (Larchmt). 2003;4(2):171-80.

240. Liew FY, Xu D, Brint EK, O'Neill LA. Negative regulation of toll-like receptor-
mediated immune responses. Nat Rev Immunol. 2005;5(6):446-58.

241. Serhan CN. A search for endogenous mechanisms of anti-inflammation uncovers
novel chemical mediators: missing links to resolution. Histochem Cell Biol. 2004;122(4):305-21.
242. Schwab JM, Chiang N, Arita M, Serhan CN. Resolvin E1 and protectin D1
activate inflammation-resolution programmes. Nature. 2007;447(7146):869-74.

243. Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid mediator class
switching during acute inflammation: signals in resolution. Nat Immunol. 2001;2(7):612-9.

244, Hasturk H, Kantarci A, Goguet-Surmenian E, Blackwood A, Andry C, Serhan CN,

et al. Resolvin E1 regulates inflammation at the cellular and tissue level and restores tissue
homeostasis in vivo. J Immunol. 2007;179(10):7021-9.

245. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-
inflammatory and pro-resolution lipid mediators. Nat Rev Immunol. 2008;8(5):349-61.
246. Cockerill GW, Rye KA, Gamble JR, Vadas MA, Barter PJ. High-density

lipoproteins inhibit cytokine-induced expression of endothelial cell adhesion molecules. Arterioscler
Thromb Vasc Biol. 1995;15(11):1987-94.

247. Wurfel MM, Kunitake ST, Lichenstein H, Kane JP, Wright SD.
Lipopolysaccharide (LPS)-binding protein is carried on lipoproteins and acts as a cofactor in the
neutralization of LPS. J Exp Med. 1994;180(3):1025-35.

248. Karlsson H, Kontush A, James RW. Functionality of HDL: antioxidation and
detoxifying effects. Handb Exp Pharmacol. 2015;224:207-28.
249. Levine DM, Parker TS, Donnelly TM, Walsh A, Rubin AL. In vivo protection

against endotoxin by plasma high density lipoprotein. Proc Natl Acad Sci U S A.
1993;90(24):12040-4.

82



250. Barlage S, Gnewuch C, Liebisch G, Wolf Z, Audebert FX, Gluck T, et al. Changes
in HDL-associated apolipoproteins relate to mortality in human sepsis and correlate to monocyte and
platelet activation. Intensive Care Med. 2009;35(11):1877-85.

251. van Leeuwen HJ, Heezius EC, Dallinga GM, van Strijp JA, Verhoef J, van Kessel
KP. Lipoprotein metabolism in patients with severe sepsis. Crit Care Med. 2003;31(5):1359-66.

252. Chien JY, Jerng JS, Yu CJ, Yang PC. Low serum level of high-density lipoprotein
cholesterol is a poor prognostic factor for severe sepsis. Crit Care Med. 2005;33(8):1688-93.

253. Tsai MH, Peng YS, Chen YC, Lien JM, Tian YC, Fang JT, et al. Low serum
concentration of apolipoprotein A-I is an indicator of poor prognosis in cirrhotic patients with severe
sepsis. J Hepatol. 2009;50(5):906-15.

254. Moreira RS, Irigoyen M, Sanches TR, Volpini RA, Camara NO, Malheiros DM, et
al. Apolipoprotein A-I mimetic peptide 4F attenuates kidney injury, heart injury, and endothelial
dysfunction in sepsis. Am J Physiol Regul Integr Comp Physiol. 2014;307(5):R514-24.

255. Tietge UJ, Maugeais C, Lund-Katz S, Grass D, deBeer FC, Rader DJ. Human
secretory phospholipase A2 mediates decreased plasma levels of HDL cholesterol and apoA-I in
response to inflammation in human apoA-I transgenic mice. Arterioscler Thromb Vasc Biol.
2002;22(7):1213-8.

256. Ettinger WH, Varma VK, Sorci-Thomas M, Parks JS, Sigmon RC, Smith TK, et al.
Cytokines decrease apolipoprotein accumulation in medium from Hep G2 cells. Arterioscler
Thromb. 1994;14(1):8-13.

257. Zou G, He J, Ren B, Xu F, Xu G, Zhang W. The delta high-density lipoprotein
cholesterol ratio: a novel parameter for gram-negative sepsis. Springerplus. 2016;5(1):1044.
258. Ulevitch RJ, Johnston AR, Weinstein DB. New function for high density

lipoproteins. Isolation and characterization of a bacterial lipopolysaccharide-high density lipoprotein
complex formed in rabbit plasma. J Clin Invest. 1981;67(3):827-37.

259. Ulevitch RJ, Johnston AR, Weinstein DB. New function for high density
lipoproteins. Their participation in intravascular reactions of bacterial lipopolysaccharides. J Clin
Invest. 1979;64(5):1516-24.

260. Baumberger C, Ulevitch RJ, Dayer JM. Modulation of endotoxic activity of
lipopolysaccharide by high-density lipoprotein. Pathobiology. 1991;59(6):378-83.
261. Cai L, Ji A, de Beer FC, Tannock LR, van der Westhuyzen DR. SR-BI protects

against endotoxemia in mice through its roles in glucocorticoid production and hepatic clearance. J
Clin Invest. 2008;118(1):364-75.

262. Grunfeld C, Marshall M, Shigenaga JK, Moser AH, Tobias P, Feingold KR.
Lipoproteins inhibit macrophage activation by lipoteichoic acid. J Lipid Res. 1999;40(2):245-52.
263. Levels JH, Abraham PR, van Barreveld EP, Meijers JC, van Deventer SJ.
Distribution and kinetics of lipoprotein-bound lipoteichoic acid. Infect Immun. 2003;71(6):3280-4.
264. Vaisar T, Pennathur S, Green PS, Gharib SA, Hoofnagle AN, Cheung MC, et al.
Shotgun proteomics implicates protease inhibition and complement activation in the
antiinflammatory properties of HDL. J Clin Invest. 2007;117(3):746-56.

265. Shiflett AM, Bishop JR, Pahwa A, Hajduk SL. Human high density lipoproteins
are platforms for the assembly of multi-component innate immune complexes. J Biol Chem.
2005;280(38):32578-85.

83



266. Feingold KR, Shigenaga JK, Chui LG, Moser A, Khovidhunkit W, Grunfeld C.
Infection and inflammation decrease apolipoprotein M expression. Atherosclerosis. 2008;199(1):19-
26.

267. Winkler MS, Nierhaus A, Holzmann M, Mudersbach E, Bauer A, Robbe L, et al.
Decreased serum concentrations of sphingosine-1-phosphate in sepsis. Crit Care. 2015;19:372.
268. Michels M, Japtok L, Alisjahbana B, Wisaksana R, Sumardi U, Puspita M, et al.

Decreased plasma levels of the endothelial protective sphingosine-1-phosphate are associated with
dengue-induced plasma leakage. J Infect. 2015;71(4):480-7.

269. Balakumar P, Maung UK, Jagadeesh G. Prevalence and prevention of
cardiovascular disease and diabetes mellitus. Pharmacol Res. 2016;113(Pt A):600-9.

270. Mayo P. An overview of diabetes. Nurs Stand. 2016;30(46):53-63.

271. Raum D, Awdeh Z, Yunis EJ, Alper CA, Gabbay KH. Extended major
histocompatibility complex haplotypes in type I diabetes mellitus. J Clin Invest. 1984;74(2):449-54.
272. de Ferranti SD, de Boer IH, Fonseca V, Fox CS, Golden SH, Lavie CJ, et al. Type

1 diabetes mellitus and cardiovascular disease: a scientific statement from the American Heart
Association and American Diabetes Association. Diabetes Care. 2014;37(10):2843-63.

273. Moreno PR, Murcia AM, Palacios IF, Leon MN, Bernardi VH, Fuster V, et al.
Coronary composition and macrophage infiltration in atherectomy specimens from patients with
diabetes mellitus. Circulation. 2000;102(18):2180-4.

274. Pajunen P, Taskinen MR, Nieminen MS, Syvanne M. Angiographic severity and
extent of coronary artery disease in patients with type 1 diabetes mellitus. Am J Cardiol.
2000;86(10):1080-5.

275. Ladeia AM, Sampaio RR, Hita MC, Adan LF. Prognostic value of endothelial
dysfunction in type 1 diabetes mellitus. World J Diabetes. 2014;5(5):601-5.
276. Wang J, Alexanian A, Ying R, Kizhakekuttu TJ, Dharmashankar K, Vasquez-

Vivar J, et al. Acute exposure to low glucose rapidly induces endothelial dysfunction and
mitochondrial oxidative stress: role for AMP kinase. Arterioscler Thromb Vasc Biol.
2012;32(3):712-20.

2717. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK, Creager MA. Impaired
endothelium-dependent vasodilation in patients with insulin-dependent diabetes mellitus.
Circulation. 1993;88(6):2510-6.

278. Costacou T, Evans RW, Orchard TJ. High-density lipoprotein cholesterol in
diabetes: is higher always better? J Clin Lipidol. 2011;5(5):387-94.
279. Van Lenten BJ, Hama SY, de Beer FC, Stafforini DM, McIntyre TM, Prescott SM,

et al. Anti-inflammatory HDL becomes pro-inflammatory during the acute phase response. Loss of
protective effect of HDL against LDL oxidation in aortic wall cell cocultures. J Clin Invest.
1995;96(6):2758-67.

280. Berard AM, Foger B, Remaley A, Shamburek R, Vaisman BL, Talley G, et al.
High plasma HDL concentrations associated with enhanced atherosclerosis in transgenic mice
overexpressing lecithin-cholesteryl acyltransferase. Nat Med. 1997;3(7):744-9.

281. Brinck JW, Thomas A, Lauer E, Jornayvaz FR, Brulhart-Meynet MC, Prost JC, et
al. Diabetes Mellitus Is Associated With Reduced High-Density Lipoprotein Sphingosine-1-
Phosphate Content and Impaired High-Density Lipoprotein Cardiac Cell Protection. Arterioscler
Thromb Vasc Biol. 2016;36(5):817-24.

84



282. Denimal D, Pais de Barros JP, Petit JM, Bouillet B, Verges B, Duvillard L.
Significant abnormalities of the HDL phosphosphingolipidome in type 1 diabetes despite normal
HDL cholesterol concentration. Atherosclerosis. 2015;241(2):752-60.

283. Whetzel AM, Bolick DT, Srinivasan S, Macdonald TL, Morris MA, Ley K, et al.
Sphingosine-1 phosphate prevents monocyte/endothelial interactions in type 1 diabetic NOD mice
through activation of the S1P1 receptor. Circ Res. 2006;99(7):731-9.

284. Memon AA, Bennet L, Zoller B, Wang X, Palmer K, Dahlback B, et al. The
association between apolipoprotein M and insulin resistance varies with country of birth. Nutr Metab
Cardiovasc Dis. 2014;24(11):1174-80.

285. Yatomi Y, Ruan F, Ohta J, Welch RJ, Hakomori S, Igarashi Y. Quantitative
measurement of sphingosine 1-phosphate in biological samples by acylation with radioactive acetic
anhydride. Anal Biochem. 1995;230(2):315-20.

286. Edsall LC, Spiegel S. Enzymatic measurement of sphingosine 1-phosphate. Anal
Biochem. 1999;272(1):80-6.
287. Bode C, Graler MH. Quantification of sphingosine-1-phosphate and related

sphingolipids by liquid chromatography coupled to tandem mass spectrometry. Methods Mol Biol.
2012;874:33-44.

288. Berdyshev EV, Gorshkova A, Garcia JG, Natarajan V, Hubbard WC. Quantitative
analysis of sphingoid base-1-phosphates as bisacetylated derivatives by liquid chromatography-
tandem mass spectrometry. Anal Biochem. 2005;339(1):129-36.

289. Cines DB, Lebedeva T, Nagaswami C, Hayes V, Massefski W, Litvinov RI, et al.
Clot contraction: compression of erythrocytes into tightly packed polyhedra and redistribution of
platelets and fibrin. Blood. 2014;123(10):1596-603.

290. Kattlove HE, Alexander B. The effect of cold on platelets. I. Cold-induced platelet
aggregation. Blood. 1971;38(1):39-48.
291. O'Brien N, Jones ST, Williams DG, Cunningham HB, Moreno K, Visentin B, et al.

Production and characterization of monoclonal anti-sphingosine-1-phosphate antibodies. J Lipid Res.
2009;50(11):2245-57.

292. Gazit SL, Mariko B, Therond P, Decouture B, Xiong Y, Couty L, et al. Platelet and
Erythrocyte Sources of SIP Are Redundant for Vascular Development and Homeostasis, but Both
Rendered Essential After Plasma S1P Depletion in Anaphylactic Shock. Circ Res. 2016;119(8):e110-
26.

293. Felmet KA, Hall MW, Clark RS, Jaffe R, Carcillo JA. Prolonged lymphopenia,
lymphoid depletion, and hypoprolactinemia in children with nosocomial sepsis and multiple organ
failure. J Immunol. 2005;174(6):3765-72.

294. Amalakuhan B, Habib SA, Mangat M, Reyes LF, Rodriguez AH, Hinojosa CA, et
al. Endothelial adhesion molecules and multiple organ failure in patients with severe sepsis.
Cytokine. 2016;88:267-73.

295. Everett JP, Shipley GD, Mauck KA, Wagner CR, Morris TE, Hosenpud JD.
Phenotypic variations in resting and activated levels of ICAM-1 expression by cultured human aortic
endothelial cells. Transplantation. 1994;58(8):946-50.

296. Wilkerson BA, Grass GD, Wing SB, Argraves WS, Argraves KM. Sphingosine 1-
phosphate (S1P) carrier-dependent regulation of endothelial barrier: high density lipoprotein (HDL)-
S1P prolongs endothelial barrier enhancement as compared with albumin-S1P via effects on levels,
trafficking, and signaling of S1P1. J Biol Chem. 2012;287(53):44645-53.

85



297. Ahmed Z, Babaei S, Maguire GF, Draganov D, Kuksis A, La Du BN, et al.
Paraoxonase-1 reduces monocyte chemotaxis and adhesion to endothelial cells due to oxidation of
palmitoyl, linoleoyl glycerophosphorylcholine. Cardiovasc Res. 2003;57(1):225-31.

298. Garcia-Heredia A, Marsillach J, Rull A, Triguero I, Fort I, Mackness B, et al.
Paraoxonase-1 inhibits oxidized low-density lipoprotein-induced metabolic alterations and apoptosis
in endothelial cells: a nondirected metabolomic study. Mediators Inflamm. 2013;2013:156053.

299. Shaw JA, Bobik A, Murphy A, Kanellakis P, Blombery P, Mukhamedova N, et al.
Infusion of reconstituted high-density lipoprotein leads to acute changes in human atherosclerotic
plaque. Circ Res. 2008;103(10):1084-91.

300. Verbeeten KC, Elks CE, Daneman D, Ong KK. Association between childhood
obesity and subsequent Type 1 diabetes: a systematic review and meta-analysis. Diabet Med.
2011;28(1):10-8.

301. Alessa T, Szeto A, Chacra W, Mendez A, Goldberg RB. High HDL-C prevalence
is common in type 1 diabetes and increases with age but is lower in Hispanic individuals. J Diabetes
Complications. 2015;29(1):105-7.

302. Purnell JQ, Zinman B, Brunzell JD, Group DER. The effect of excess weight gain
with intensive diabetes mellitus treatment on cardiovascular disease risk factors and atherosclerosis
in type 1 diabetes mellitus: results from the Diabetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications Study (DCCT/EDIC) study. Circulation.
2013;127(2):180-7.

303. Kowalski GM, Carey AL, Selathurai A, Kingwell BA, Bruce CR. Plasma
sphingosine-1-phosphate is elevated in obesity. PLoS One. 2013;8(9):e72449.

304. Fox TE, Bewley MC, Unrath KA, Pedersen MM, Anderson RE, Jung DY, et al.
Circulating sphingolipid biomarkers in models of type 1 diabetes. J Lipid Res. 2011;52(3):509-17.
305. Bounafaa A, Berrougui H, Ikhlef S, Essamadi A, Nasser B, Bennis A, et al.
Alteration of HDL functionality and PONT1 activities in acute coronary syndrome patients. Clin
Biochem. 2014;47(18):318-25.

306. Ashby DT, Rye KA, Clay MA, Vadas MA, Gamble JR, Barter PJ. Factors
influencing the ability of HDL to inhibit expression of vascular cell adhesion molecule-1 in
endothelial cells. Arterioscler Thromb Vasc Biol. 1998;18(9):1450-5.

307. Liu CH, Thangada S, Lee MJ, Van Brocklyn JR, Spiegel S, Hla T. Ligand-induced
trafficking of the sphingosine-1-phosphate receptor EDG-1. Mol Biol Cell. 1999;10(4):1179-90.
308. Herr DR, Reolo MJ, Peh YX, Wang W, Lee CW, Rivera R, et al. Sphingosine 1-

phosphate receptor 2 (S1P2) attenuates reactive oxygen species formation and inhibits cell death:
implications for otoprotective therapy. Sci Rep. 2016;6:24541.

309. Niedernberg A, Blaukat A, Schoneberg T, Kostenis E. Regulated and constitutive
activation of specific signalling pathways by the human S1P5 receptor. Br J Pharmacol.
2003;138(3):481-93.

310. Gibbons GF, Islam K, Pease RJ. Mobilisation of triacylglycerol stores. Biochim
Biophys Acta. 2000;1483(1):37-57.
311. Salter AM, Wiggins D, Sessions VA, Gibbons GF. The intracellular

triacylglycerol/fatty acid cycle: a comparison of its activity in hepatocytes which secrete exclusively
apolipoprotein (apo) B100 very-low-density lipoprotein (VLDL) and in those which secrete
predominantly apoB48 VLDL. Biochem J. 1998;332 ( Pt 3):667-72.

86



312. Hospattankar AV, Law SW, Lackner K, Brewer HB, Jr. Identification of low
density lipoprotein receptor binding domains of human apolipoprotein B-100: a proposed consensus
LDL receptor binding sequence of apoB-100. Biochem Biophys Res Commun. 1986;139(3):1078-
85.

313. Goldstein JL, Brown MS. The low-density lipoprotein pathway and its relation to
atherosclerosis. Annu Rev Biochem. 1977;46:897-930.
314. Ishibashi S, Brown MS, Goldstein JL, Gerard RD, Hammer RE, Herz J.

Hypercholesterolemia in low density lipoprotein receptor knockout mice and its reversal by
adenovirus-mediated gene delivery. J Clin Invest. 1993;92(2):883-93.

315. Boren J, Olin K, Lee I, Chait A, Wight TN, Innerarity TL. Identification of the
principal proteoglycan-binding site in LDL. A single-point mutation in apo-B100 severely affects
proteoglycan interaction without affecting LDL receptor binding. J Clin Invest. 1998;101(12):2658-
64.

316. Black DD. Development and physiological regulation of intestinal lipid absorption.
I. Development of intestinal lipid absorption: cellular events in chylomicron assembly and secretion.
Am J Physiol Gastrointest Liver Physiol. 2007;293(3):G519-24.

317. Oram JF. Tangier disease and ABCA1. Biochim Biophys Acta. 2000;1529(1-
3):321-30.
318. Lagerstedt JO, Cavigiolio G, Budamagunta MS, Pagani I, Voss JC, Oda MN.

Structure of apolipoprotein A-I N terminus on nascent high density lipoproteins. J Biol Chem.
2011;286(4):2966-75.

319. Sorci-Thomas MG, Bhat S, Thomas MJ. Activation of lecithin:cholesterol
acyltransferase by HDL ApoA-I central helices. Clin Lipidol. 2009;4(1):113-24.

320. Tailleux A, Duriez P, Fruchart JC, Clavey V. Apolipoprotein A-II, HDL
metabolism and atherosclerosis. Atherosclerosis. 2002;164(1):1-13.

321. Moore RE, Kawashiri MA, Kitajima K, Secreto A, Millar JS, Pratico D, et al.
Apolipoprotein A-I deficiency results in markedly increased atherosclerosis in mice lacking the LDL
receptor. Arterioscler Thromb Vasc Biol. 2003;23(10):1914-20.

322. Tangirala RK, Tsukamoto K, Chun SH, Usher D, Pure E, Rader DJ. Regression of
atherosclerosis induced by liver-directed gene transfer of apolipoprotein A-I in mice. Circulation.
1999;100(17):1816-22.

323. Dong H, Chen W, Wang X, Pi F, Wu Y, Pang S, et al. Apolipoprotein Al, B
levels, and their ratio and the risk of a first stroke: a meta-analysis and case-control study. Metab
Brain Dis. 2015;30(6):1319-30.

324. Garfagnini A, Devoto G, Rosselli P, Boggiano P, Venturini M. Relationship
between HDL-cholesterol and apolipoprotein A1 and the severity of coronary artery disease. Eur
Heart J. 1995;16(4):465-70.

325. O'Brien T, Nguyen TT, Hallaway BJ, Hodge D, Bailey K, Holmes D, et al. The
role of lipoprotein A-I and lipoprotein A-I/A-II in predicting coronary artery disease. Arterioscler
Thromb Vasc Biol. 1995;15(2):228-31.

326. Navab M, Hama SY, Cooke CJ, Anantharamaiah GM, Chaddha M, Jin L, et al.
Normal high density lipoprotein inhibits three steps in the formation of mildly oxidized low density
lipoprotein: step 1. J Lipid Res. 2000;41(9):1481-94.

87



327. Hyka N, Dayer JM, Modoux C, Kohno T, Edwards CK, 3rd, Roux-Lombard P, et
al. Apolipoprotein A-I inhibits the production of interleukin-1beta and tumor necrosis factor-alpha by
blocking contact-mediated activation of monocytes by T lymphocytes. Blood. 2001;97(8):2381-9.
328. Wilhelm AJ, Zabalawi M, Grayson JM, Weant AE, Major AS, Owen J, et al.
Apolipoprotein A-I and its role in lymphocyte cholesterol homeostasis and autoimmunity.
Arterioscler Thromb Vasc Biol. 2009;29(6):843-9.

329. Gardner LA, Levin MC. Importance of Apolipoprotein A-I in Multiple Sclerosis.
Front Pharmacol. 2015;6:278.
330. Lehti M, Donelan E, Abplanalp W, Al-Massadi O, Habegger KM, Weber J, et al.

High-density lipoprotein maintains skeletal muscle function by modulating cellular respiration in
mice. Circulation. 2013;128(22):2364-71.

331. Silva RA, Schneeweis LA, Krishnan SC, Zhang X, Axelsen PH, Davidson WS.
The structure of apolipoprotein A-II in discoidal high density lipoproteins. J Biol Chem.
2007;282(13):9713-21.

332. Maiga SF, Kalopissis AD, Chabert M. Apolipoprotein A-II is a key regulatory
factor of HDL metabolism as appears from studies with transgenic animals and clinical outcomes.
Biochimie. 2014;96:56-66.

333. Gao X, Yuan S, Jayaraman S, Gursky O. Role of apolipoprotein A-II in the
structure and remodeling of human high-density lipoprotein (HDL): protein conformational
ensemble on HDL. Biochemistry. 2012;51(23):4633-41.

334. Kalogeris TJ, Fukagawa K, Tso P. Synthesis and lymphatic transport of intestinal
apolipoprotein A-IV in response to graded doses of triglyceride. J Lipid Res. 1994;35(7):1141-51.
335. Liu M, Shen L, Liu Y, Woods SC, Seeley RJ, D'Alessio D, et al. Obesity induced
by a high-fat diet downregulates apolipoprotein A-IV gene expression in rat hypothalamus. Am J
Physiol Endocrinol Metab. 2004;287(2):E366-70.

336. Cohen RD, Castellani LW, Qiao JH, Van Lenten BJ, Lusis AJ, Reue K. Reduced
aortic lesions and elevated high density lipoprotein levels in transgenic mice overexpressing mouse
apolipoprotein A-IV. J Clin Invest. 1997;99(8):1906-16.

337. Duverger N, Tremp G, Caillaud JM, Emmanuel F, Castro G, Fruchart JC, et al.
Protection against atherogenesis in mice mediated by human apolipoprotein A-IV. Science.
1996;273(5277):966-8.

338. Pennacchio LA, Olivier M, Hubacek JA, Cohen JC, Cox DR, Fruchart JC, et al.
An apolipoprotein influencing triglycerides in humans and mice revealed by comparative
sequencing. Science. 2001;294(5540):169-73.

339. Fruchart-Najib J, Bauge E, Niculescu LS, Pham T, Thomas B, Rommens C, et al.
Mechanism of triglyceride lowering in mice expressing human apolipoprotein AS. Biochem Biophys
Res Commun. 2004;319(2):397-404.

340. McKeone BJ, Massey JB, Knapp RD, Pownall HJ. Apolipoproteins C-1, C-11I, and
C-III: kinetics of association with model membranes and intermembrane transfer. Biochemistry.
1988;27(12):4500-5.

341. Weisgraber KH, Mahley RW, Kowal RC, Herz J, Goldstein JL, Brown MS.
Apolipoprotein C-I modulates the interaction of apolipoprotein E with beta-migrating very low
density lipoproteins (beta-VLDL) and inhibits binding of beta-VLDL to low density lipoprotein
receptor-related protein. J Biol Chem. 1990;265(36):22453-9.

88



342. Olivecrona G, Beisiegel U. Lipid binding of apolipoprotein CII is required for
stimulation of lipoprotein lipase activity against apolipoprotein CII-deficient chylomicrons.
Arterioscler Thromb Vasc Biol. 1997;17(8):1545-9.

343. Jong MC, Hofker MH, Havekes LM. Role of ApoCs in lipoprotein metabolism:
functional differences between ApoC1, ApoC2, and ApoC3. Arterioscler Thromb Vasc Biol.
1999;19(3):472-84.

344, Havel RJ, Fielding CJ, Olivecrona T, Shore VG, Fielding PE, Egelrud T. Cofactor
activity of protein components of human very low density lipoproteins in the hydrolysis of
triglycerides by lipoproteins lipase from different sources. Biochemistry. 1973;12(9):1828-33.

345. Norata GD, Tsimikas S, Pirillo A, Catapano AL. Apolipoprotein C-III: From
Pathophysiology to Pharmacology. Trends Pharmacol Sci. 2015;36(10):675-87.
346. Glangeaud MC, Eisenberg S, Olivecrona T. Very low density lipoprotein.

Dissociation of apolipoprotein C during lipoprotein lipase induced lipolysis. Biochim Biophys Acta.
1976;486(1):23-35.

347. Ooi EM, Barrett PH, Chan DC, Watts GF. Apolipoprotein C-III: understanding an
emerging cardiovascular risk factor. Clin Sci (Lond). 2008;114(10):611-24.

348. Wang CS, McConathy WJ, Kloer HU, Alaupovic P. Modulation of lipoprotein
lipase activity by apolipoproteins. Effect of apolipoprotein C-III. J Clin Invest. 1985;75(2):384-90.
349, Patsch JR, Miesenbock G, Hopferwieser T, Muhlberger V, Knapp E, Dunn JK, et
al. Relation of triglyceride metabolism and coronary artery disease. Studies in the postprandial state.
Arterioscler Thromb. 1992;12(11):1336-45.

350. Maeda N, Li H, Lee D, Oliver P, Quarfordt SH, Osada J. Targeted disruption of
the apolipoprotein C-III gene in mice results in hypotriglyceridemia and protection from postprandial
hypertriglyceridemia. J Biol Chem. 1994;269(38):23610-6.

351. Ito Y, Azrolan N, O'Connell A, Walsh A, Breslow JL. Hypertriglyceridemia as a
result of human apo CIII gene expression in transgenic mice. Science. 1990;249(4970):790-3.
352. Ginsberg HN, Le NA, Goldberg 1J, Gibson JC, Rubinstein A, Wang-Iverson P, et

al. Apolipoprotein B metabolism in subjects with deficiency of apolipoproteins CIII and Al
Evidence that apolipoprotein CIII inhibits catabolism of triglyceride-rich lipoproteins by lipoprotein
lipase in vivo. J Clin Invest. 1986;78(5):1287-95.

353. Eichinger A, Nasreen A, Kim HJ, Skerra A. Structural insight into the dual ligand
specificity and mode of high density lipoprotein association of apolipoprotein D. J Biol Chem.
2007;282(42):31068-75.

354. Drayna D, Fielding C, McLean J, Baer B, Castro G, Chen E, et al. Cloning and
expression of human apolipoprotein D cDNA. J Biol Chem. 1986;261(35):16535-9.
355. Thomas EA, Laws SM, Sutcliffe JG, Harper C, Dean B, McClean C, et al.

Apolipoprotein D levels are elevated in prefrontal cortex of subjects with Alzheimer's disease: no
relation to apolipoprotein E expression or genotype. Biol Psychiatry. 2003;54(2):136-41.

356. Franz G, Reindl M, Patel SC, Beer R, Unterrichter I, Berger T, et al. Increased
expression of apolipoprotein D following experimental traumatic brain injury. J Neurochem.
1999;73(4):1615-25.

357. Perdomo G, Henry Dong H. Apolipoprotein D in lipid metabolism and its
functional implication in atherosclerosis and aging. Aging (Albany NY). 2009;1(1):17-27.
358. Phillips MC. Apolipoprotein E isoforms and lipoprotein metabolism. IUBMB Life.

2014;66(9):616-23.

&9



359. Heeren J, Beisiegel U, Grewal T. Apolipoprotein E recycling: implications for
dyslipidemia and atherosclerosis. Arterioscler Thromb Vasc Biol. 2006;26(3):442-8.

360. Wang X, Driscoll DM, Morton RE. Molecular cloning and expression of lipid
transfer inhibitor protein reveals its identity with apolipoprotein F. J Biol Chem. 1999;274(3):1814-
20.

361. Lagor WR, Brown RJ, Toh SA, Millar JS, Fuki IV, de la Llera-Moya M, et al.
Overexpression of apolipoprotein F reduces HDL cholesterol levels in vivo. Arterioscler Thromb
Vasc Biol. 2009;29(1):40-6.

362. Lagor WR, Fields DW, Khetarpal SA, Kumaravel A, Lin W, Weintraub N, et al.
The effects of apolipoprotein F deficiency on high density lipoprotein cholesterol metabolism in
mice. PLoS One. 2012;7(2):e31616.

363. Lagor WR, Fields DW, Bauer RC, Crawford A, Abt MC, Artis D, et al. Genetic
manipulation of the ApoF/Stat2 locus supports an important role for type I interferon signaling in
atherosclerosis. Atherosclerosis. 2014;233(1):234-41.

364. Falgarone G, Chiocchia G. Chapter 8: Clusterin: A multifacet protein at the
crossroad of inflammation and autoimmunity. Adv Cancer Res. 2009;104:139-70.
365. Duchateau PN, Pullinger CR, Orellana RE, Kunitake ST, Naya-Vigne J, O'Connor

PM, et al. Apolipoprotein L, a new human high density lipoprotein apolipoprotein expressed by the
pancreas. Identification, cloning, characterization, and plasma distribution of apolipoprotein L. J Biol
Chem. 1997;272(41):25576-82.

366. Perez-Morga D, Vanhollebeke B, Paturiaux-Hanocq F, Nolan DP, Lins L, Homble
F, et al. Apolipoprotein L-I promotes trypanosome lysis by forming pores in lysosomal membranes.
Science. 2005;309(5733):469-72.

90



Appendix 1: Apolipoproteins

Apolipoprotein B100 (apoB100) is a 515 KDa protein responsible for
assembling the non-HDL-C lipoproteins; VLDL, IDL and LDL (184).
Every VLDL/LDL-particle contains one apoB100-molecule and hence it
can be used to measure the amounts of VLDL/LDL-particles in plasma
since the amount of cholesterol in these particles highly varies. VLDL is
formed via stepwise intracellular lipidation of apoB100, which is dependent
on the triglyceride pool stored in intracellular cytosolic lipid droplets (310,
311). ApoB100 is important for the binding of the VLDL/LDL-particle to
the LDL-receptor (312, 313) although it binds with a relatively low affinity
(314). ApoB100 is pro-atherogenic. It directly interacts with negatively
charged proteoglycans in the arterial wall which are produced by smooth
muscle cells upon pro-inflammatory stimuli like TGFf (315). The apoB100
containing LDL-particle is taken up by monocytes which differentiates into
macrophages and becomes foam cells, a major component in the
atherosclerotic plaque (131).

Apolipoprotein B48 (apoB48) is important in the formation of
chylomicrons in the enterocyte. As newly synthesized, apoB48 is lipidated
by microsomal triglyceride transfer protein (MTP) in the endoplasmic
reticulum forming nascent chylomicrons. ApoB48 is produced by the same
gene as apoB100, but in the intestine a posttranscriptional enzyme, apobec-
1, induces a stop-codon by replacing a single nucleotide (C—U) in the
mRNA of apoB100 (316). ApoB48 lacks the LDL-receptor binding site.

Apolipoprotein Al (apoAl, 28 KDa), the major protein in HDL, is the
main substrate for the ATP-binding cassette transporter (ABCA1) which
lipidates pre-B-HDL with cholesterol. ABCAI protects apoAl from rapid
degradation as shown in patients with Tangiers disease (317). ApoAl has a
double a-helix structure, which is important for its high affinity for lipids.
For apoAl to adapt to the alteration in HDL-particle size, an inter-helical
segment on the N-terminal domain has been identified to be important
(318). Moreover, ApoAl acts as a catalytic enzyme for CETP enabling the
formation of spherical HDL (319).

ApoALl is protective against cardiovascular disease as shown in both mice
and humans. Overexpression of apoAl in mice leads to increased levels of

91



HDL and reduced atherosclerosis and apoAl knock-out mice have
increased atherosclerosis (320-322). Low levels of apoAl is correlated with
increased risk of a primary stroke in humans (323). Moreover, plasma
levels of apoAl was superior to HDL levels in order to assess the severity
or predict human coronary heart disease (CHD) (324, 325). Infusion of
apoAl-containing reconstituted HDL into patients with manifested
atherosclerotic lesions resulted in altered plaque phenotype with reduced
lipid content, lower macrophage size and decreased presence of
inflammatory markers (299). ApoAl has potent anti-oxidative properties
via  association  with  hydroperoxyoctadecadienoic  acid  and
hydroperoxyeicosatetraenoic acid, which could inhibit endothelial mediated
oxidation of LDL (326).

ApoAl also have neuroprotective effects assigned to its inhibitory effects
on pro-inflammatory molecules and might have a therapeutic role in
multiple sclerosis (327-329). Moreover, apoAl is important in glucose
metabolism. ApoAl-null mice had reduced glucose tolerance and reduced
endurance capacity probably due to ATP-depleted synthesis in their
mitochondria, which was restored in apoAl transgenic mice (330).

Apolipoprotein A-II (apoA-II, 17.4 KDa) is produced by the liver and is
the second most common protein in HDL (20 % by weight of total proteins
in HDL). ApoA-II is believed to be shaped like a “double hairpin” wrapped
around the HDL-particle (331). It is believed to be important for the
stabilization of apoAl and in creating the form of mature HDL (332).
ApoA-II can indirectly inhibit the interaction between apoA1l and LCAT by
displacing apoA1 on the HDL surface (333).

Apolipoprotein A-IV (apoA-1V, 45.4 KDa) is produced upon fat ingestion
in the intestine where it is attached to chylomicrons. However, it is
detached upon lipase action on chylomicrons. Acute increased intake of fat
increased the secretion of ApoA-IV into the lymph. In contrast, chronic
consumption or obesity is associated with reduced apoA-IV gene
expression (334, 335). In the circulation, apo-IV is mostly in a lipid-free
form (40-50 %) but it can also associate with HDL and chylomicron
remnants. Overexpression of ApoA-IV in mice leads to reduced
atherosclerosis suggesting apoA-IV to be a protective against CVD (336,
337).

Apolipoprotein A-V (apoA-V, 41.2 KDa) is synthesized in the liver and
important in the clearance of TGs as shown by transgenic and knock-out
apoA-V mice (338). ApoA-V enhances the activity of LPL and decreases
TG levels in TG-rich lipoproteins (339).
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Apolipoprotein C-I (apoC-I, 9.3 KDa) and Apolipoprotein C-II (11.2
KDa) are produced mainly in the liver and secreted in a lipid-free form but
quickly associate with lipoproteins due to their high affinity for lipids
(340). ApoC-I and apoAC-II inhibit uptake of apoE-containing VLDL by
interacting with the binding of apoE to the low density lipoprotein receptor
(LDLR-) related protein (LRP) (341). ApoC-II is a potent activator of LPL
via its lipid binding domain (342-344).

Apolipoprotein C-III (apoC-III, 10.8 KDa) is important in the metabolism
of TG-rich lipoproteins and is mostly associated with chylomicrons, VLDL
and HDL. Upon endothelial LPL action on VLDL, apoC-III transfers
mostly to HDL but is then transported back to newly synthesized VLDL
(345, 346). ApoC-III prolongs the circulatory time for VLDL by inhibiting
the action of endothelial LPL and in contrast to apoE it does not bind to the
LDL-receptor (347). ApoC-III inhibits the action of LPL via direct
interaction (348). ApoC-III levels strongly correlates with the levels of TGs
in human plasma and increased TG levels are present in patients with CHD
(349). Overexpression of apoC-III in mice leads to strongly increased levels
of TGs and in apoC-III null mice, TGs are low (350, 351). Since ApoC-III
inhibits the action of lipases, individuals with low levels of apoC-III have
low TG levels due to a strong lipolysis (352).

Apolipoprotein D have a hydrophobic binding pocket and was found to be
in complex with progesteron, cholesterol, bilirubin and arachidonic acid
(353). The presence of the binding pocket makes it a structural member of
the lipocalin family (353). In contrast to many other lipoproteins, the
expression of apoD is not limited to the liver but is widely expressed in the
human body (354). ApoD is important for proper function of the brain and
humans and mice treated with antipsychotic drugs have increased plasma
levels of apoD (355). ApoD is also increased in the brain after traumatic
brain injury (356). ApoD is mainly bound to HDL in circulation and is
enriched in HDL from patients with CVD compared to healthy controls
(264). ApoD is increased in apoE” mice suggesting a role of apoD in
atherosclerosis (357).

Apolipoprotein E (apoE) is a small protein (36 KDa) synthesized mainly
in the liver and intestine. ApoE has anti-atherogenic properties and is
mostly present on TGs-rich lipoproteins. ApoE has high affinity for the
LDL-receptor (dr det inte en related receptor?) which is important in the
clearance of pro-atherogenic TGs-rich lipoproteins (e.g IDL and VLDL)
(358). After uptake of lipoprotein remnants, apoE are re-used in an apoE-
containing HDL-pool and hence HDL can be cleared via the LDL-receptor
(359).
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Apolipoprotein F (apoF, 35.4 KDa) is associated with LDL and HDL and
has CETP inhibitory activity (360). Overexpression of apoF in mice lead to
increased clearance of HDL and increased macrophage cholesterol efflux
(361). However, depletion of apoF did not have any effects on HDL-C
levels (362). In a study by Lagor et al., apoF silencing resulted in reduced
atherosclerosis despite no influence on circulating lipoprotein levels,
suggesting pro-atherogenic properties of apoF (363).

Apolipoprotein J (apoJ, 52.4 KDa) also known as clusterin, is associated
with dense HDL-particles containing PON-1 and apoAl. ApoJ has a
regulatory role in the immune system through interactions with proteins
such as immunoglobulins and complement factors (364).

Apolipoprotein L (apoL, 43.9 KDa) is associated with apoAl-containing
particles in the density range between 1.123 and 1.21 g/mL and no free
apoL is found in plasma (365). ApoL is in complex with trypanosome lyctic
factor-1 (TLF-1) and forms pores in lipid bilayer membranes, which lyse
bacteria and parasites (366). Hence, apol is important for the role of HDL
in the innate immune defense.
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