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1. INTRODUCTION




The results presented in this section have been published at:

1. Pathophisiology of Atherosclerosis. Jebari-Benslaiman S, Galicia-Garcia U,
Larrea-Sebal A, Alloza |, Vandenbroeck K, Martin C and Benito-Vicente A.
International Journal of Molecular Sciences (second revision).



1. Atherosclerosis

1.1. Endothelium

In a healthy state, the vessel wall is lined with a single endothelial cell (EC) layer
called endothelium. This layer together with collagen and elastic fibbers forms the
luminal layer of the vessels or the intima. ECs are in intimate contact with tunica
media consisting of vascular smooth muscle cells (VSMC) and elastic and
collagenous tissue. Finally, surrounding this layer is tunica adventitia, which is
composed mainly by a dense matrix of connective tissue. Endothelium is
strategically located between circulating blood and tissues, working as a sensor and
transductor of signals by the production of biologically active substances. It
modulates the tone of underlying vascular smooth muscle, maintains a non-
adhesive luminal surface, and mediates hemostasis, cellular proliferation, and
inflammatory and immune response in the vascular wall®. In fact, endothelium
releases both agonists and antagonists in order to balance the effect in both
directions. For instance, ECs are able to produce both coagulants or anti-
coagulants, vasodilators or vasoconstrictors and pro-inflammatory or anti-
inflammatory molecules.’? Thus, the endothelium plays an important role
regulating vascular homeostasis under physiological conditions® but, if
compromised, it can also contribute significantly to the pathophysiology of several
cardiovascular diseases’.

As endothelium lines the arterial vasculature, it is directly affected by the
hydrodynamic forces of blood flow: wall shear stress, hydrostatic pressure and
cyclic strains*®. Indeed, it is accepted that hydrodynamic forces modulate the
endothelium biology®. For example, shear stress induces a characteristic
endothelial cell alignment®® (Figure 1). In tubular or straight regions of arteries,
where the blood flow and therefore, shear stress is increased, endothelial cells

show a flattened shape and an elongated alignment in the direction of the flow*. In



addition, the nucleus of ECs are oriented to the lumen of the blood vessel as a

1011 However, when blood flow and

response to hemodynamic shear stress
therefore, shear stress decreases, ECs augment their volume showing a cobble-
stone appearance!’.. Moreover, hemodynamic forces determine the early
development of localized atherosclerotic plaques that are not randomly
distributed, neither in experimental animal models nor in humans>23, Straight areas
of the vasculature, where the blood flow is laminar (a lineal and uniform
movement), are fairly protected from atherogenesis, at least at the early stages of
disease'*!>, However, in branched areas of the vessels (bifurcations or arches), this
rectilinear flow is disrupted and changes to a turbulent flow during the cardiac
cycle* (Figure 1). These recircularization regions, where shear stress is lower, are

more susceptible to atheroma plaque formation® emphasizing the importance of

arterial branches to make a diagnosis.

-

Turbulent Flow Laminar Flow

\.

é 4
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Athero-prone Blodflow | | ECcoble-stone Athero-protected Blod flow 4 EC elongated
region appearance region appearance
Shear stress ¥ Shear stress 4

Figure 1: Effect of blood flow on atherosclerosis development. Turbulent flow
occurs at bifurcations and branch points were the arterial curvature is higher.
Disturbed laminar flow or turbulent flow reduces shear stress and promotes
endothelial dysfunction and LDL infiltration that constitute the first step for
atheroma plaque formation. On the contrary, low curvature areas of the
vascular system subjected to higher shear stress are athero-protected.
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1.2. Atherosclerosis initiation and fatty streak formation

Atherosclerosis initiates upon endothelial dysfunction accompanied by low density
lipoprotein (LDL) retention and its modification in the intima®. Modified LDLs
together with additional atherogenic factors promote the activation of endothelial
cells that leads to monocyte recruitment within the intima. Modified LDLs are avidly
captured by differentiated monocytes and VSMC, which promotes foam cell
formation”8, In addition, several inflammatory signalling pathways are activated
allowing fatty streak formation. Fatty streak is the first sign of atherosclerosis,
which is visible to the naked eye and is characterized by a huge accumulation of

lipids both within the cells (macrophages and VSMC) and the extracellular media®°.

1.2.1.  Endothelial dysfunction in atherosclerosis development

Endothelial dysfunction can be described as a disruption of the mechanisms
involved in vascular homeostasis regulation?>!%°, Briefly, when endothelial cells
lose their ability of maintaining homeostasis, vessel walls are predisposed to
vasoconstriction, lipid infiltration, leukocyte adhesion, platelet activation and
oxidative stress, among others2V22, All together induce an inflammatory response
that is considered the first step of atheromatous plaque formation: the fatty
streak'?. In addition, endothelial dysfunction also plays a remarkable role in
subsequent steps of atherosclerosis by participating in plague development and in
its rupture in the last steps of atherosclerosis?®. Therefore, an increased endothelial

dysfunction is considered an early indicator of atherogenesis®.

1.2.1.1. Hemodynamic forces and endothelial dysfunction



Hemodynamic forces constitute a local risk factor of atherogenesis as they promote
endothelial dysfunction?®. As indicated above, lesion prone regions are mainly
located in areas where the laminar flow is disturbed due to flow separation,
recircularization or reattachment?. This turbulent flow creates temporal and
spatial gradients, which result in a higher oscillatory index and a lower shear
stress*>, In addition, a disturbed flow also favours lipoprotein infiltration into the
vessel intima, firstly because LDLs remain longer periods of time in those areas; and
secondly, because turbulent flow induces physical disruption of endothelial
integrity?®, which facilitates lipoprotein infiltration®®?’. In addition, another
fundamental link between hemodynamic forces and atherogenesis relies on the

expression of diverse endothelial genes regulated by blood mechanical stimulus?®-

33.

The effect of shear stress over endothelial gene expression has been studied
during the last 20 years and since that, more than 40 genes implicated in the
process have been discovered so far®*3°, Among them, the activation in endothelial
cells of several atherogenic genes such as monocyte chemoattractant protein

|40-42

1 (MCP-1) that induces monocyte permeation into the arterial wal and

platelet-derived growth factors (PDGF) that enhances VSMC migration*,
Interestingly, research evidence revealed shear stress response elements (SSRE) in
the promoters of these genes and others, such as eNOS or platelet adhesion
molecule-1 (PECAM-1) that contribute to plaque development*®*=°. Moreover, the
combination of two or more SSRE in the same promoter could have a synergistic
effect that enhances the expression of those genes°. On the other hand, in straight
regions of the vasculature, blood shows a laminar flow, which drives high shear
stress in the endothelium, thus downregulating atherogenic genes and

upregulating antioxidant and cell cycle growth-arrest genes. Indeed, it has been

demonstrated that long exposure of endothelial cells to undisturbed laminar flow



promotes the upregulation of endothelial nitric oxide synthases (eNOS), thus
increasing their nitric oxide (NO) synthesis capacity*®°!.

These findings suggest a differential molecular response in endothelium
depending on the blood flow pattern, highlighting the role of hemodynamic forces
in endothelial dysfunction. In conclusion, branched areas and curvatures are the

preferential location for atherosclerotic lesions development®2,

1.2.1.2. Role of nitric oxide in endothelial dysfunction

Endothelial dysfunction is also explained through a reduction in NO
bioavailability?®. NO is synthesized from L-arginine in endothelial cells in a reaction
catalysed by eNOS and diffuses across cell membranes, reaching the smooth muscle
tissue of the artery wall. NO promotes smooth muscle fiber relaxation, known as
endothelium-dependent vasodilatation®%. NO is considered an athero-protective
molecule because it counteracts atherogenesis and its complications. Specifically,
NO is involved in reduction of platelet aggregation, tissue oxidation and
inflammation, activation of thrombogenic factors, cell growth, proliferation and
migration, among others>>>’, Moreover, it maintains metabolic homeostasis as it
reduces triglyceride content and steatosis and increases insulin synthesise, glucose
clearance and mitochondrial efficiency®®. However, in the presence of
cardiovascular risk, factors such as hyperlipidemia, hypertension, smoking or
diabetes, NO production is reduced as a consequence of an increased oxidative
stress, which is commonly associated to those pathologies!??%2°, Oxidative stress
stimulates NF-kB activation directly or through heat shock proteins (HSP-60). NF-kB
in turn, promotes synthesis of pro-atherogenic cytokines (TNF-q, interleukins IL-1
and IL-6), adhesion molecules (VCAM-I and ICAM-1) and chemokines (MCP-1) that
inhibit eNOS activity and consequently, NO production®?. The latter also favours

angiotensin Il synthesis and its activity, an antagonist of NO*>%3, hence leading to



an inflammatory response®. In fact, studies carried out in hypercholesterolemic
patients demonstrated an impaired endothelium-dependent vasodilatation due to
a defect in the bioactivity of NO®. Hypertensive patients also show a defect in the
endothelium-derived NO system that may explain the abnormal endothelium-

dependent vasodilatation®®’.

Cardiascular Risk Factors
( hyperlipidemia, hypertension,
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regulates cardiovascular metabolism and is

compromised in the presence of cardiovascular risk factors. eNOS catalyses

the production of NO from L-Arginine. NO is an essential metabolite that

inhibits the progression of atherosclerosis

improving vasorelaxation,

angiogenesis, endothelial function, insulin secretion and glucose clearance

and mitochondrial efficiency. On the other hand, it reduces oxidative stress,

inflammation, plasma lipid levels and steanosis. Cardiovascular risk factors

such as hyperlipidemia, hypertension or diabetes inhibit eNOS activity upon

NF-kB induction reducing NO and promoting atherosclerosis development.

1.2.2. LDL infiltration

Accumulation of LDL in plasma favours transendothelial migration of circulating
LDLs to the intima, which occurs mainly in athero-prone regions. Although it has

been traditionally accepted that LDLs cross the endothelium by diffusion or

68-71

paracellularly®®™’*, nowadays it is accepted that transcytosis plays an important role



in transendothelial transport of LDLs”%>73. More specifically, it has been shown that
LDL transcytosis is mediated by scavenger receptor Bl (SR-B1) and activin A
receptor like type 1 (ALK1) receptor of the endothelium, which differs from the
classical LDL endocytosis pathway mediated by LDLR4,

It has been shown that ALK1 mediates LDL transcytosis independently of its
kinase activity”. Similarly, SR-B1 mediates LDL transport across the endothelial
barrier as demonstrated in studies where SR-B1 silencing significantly reduces LDL
transcytosis, both in human coronary ECs and SR-B1-deficient mice’®’’. However,
the exact mechanism is still under study. In the case of LDLR mediated transcytosis,
it has only been described in blood brain barrier ECs’. In addition, SR-B1 and ALK1
receptors co-localize with caveolae indicating that LDL transcytosis by SRB1 and
ALK1 is mediated by caveolae-dependent mechanism’®. Moreover, it has been
demonstrated that the absence of caveolin-1, the major structural protein of
caveolae in ECs®, significantly impairs LDL transport and retention within the
arterial wall®2#3, In addition, caveolin-1 expression is increased in atherosclerotic
lesions compared to healthy vessels®4. Although additional experiments are needed
to elucidate the specific transport mechanism of both receptors, these findings
suggest that caveolae dependent LDL uptake plays an important role in LDL
transcytosis>2,

Although, this review only summarizes the role of ECs in LDL infiltration, it
is important to note that other factors such as the glycocalyx?¥’, pericytes®, the
subendothelial extracellular matrix®® and the role of shear stress®® should be

considered.

1.2.2.1. LDL modifications in the intima



Once in the subendothelial space, trapped LDL particles are oxidized, a process
facilitated by the absence of protective plasma antioxidants such as tocopherol,
ascorbate, urate, apolipoproteins or serum albumin®-?2, Oxidized LDLs are a key
inflammatory components that promote atherosclerotic plague development, as
they contain oxidized lipids and products derived from their degradation that
contribute to the physiopathology of the disease®*.

There are several mechanisms that explain how LDL oxidation initiates in the
subendothelial space and different cell types are involved in the process, including
ECs, macrophages and VSMCs*°, LDLs can be oxidized by free radicals present in

100 or other radicals such as

the extracellular media like superoxide, hydroxil radicals
HCIO produced by the surrounding cells'®l. Additionally, LDLs can be directly
oxidized by enzymatic activity of phospholipases and lipoxygenases'®>%, |n fact,
the lipoxygenase pathway has been highlighted to explain initiation of LDL
oxidation!®. Interestingly, LDL receptor related-protein (LRP) is involved in LDL
recruitment and 12/15 lipoxygenase is translocated to the membrane where
oxidation of LDL cholesterol esters take place®,.

Independently of the mechanism involved in the initiation of the LDL
oxidation, the process follows the same phases'®. The first step is characterized by
the loss of the antioxidants carried by LDLs including alpha-tocopherol and

carotenoids!®%7

, and a small degradation of polyunsaturated fatty acids (PUFA).
Afterwards, PUFAs, mostly arachidonic and linoleic acids, are oxidized to
hydroperoxides, which leads to the formation of conjugated dienes and subsequent
short chain aldehydes upon further oxidation.

On the other hand, apoB-100, the major protein of the LDL, also suffers different
modifications as a consequence of oxidative environment. For instance, aldehydes
generated from lipid oxidation form adducts with lysine residues of apoB-100.

Instead, apoB-100 can be directly modified predominantly at tyrosine residues by

oxidizing agents'®®. These modifications in the apolipoprotein inhibit LDL-LDLR
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recognition and increases the uptake of LDL particles through non-regulated
receptors®2.

Depending on LDL oxidation level, oxidized-LDLs are classified as minimally
modified LDL (mm-LDL) or extensively oxidized LDL (oxLDL). Mm-LDLs differ
chemically from unmodified LDLs but are still recognizable by the LDLR and
therefore, are internalized through regulated pathways. However, modified lipids
within these particles act as bioactive molecules conferring other biological
activities not shown in unmodified LDLs'%. These bioactive lipids might induce pro-
inflammatory response in endothelial cells and macrophages''®. On the other hand,
when LDLs are extensively modified, they become unrecognizable by the LDLR,
while allowing being recognizable by a range of scavenger receptors!!13,
Oxidative modifications of apoB-100 underlie this lack of affinity toward LDLR and
the increased affinity for the scavenger receptors. Therefore, it is important to
undergo a complete oxidation process to acquire the epitopes that make oxLDLs
recognizable for scavenger receptors'®. Moreover, oxLDLs are able to escape from
proteoglycan retention hence favouring their non-regulated uptake by scavenger
receptors®!%, Once internalized, products derived from oxLDL trigger the
expression of inflammatory molecules in macrophages, as outlined later in this
review.

It is important to note that even being LDL oxidation the most common
modification, a range of LDL modifications contributing to atherosclerosis
development has been well-described in other works including glycosylation,

acetylation and aggregation!3115-117,

1.2.3.  Endothelial activation
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Endothelial stimulation, also known as endothelial type | activation, occurs when
inflammatory agents induce a response such as a change in microvascular tone,
permeability or leukocyte diapedesis'®. This phenomenon is an acute response
with short-term functional and morphological changes that does not require de
novo protein synthesis or gene upregulation!’®. However, in response to certain
proinflammatory agents such as IL-1, TNF, endotoxins, modified lipoproteins and
advanced glycosylation end products (AGE), as well as disturbed flow derived
biomechanical stimulation, the endothelium can undergo a sustained phenotypic
modulation, known as endothelium type Il activation!'®129121 This activation leads
to a complexinflammatory response that starts with an increased NF-kB production
within the endothelial cells, in response to the aforementioned stimulus. As it
happens with NO in endothelial dysfunction, NF-kB upregulates the expression of
leucocytes adhesion molecules like VCAM-1 and ICAM-1, secreted chemokines like
MCP-1 and IL-8'%212% and prothrombotic mediators like plasminogen activator

inhibitor or tissue factor.

1.2.4.  Monocyte recruitment and foam cell formation

Activated endothelial cells induce selective monocyte recruitment into the intima.
This process has not been directly visualized®; however, according to
experimental evidence it can be summarized in rolling, adhesion, activation and
transmigration of monocytes!?6128,

Briefly, monocyte recruitment starts with monocyte capture and rolling over the
endothelium, which is mainly mediated by P-selectin®®?°, Then, monocyte-rolling
is reduced and they remain firmly attached to the endothelium®®, a process
mediated by the binding of monocytes integrins to VCAM-I and ICAM-I of

endothelial cells??*131132 |n addition, as they roll over the endothelium, monocytes

are activated by endothelial surface-bound chemokines'?® like CXCL1, CXCL2,
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CXCL4, CCL5 which increases monocyte adhesiveness'®°, Afterwards, monocytes
transmigrate into the intima space. This movement comprises the crossing
throughout endothelial-cell barrier, its basement membrane and the pericyte

|ayer129,133

. The migration process is hold by chemokines, which have been
previously secreted in response to proinflammatory signals. Chemokines recruit
leucocytes and leucocytes expressing specific receptors migrate towards
chemokine higher concentration areas**.

Regarding monocyte recruitment, MCP-1 (also named as CCL2) is the most
frequent chemokine mediating monocyte transmigration, although the effect of
other chemokines such as CCL3, CCL4 and CCL5 has been also studied 3>3¢, MCP-
1 is produced mainly by endothelial cells, smooth muscle cells, monocytes and
macrophages of the intima; and its expression level is upregulated after
proinflammatory stimulus or tissue injury favouring the transendothelial migration
of circulating monocytes from the plasma to the intima®*’. This process is mediated
by two different routes, the paracellular and transcellular routes'®®. In the
paracellular route, monocyte migration is favoured through endothelial-cell
junctions, due to the redistribution of junctional molecules in the inflamed

endothelium?3&13

. In addition, some endothelial junction molecules actively
mediate this type of migration!*®!#!, On the other hand, in the transcellular route,
cells migrate through endothelial cells, however, this type of transmigration takes
place specially in central nervous-system, where endothelial cells are connected by

complex tight junctions'#?

. Finally, monocytes cross endothelial-cell basement
membrane, which is composed by a network of laminin and collagen, and the
pericyte sheath, which is found in most venules*3,

Once in the intima, monocytes are differentiated into macrophages that can be
polarized to M1 (pro-inflammatory) or M2 (anti-inflammatory) phenotypes!*.

Nonetheless, macrophages show sensitivity to the changes in inflammatory

environment, and in response to new signals are able to drive their phenotype from
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pro-inflammatory phenotype to the anti-inflammatory phenotype!**’. This
macrophage plasticity is fundamental for a successful response with M1
predominating in disease progression and M2 in regression!*®. These M1
macrophages release inflammatory cytokines and chemokines, produce NO and
reactive oxygen species (ROS), which promote more monocyte recruitment and
inflammatory response propagation¥’. In addition, macrophages express a battery
of receptors that mediates the internalization of modified and non-modified LDLs.
As previously mentioned, retained lipoproteins in the intima are prone to suffer
modifications due to the inflammatory environment allowing their internalization
through CD36, SRA-l and LOX-I*'*"113 scavenger receptors. It is important to
underline that the expression of those receptors is not downregulated by
cholesterol uptake. Thus, in an atherosclerotic context, where oxLDL content is
significantly enhanced, cells internalize higher amounts of oxLDLs. Within the cells,
oxLDLs are degraded in the lysosomes and the lipoprotein-contained cholesterol is
esterified by acyl CoA:cholesterol acyltransferase (ACAT) in the endoplasmic
reticulum (ER). Cholesterol esters are stored as lipid droplets located both in the
cytoplasm or linked to the ER¥%%° Hydrolysis of this packed cholesterol esters
mediated by neutral cholesterol ester hydrolases, like nCEH and NCEH1, generates
free cholesterol that is transferred from macrophages to apoA-lI or HDLs (High
Density Lipoprotein), an important step for removal of cholesterol excess from
peripheral tissues!!!. This process is mediated by ABCA1 and ABCG1 ATP-binding
cassettes and SR-B1, cholesterol transporters that play an important role mediating
cholesterol efflux from the cells and preventing foam cell formation*'!. However,
the pro-inflammatory microenvironment of atherosclerotic lesions impairs ABCA1
efflux system both in M1 and M2 macrophages and promotes foam cell
accumulation, as it has been shown in experiments with murine macrophages

contributing to plaque development®*'1°2,
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In addition, the excess of lipid uptake by macrophages perpetuates the
inflammatory response. oxLDLs induce signalling cascades that activate NF-kB

153-16 which maintain endothelial cell activation, monocyte recruitment,

targets
and foam cell formation*. Actually, uptake of oxLDLs by macrophages could be
considered a protective mechanism, as they remove cytotoxic elements from the
intima. However, the increased migration of monocyte to the intima and the
subsequent differentiation onto macrophages leads to a large number of foam cells
that induces the growth of the atherosclerotic lesion!*. Therefore, cholesterol
accumulation is considered a hallmark of atherosclerotic lesions>”*%8,
Accumulation of cholesterol in the subendothelial compartment also promotes
formation of cholesterol crystals both inside and outside the cells and contributes

to the development of atherosclerotic plaques!>®-16!

. This process has been
monitored both outside and inside the cells, in macrophages incubated with
oxLDLs'®2, Although cholesterol crystals are a common feature of advanced
atherosclerotic lesions they are present also in early plagues and can be used as a
marker of early atherosclerosis development®, Cholesterol crystals within the
plague activate NLRP3 inflammasome in macrophages, leading to activation of pro-
inflammatory pathways. Inflammasomes are cytosolic multiprotein complexes of
the innate immune system responsible for the activation of inflammatory
pathways!®4. Although NLRP3 activation and assembly is not fully understood, it is
known that its activation leads to caspase-1 activation. Caspase-1 subsequently
cleaves the proinflammatory IL-1 family of cytokines into their bioactive forms, IL-
1B and IL-18 contributing to inflammation®. It has been suggested that uptake of
oxLDLs mediated by CD36 receptor is responsible of NLRP3 activation®®. Apparently,
CD36 scavenger receptor along with TLR4-TLR6, take up oxLDL, which results in

intracellular  cholesterol  crystals. Those crystals cause lysosomal

desestabilization!®®, inducing the release of lysosomal contents such as cathepsins
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or reactive oxygen species™®, which finally results in NLRP3 inflammasome

assembly and the subsequent activation of caspase-1.

1.2.5.  Contribution of VSMC to foam cell population

VSMC located in the intima are also able to internalize oxLDL in a non-regulated
way through different scavenger receptors such as scavenger receptor A (SR-A),
CD36 and LOX-1%7-17 |ndeed, it has been shown that their contribution to the sum
of foam cell population within the plaque is significant®®. In addition, a study
published in 2009 showed that VSMCs of the intima express less ABCA1 transporter
than the ones of the tunica media'’?; therefore, the balance between cholesterol
input and output is tilted in favour of cholesterol accumulation and foam cell
formation. They also concluded that at least a 50% of the foam cell in human
coronary intima are VSMC-derived rather than monocyte-derived, underlying the
importance of VSMC in atherosclerosis development!’2, This finding was also
confirmed in ApoE deficient atherosclerosis mice model*”.

Briefly, endothelial dysfunction along with LDL retention and modification in the
intima promote endothelial cell activation leading to monocyte recruitment within
the intima®. Non-regulated internalization of modified LDLs by monocytes and
VSMC leads to foam cell formation!”*¥, which together with the activation of

inflammatory pathways perpetuate the formation of fatty streak.

1.3. Fibrous plague development

During fibrous plaque development, atheroma plaques undego a transition from
fatty streak to intimal growing, a step characterized by the presence of a cell-free
and lipid rich area known as necrotic core. To stabilize the plaque, the necrotic core

is covered by fibrous and the fibrous cap develops. Necrotic core along with fibrous
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cap are the hallmarks of advanced atherosclerosis’®. It is accepted, that at this

stage, atheroma plaque regression is unlikely to happen'’>17¢,

1.3.1. Fibrous cap

The fibrous cap is the subendothelial barrier between the lumen of the vessel and
the atherosclerotic necrotic core. It mainly consist in VSMCs that have migrated to
the luminal side of the artery and VSMC-derived extracellular matrix (ECM)”’. The
role of the fibrous cap is serving as a structural support to avoid the exposure of
prothrombotic material of the core that would trigger thrombosis’’.

At physiological situation, differentiated VSMCs of the tunica media show a
contractile phenotype that regulates blood vessel diameter and blood flow?!78-180,
However, in response to injury, VSMCs switch their phenotype to the synthetic one
in which migratory and proliferation activities prevail'®’. For that purpose,
neighbouring cells activate the healing process by producing several growth factors,
which include epidermal growth factor, fibroblast growth factor, insulin like growth
factor, platelet-derived growth factor (PDGF), transforming growth factor-p (TGF-
B) and vascular endothelial growth factor (VEGF), In atherosclerosis, in response
to the growth factors produced by foam cells (VSMC- or macrophage-derived) or
ECs of the intima, VSMCs from the tunica media migrate to the intimal®182183,
Moreover, IL-1 produced by macrophages enhance the endogenous production of
PDGF by VSMC, which once in the intima autocrinically leads to their
proliferation®, In addition to migration and subsequent proliferation, VSMCs with
synthetic phenotype also increase the production of ECM components like
interstitial collagen, elastin and proteoglycans'®8>18, These proliferating VSMCs
along with ECM production generate the fibrous cap that will cover the developing
atherosclerotic plaque surrounding the lesion and preventing its rupture'®,

Interestingly, if the mitogens production does not cease, VSMC do not switch back
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to the contractile phenotype’®179188 thus facilitating lesion development. Fibrous
cap features such as thickness, cellularity, matrix composition, and collagen content

are important determinants of plaque stability®.

1.3.2.  Necrotic core

The necrotic core constitutes the nucleus of the atherosclerotic plaques. Covered
by the fibrous cap, the necrotic core consists of a lipid laden hipocelular region with
reduced supporting collagen®®*°2, While atherosclerotic plaque develops, necrotic
core increases its size mainly as a consequence of two factors, macrophage death
and impaired efferocytosis. Both events contribute to inflammatory
microenviroment, oxidative stress, thrombogenicity and promote the death of the
neighbouring cells such as VSMCs increasing plague vulnerability,

In early stages of atherosclerosis, macrophage apoptosis is programmed
through the coordinated caspase system leading to cell death and subsequent
removal of apoptotic cell by phagocytes, a process known as efferocytosis®.
Efferocytosis is carried out also by macrophages of the plaque and in a physiological
context or in early stages of atherosclerosis, where the balance between healthy
and apoptotic macrophages is tilted toward the first ones, it inhibits plaque
development!®,

However, when atherosclerosis develops, macrophage and VSMC death is
enhanced due to increased oxidative stress, death receptors activation, inhibition
of survival pathways and nutrient deprivation promoting apoptotic cell

accumulation®®®

. At this step, the phagocytic activity of the macrophages is not able
to handle the accumulation of apoptotic cells that undergo secondary necrotic
death and release intracellular oxidative and inflammatory components, which
then propagate more inflammation and enhances the death in neighboring cells'*’.

Efferocytosis also become defective in advanced atherosclerosis. For instance, the
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activity of several receptors that mediate efferocytosis such as MerTK, LRP1, CD36
and SR-B1 is impaired. Moreover, oxidized phospholipids and oxLDLs present in
advanced atherosclerotic plaques inhibit the recognition of apoptotic cells by

efferocytotic receptors'®’-

. Efferocytosis impairment in advance plaques also
favors the accumulation of cholesterol crystal coming out from apoptotic cells.
Under physiological conditions, small cholesterol crystals are rapidly sequestered
from interstitial space by phagocytic cells; however, while the lesion advances
phagocytic-cells are unable to take up the excess of crystals, that finally increase in

size and remain in the subendothelial space?®?

. This process activates the
complement and increases the proinflammatory state of the plaque. Moreover, as
phagocytic cells are unable to internalize big cholesterol crystals by scavenger
receptors, their lysosomal content is directly secreted to the interstitial promoting
a more intense immune response?’*2% These events promote the accumulation of
death cells and the growing of the necrotic core. Furthermore, the
metalloproteinases liberated after death will reduce the size of the fibrous cap and
increase plaque vulnerability?®>2%, Finally, apoptotic and necrotic cells liberate

tissue factor (TF), which along with oxidized lipids, increase the thrombogenicity of

the necrotic core?07:2%,

1.3.3.  Plaque calcification

Atheroma plaque calcification is another hallmark of advanced atherosclresosis. It

consist in bone-like formation within the plaque and it is initiated in inflammatory

209,210

regions where there is a local decrease in collagen fibers . It has been

suggested that nucleation sites that leads to calcium crystalization are provided by

211,212

membrane vesicles . In the particular case of atherome plaques, matrix

vesicles, released upon macrophage and synthetic VSMC death, which are specially

abundant in acellular areas, initiate the calcification process of the plaque?326,
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The nucleation sites accumulate calcium orthophosphate, which is then converted
to amorphous calcium phosphate and finally to a crystalline structures®®. In
addition, other factors including a reduction in mineralization inhibitors or
increased osteogenic transdifferentiation contribute to the calcification process?®.
In particular, pericytes?’ and VCMC*&21° transdifferentiate into osteoblast-like
phenotype during atherosclerosis development obatining the capacity to generate

a mineralized matrix, leading to calcium deposits as it happens in bone tissue?2°-222,

All togehter contribute to microcalcifications, the early stage of the vascular
calcification cascade in both intima and media®*>??®, Microcalcifications then evolve
into a larger calcifications which extend from the bottom of the necrotic core to the

surrounding matrix?°

. Although it is clear that calcification is a hallmark of advance
atherosclerosis (it correlates very well with plaque size), there are not strong
evidences that correlate calcification rate and plaque vulnerability. Indeed, recent
works discuss deeply this question and they concluded that the amount and size of
calcium deposits do not reflect plague vulnerability and that it would rather be
linked to other features such as location, calcification type or the surrounding

enviroment 20%.210.224

1.4. Plaque stability and rupture
1.4.1. Vulnerable plaque

As mentioned above, atheroma plaques usually develop in branched areas where
the shear stress is lower. Low shear stress allows not only plaque formation but also
its progression?®2%%_ |n the first instance, lumen narrowing is prevented due to
plaque remodelling. However, when it is unavoidable, plaque growth provoke
reorganization of hemodynamic forces, which results in an increased shear
stress??’, Consequently, the new condition transforms the lesion into a rupture-

prone plaque. A plaque is considered vulnerable when the lesion shows a large
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necrotic core, a thin fibrous cap and an increased inflammatory response??22° due
to the continuous exposure to the pro-atherogenic milieu.

Fibrous cap separates the thrombogenic necrotic core from the circulating
coagulation factors and platelets and its thickness correlates with the vulnerability
of the plaque® . As a result of VSMC cell death, ECM production is reduced and the
presence of liberated matrix metalloproteinases (MMP) increases, making the
fibrous cap weaker?.

As mentioned before, inflammation contributes to plague development in all
the steps from the initiation to plaque rupture. Indeed, in this last stage, its
relevance is remarkable as it promotes the instability of the fibrous cap?3!. Certain
pro-inflammatory cytokines such as IFN-y might inhibit collagen production in
VSMC. In addition, inflammatory mediators usually found in atheroma such as IL-
1B, TNF-a and CD40 ligand (CD154) may increase MMP expression in VSMC as
observed in vitro®*?33, This inflammatory stage is commonly observed in the cap
and shoulders of the plaque instead of a generalized inflammation®-234, All
together, the data show that when inflammation prevails, the maintenance of the
strong and rigid fibrous cap decreases, making the cap unstable and susceptible to
rupture when exposed to hemodynamic forces, the most common mechanism of

plague rupture®”.231,

1.4.2.  Plaque rupture and thrombus formation

When the plaque fissures or ruptures, the subendothelial space is exposed to blood,
triggering a coagulation process to cover the wound?*>2%, |nitially, platelets adhere
to the subendothelial collagen and get activated, then more platelets are recruited
and aggregate in the region in order to initiate wound healing?®’. Simultaneously,
pro-thrombotic elements of the lipid core are released and come into contact with

coagulating factors of plasma. More specifically, tissue factor of the core reacts with
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factor VIl of plasma, activating the coagulation cascade that leads to thrombin
production, an essential intermediate for fibrin formation'® 28, Fibrin is an
insoluble protein that forms networks of fibrin threads; and along with platelets,
covers the lesion forming a stable and well-arranged structure. This structure is

known as the thrombus®3%23°,

Although the aim of this process is twound healing, triggering of the biochemical
cascade promotes the expansion of the intima to the luminal side. For instance,
activated platelets release TGF-B, which as indicated earlier, promotes the
production of interstitial collagen, and therefore, fibrous cap thickening?¥.
Consequently, the atherosclerotic lesion expands, leading to lumen constriction. All

together, supposes the hall of clinical complication.

Synthetic VSMC
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Apoptosis & necrosis

Impaired efferocytosis
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Endothelial dysfunction Foam cell formation
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LDL oxidation Cholesterol crystals
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Figure 3: Schematic representation of atheroma plaque formation from
health artery to plaque rupture underlaying the most important events that
contribute to its development in each stage.

1.4.3.  Clinical complications
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Thrombus development triggers a range of reactions that makes the lesion more
fibrous and stable and therefore, less prone to rupture. However, due to plaque
growth, the risk of vessel obstruction increases. Consequently, blood flow in
coronary arteries is reduced, generating isquemic cardiopathies, such as cardiac
insufficiency or angina pectoris?24242 Moreover, if the obstruction is complete or
almost complete it leads to myocardial infarction or stroke?®.

Detachment of the thrombus from the arterial wall would produce a clot, known
as embolus that circulates within the cardiovascular system. Eventually, the
embolus lodges in distal arteries where it obstructs blood flow leading to local
ischemia, organ dysfunction or potential infarction?**,

However, if the inflammatory response ceases in time, for example, due to a

lipid lowering treatment,, a stable plague with enough lumen for correct blood

circulation would be acquired??.
2. HDL metabolism

2.1. HDL remodelling and reverse cholesterol transport.

2.1.1. Reverse cholesterol transport

Although mammalian cells are not able to degrade cholesterol, several mechanisms
avoid its accumulation within peripheral tissues thus preventing cardiovascular
disorders. Therefore, the excess of cholesterol must be transported from
extrahepatic tissues to the liver where it can be reutilized or converted into bile
acids?®. This process is known as reverse cholesterol transport (RCT) and apoA-I
containing lipoproteins are key mediators of RCT. To do so, esterified cholesterol
packed within lipid droplets is hydrolysed by ER cholesterol hydrolases like nCEH or
NCEH12* and then, free cholesterol is delivered to plasma membrane and
transferred to circulating apoA-I or HDLs. Cholesterol efflux is performed by ABCA1

and ABCG1 ATP-binding cassettes and SR-BI transporters®*’. In so doing, cholesterol
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efflux plays an important role preventing foam cell formation in the intima?*, the

hallmark of atherosclerosis.

2.1.2. HDL biogenesis

In the first instance, liver and intestine release lipid poor apoA-l into the
circulation?®2%8, which interacts with ABCAL1 transporter within the cell membrane
of peripheral tissues. This is thought to occur through interaction of apoA-I and
extracellular domains of the transporter?*®?>°, which additionally stabilizes the

transporter and increases its activity??

. Lipid efflux occurs by translocation of
phospholipids (mostly phosphatidylcholines) and free cholesterol from the inner
leaflet of the membrane to the outer leaflet, with ATP hydrolysis®°. Lipid
translocation promotes an unequal lipid accumulation in the membrane that leads
to the formation of extra-vesicules rich in phospholipids and cholesterol®*2,

Then, apoA-I solubilizes these vesicles by taking spontaneously both phospholipids

[%2-254 Combination of apoA-I with these lipids results in a

and free cholestero
discoidal shape particles known as nascent HDL or pre-B-HDL. Interestingly, this
process requires the presence of amphipathic alpha helical segments of apoA-I to
penetrate the plasma membrane and solubilized the lipids®%2>,

Several mechanisms have been proposed to explain how this phospholipid and

cholesterol transfer may occur (see ABCA1 transporter section).

2.1.3. Enzymes and lipid transporters act together in HDL remodelling

During maturation process HDLs shift from a discoidal shape to a bigger and

spherical morphology?®®. Several enzymes and proteins from the plasma participate

5

in the HDL remodelling process?*. Moreover, HDL may interact with other
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lipoproteins present in plasma, which promote not only lipids but also

apolipoproteins exchange.

HDL remodelling starts with lecithin-cholesterol acyltransferase (LCAT) that
associates to discoidal HDLs in plasma and induces cholesterol esterification®’.

ApoA-1 of nascent HDLs is essential for LCAT activation®®

, which catalyses
phospholipids transfer from phosphatidylcholines to free cholesterol in the
discoidal nascent HDLs. LCAT activity results in formation of cholesterol esters (CE)
and lysophosphatidylcholine (LysoPC). As discoidal HDLs can accept more
cholesterol from cells, LCAT can continuously esterify cholesterol in the HDL
surface. Being cholesterol esters insoluble molecules, they migrate from the surface
of the particles to the core leading to more spherical morphology change of HDL
particles®%%° As the particles get bigger, LCAT can also mediate incorporation of
another apoA-l into the particle surface, hence leading to particles with three
apoA-l molecules®®,

These spherical HDL particles are able to acquire more cholesterol from

cells®*®

. Although ABCA1 transporter is the main transporter involved in cholesterol
efflux, due to the morphological changes, spherical HDLs are inclined to interact
with other transporters than ABCA1, like ABCG1 and SRB1%¢'263 This demonstrates
the importance of HDLs promoting cholesterol efflux as they have the ability to

incorporate cholesterol in all the maturation process.

Althought he mechanism of cholesterol transference mediated by ABCG1 to HDLs
is still controversial, it is not completely unknown, as several pathways have been

suggested?®,

On the other side, SRB1 also promotes cholesterol efflux when HDLs are
anchored to this receptor. It has been reported that the extracellular domainof
SRB1 forms a hydrophobic channel to transport cholesterol esters?®>. However, HDL

should present certain maturation level to allow this interaction (HDL;), because
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free apoA-l can bind to SRB1 but it cannot promote cholesterol efflux?®®. SRB1
mediates bidirectional flux of cholesterol and the net flux depends on the
cholesterol gradient between HDL and cell membrane?®2%2 |n this way, SBR1
mediates cholesterol efflux primarily in macrophages and foam cells and delivers

cholesterol selectively to liver and steroidogenic tissues?®’.

It has been described in mice that the absence or defects in any of three receptors

are related with an increase in atherogenesis**-2"°,

Continuing with HDL maturation process, CE within HDLs can be transferred to
other lipoproteins (VLDL, IDL or LDL) by cholesteryl transfer protein (CETP). CETP is
a lipid transfer protein, which also mediates triglycerides (TG) transference in the
opossite direction?’%?72, As a result of CETP mediated lipid exchange, the HDL net
content in TG increases while CE content decreases. In addition, as TG molecule size
is greater than that of CE, HDL size increases®’2.

CETP contributes to atherogenesis as it participates in the maturation of
atherogenic apoB containing lipoproteins by CE transference. However, on the
other side, it can be understood as a protective mechanism, since CE rich LDLs are
transported back to the liver. Therefore, CETP role in atherosclerosis is still
controversial®”3,

In addition to CETP, phospholipid transfer protein (PLTP) transfers phospholipids

27% which also regulates HDL size.

from triglyceride rich lipoproteins to HDLs
Finally, HDLs are remodelled also by lipases such as hepatic lipase (HL) or
endothelial lipase (EL). HL is released to plasma primarily from the liver and due to
its triglyceridase and phospholipase activities transforms HDL, particles into HDL;

275276 Endothelial lipase also has

particles, thus generating smaller species
phospholipase activity that participates in HDL remodelling, but it is primarily
located in vascular endothelial cells?”’. Due to HDL hydrolysis, some apoA-l can
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dissociate from the particle and can be reincorporated into other still-growing

HDL?*, or additionally, it can be filtered by kidney and degraded?’®.

2.1.4. HDL catabolism in liver

As mentioned before, HDL delivers cholesterol to the steroidogenic tissues and liver
through SRB1 receptor. In the first case, cholesterol is used for sexual hormones
production, while in the second, if not reutilized, cholesterol is converted into bile
acids?”. The latter is a liver exclusive process, because only hepatocytes express
high levels of CYP7Al1, the enzyme responsible of starting this complex
conversion?, Finally, bile acids are conjugated with taurine or glycine derivatives
to form bile salts which are transported by ABCB11 to bile ducts®!. Unlike
cholesterol, bile salts are amphipathic molecules, which facilitates the formation of
micelles.

Although bile salts comprise 80% of the bile, cholesterol can be directly transported
into the bile through ABCG5/G8 transporter?®?. In addition, it has been reported
that this process requires phospholipid transport mediated by ABCB4%3, which
leads to mixed micelles formation. Finally, the bile containing the micelles and
other components such as bilirubin (end product of heme-group metabolism) or
heavy metals (like iron and copper), keeps stored in the gallbladder for its secretion

during food digestion?®4,

Cholesterol excretion through bile is considered the final step of reverse cholesterol
transport and, in other words, this is how cholesterol from foam cells within the
vessel wall is eliminated. Therefore, it is reasonable to think that defects in this

complex circuit may lead to atherogenesis related complications?.
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2.2. HDLs constitute an heterogeneous lipoprotein group
High-density lipoproteins are the smallest and densest lipoproteins in plasma that
were first described in 1960 after plasma isolation by ultracentrifugation. HDLs are
particles with a hydrophobic core of CE and TG surrounded by a monolayer of
phospholipids, free cholesterol and apolipoproteins®®. Due to the high ratio of

proteins to lipids, HDLs are the densest lipoproteins (1.063 - 1.21 g/mL) in plasma.

Newly formed HDLs show a discoidal shape, but as they accumulate lipids
(esterified cholesterol and triglycerides) in the core they become spherical. In the
whole remodelling process, HDL size can vary from 5 to 17 nm?%. When HDLs are
fully matured and cannot store more lipids they go back to the liver as a final step
of RCT to be degraded?’. However, because of the activity of lipolytic enzymes,
they can be degraded in plasma, releasing apolipoproteins that can form new HDLs.
For instance, apoA-I released from HDL due to HL activity can serve as a scaffold for

anew H DL271,272,275

Classification of HDL subpopulations depends on the isolation technique?®.
Ultracentrifugation distinguishes HDL, (1.063 < density < 1.125 g/mL) and HDLs
(1.126 < density < 1.210 g/mL). With gradient gel electrophoresis, HDL, and HDL;
can be classified by their mean diameter: HDL2a: 10.6 nm, HDL2y: 9.2 nm, HDLs.: 8.4
nm, HDLsp: 8 nm and HDLs:: 7.6 nm?°, They can also be classified depending if they
contain apoA-ll along with apoA-l, or apoA-l alone, using immunoaffinity
chromatography?®. Finally, HDLs can be classified according to surface charge.
Hence, analysing electrophoretic mobility (agarose electrophoresis) separates, pre-

a- HDLS, a-HDLS and pre-B-HDLs?%,

2.2.1. HDL proteome

Proteins constitute the 50% of total HDLs weight. The major apolipoprotein
component in HDLs is apoA-l which accounts for approximately 70% of total HDL
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protein?®t, The role of this protein is crucial for HDL assembly and proper function.
ApoA-ll is the second major apolipoprotein in HDLs, which represents
approximately 15-20% of total HDL protein?®2. The most abundant ones after these
two, are apoA-1V, apoC, apoD and apoE. These proteins can freely exchange
between lipoproteins. For instance, HDLs can acquire apoE and apoC proteins from

circulating VLDL2%3,

In addition to structural apolipoproteins, HDLs contain several enzymes and lipid
transfer proteins associated to the surface that play a major role in converting HDL
from one sub-specie to another, such as LCAT, CETP or PLTP, which are not

86 Mass spectrometry studies revealed

uniformly distributed across HDL subtypes
that approximately 80 proteins could be associated to HDLs** However, the

specific role of all these proteins is still under study.

2.2.2. HDL lipidome

Regarding to HDL lipid composition, lipidomic studies in healthy normolipemic
patients have shown that the most abundant lipids in HDL are phospholipids
(phosphatidylcholine 32-35%; lysophosphatidylcholine 1.4-8.1%), sphingolipids
(sphingomyelin 5.6-6.6%) and neutral lipids (cholesteryl esters 35-37%; free
cholesterol 8.7-13.5%; triglycerides 2.8—3.2%)8:2%,

Phospholipids

- Phosphatidylcholine (PC) is a structural lipid and its distribution is
consistent across HDL subpopulations. The most common PC species are
16:0/18:2, 18:0/18:2 and 16:0/20:4 species®®. Interestingly, HDLs are
enriched with polyunsaturated fatty acids PCs?’.

- Lysophosphatidylcholines (lysoPC) formation result from the degradation

of PCs by the activity of phospholipases such as LCAT?*®, Moreover, LCAT is
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associated manly with small dense HDL particles, which are two times
enriched in lysoPC compared to large HDLs**.
Neutral lipids

- Cholesterol is the dominant lipid among unesterified free sterols. Free
cholesterol (FC) is located in the surface of HDL and regulates monolayer
fluidity3°.

- Cholesteryl esters are formed also by the activity of LCAT, when it mediates
trans-esterification of PL and cholesterol. CEs are highly hydrophobic thus
they accumulate inside the HDL, forming the lipid core. They account for
up to 36 mol % of total HDL lipid?®7-302:302 |n addition, the most abundant
CE of the HDL is cholesteryl linoleate® .

- Triglycerides in the HDLs mostly contain oleic, palmitic and linoleic acid

moieties?®®

and like CE, they are within the lipid core.
Consequently, HDL consist of a group of heterogeneous particles with different
structural and physicochemical properties, which translate in significant

differences in their biological activities3®.

2.3. ABCAl s a lipid transporter

In 1999, the role of ABCA1 transporter in HDL metabolism was revealed when loss
of function mutations in the ABCA1 gene were found in Tangier disease patients3%4
3% As expected, deficiency in ABCA1 leads to intracellular CE accumulation,
deficient pre-B-HDL formation and therefore, significant reduction in circulating
HDLs3?’. However, Tangier disease is often, but not always, associated with an

increased cardiovascular risk3°,

ABCA1 belongs to the ABC superfamily membrane proteins that transport several

substrates across cell membrane, using the energy of ATP hydrolysis. There are 7
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subfamilies: from the member A (ABCA) to the member G (ABCG) depending on the
phylogenetic distance3%®31°, ABCA subfamily is involved in lipid transport across
membranes and ABCA1 specially mediates transference of phospholipids and free
unesterified cholesterol to lipid poor apoA-I in the extracellular media. This process

311-313

is considered as the rate-limiting step in HDL biogenesis . It has been shown

that ABCA1 highest expression occurs in hepatocytes followed by macrophages and

foam cells 2%,

ABCAL1 is a glycoprotein of a single polypeptide chain of 2,261 residues, organized
in two transmembrane domains (TMD) two nucleotide-binding domains (NBD) and
two extracellular domains (ECD) that are glycosylated?*%2%,

It is suggested that ECDs are responsible of apoA-I binding to ABCA1 as binding is

314

sensitive to mutations in this domains**. In addition, monoclonal antibodies

against ECD1 and ECD2 regions inhibit apoA-I binding, consistent with the proposed

key role for this domains3®.

Although ABCA1 function is well established, the mechanism of PL and FC
translocation across the membrane remains unclear. In fact, in a recently published
review, six possible mechanisms are taken under consideration?®*. However, we
describe here the most expanded version based in mutagenesis studies and

structure of the transporter?492%,

2.3.1 Functional ABCA1

Human ABCA1 is distributed mainly in plasma membrane of cells and its localization
depends in the transporter palmitoylation3!®. ABCA1 is palmitoylated at four
cysteine residues and reduction of palmitoylation has been conversely related with

the transporter availability in the membrane. In addition, ABCA1 in the plasma
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membrane self-associates and should be forming dimers or tetramers to be

functional®¥-31® and promotes apoA-I binding to the cell surface.

It has been suggested that two apoA-I molecules should bind to ABCA1 dimers to
generate nascent HDL; and in fact, it has been reported that apoA-I cannot bind to
monomeric ABCA1317318 A fact more than reasonable because to generate a

discoidal HDL, two apoA-I proteins must be surrounding the lipid bilayer.

ApoA-I binding to the ABCA1 stabilizes the transporter and inhibits its proteolysis?>L.
Apparently, this inhibition is due to dephosphorylation of two amino acids, that
when phosphorylated, induce ABCA1 degradation3®. However, it is remarkable
that only a 10% of the apoA-I is bound to the transporter and most of the protein

binds to membrane lipid domains generated by ABCA1 action?>°,

2.3.2. Mechanism of lipid translocation and transference to apoA-I

Active ABCA1 leads to lipid reorganization, which relies on PL and FC translocation
from the inner to the outer leaflet of the membrane3?’,

The “alternating access” model is the generally accepted mechanism for ABC
transporters to translocate substrates?*°. For ABCAL transporters it seems that this
is the most suitable mechanism based in the structure®*. Translocation relies in the
cavity formed by the TMD. This substrate-binding cavity can open to either the
cytoplasmic side or the extracellular side of the plasma membrane. In the absence
of ATP, the cavity faces to the cytoplasm (open conformation), leading to substrate
incorporation. Along with this, two ATP molecules bind to the NBDs, which results

in NBD dimer formation with ATP molecules in the interface (close conformation).

This event induces a conformational change from TMD inward-facing cavity to an
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outward-facing cavity, which result in substrate translocation to the outer leaflet of

the membrane®%322,

Subsequent hydrolysis of ATP and dissociation of ADP make NBD to separate, which

drives to the open conformation, allowing another translocation cycle?%322,

In this way, the lipid incorporates to the transporter in the inward facing cavity and
then is transported to the outer membrane after reaching the outward-facing
position. Human ABCA1 can transport several classes of PL, but it shows more

preference to PC than to PS or SM when reconstituted into liposomes323,

Then, PL and FC are transferred to cell-associated apoA-l. Whatever the
apoA-l is bound to the ABCA1 or not, apoA-I interaction with plasma membrane is
essential for HDL formation. Here we explain two possible mechanisms that may

integrate this issue.

The early model proposed to explain HDL biogenesis suggests a direct interaction
between apoA-l and ABCA1l. According to this model, translocated lipids
accumulate in the ECDs space, forming a reservoir where apoA-I could take lipids
from it?°. As it has been shown that apoA-I/ABCA1 interaction ratio is 1:1 and that
ABCA1 should form a dimer to be active as indicated above3'®, this model could

explain the formation of nascent HDLs containing two apoA-l molecules®*,

Interestingly, the high-resolution structure resolved in 20172* revealed that ECDs
enclose a hydrophobic tunnel that may serve as a temporary storage or a delivery
passage for lipids, accompanied by pronounced conformational changes. In

addition, it has been suggested that PL efflux normally precedes the binding of FC32°
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However, according to reservoir model, all the apoA-I bound to the cell when
ABCA1 is active should be interacting with the transporter. However, as explained
earlier, most of the apoA-I binds directly to the plasma membrane instead to the
transporter326327_ More specifically, apoA-I interacts with membrane regions that
have been created by the activity of ABCAL. It has been shown that these regions
protrude to the extracellular space?*32832° According to this mechanism, ABCA1
mediated lipid translocation promotes an imbalanced accumulation of lipids which
results in “packing defects” around ABCA1%3, These microdomains rich in PL and
FC are thought to be the sites of HDL assembly: apoA-I deeply inserts to extract PL
and FC from these vesicles forming nascent HDL%3,

It is suggested, anyway, that apoA-l must interact first with ABCA1, before

330

interacting with membrane®*°, although some authors have shown that apoA-I is

able to solubilized lipids without any activation??>,

2.3.3. ABCA1 transcriptional regulation.

ABCA1 along with ABCG1 are oxysterol-regulated genes, which means that de novo
transcription and translation are sensitive to cell sterol levels.

Liver X receptors (LXR) are the most important transcription factors regulating
ABCAL1 transcription®1332, | XRa and LXRB form heterodimers with the retinoic X
receptor (RXR), which leads to the transcriptional activation of both ABC
transporters after binding of the dimer to response elements in the target genes3%.
Both LXRa and LXRP are activated by physiological concentrations of oxysterols
resulting of cholesterol metabolism33**. In addition to ABC transporters, LXRs
promote the expression of other RCT related genes such as SRB1, SREBP1c or

CETP335_337.
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2.4. ApoA-| structure and lipid solubilisation
ApoA-| is synthesized in the liver and small intestine and is secreted to plasma as
many other apolipoproteins?*>?*8, The lipid-free form of apoA-l or the poor
lipidated apoA-I (containing up to four phospholipid molecules)®*® contributes to
the 5-10 % of total apoA-I in plasma33®3%, |n addition to the secreted one, plasma
apoA-I can be released from circulating HDLs. This lipid free/poor lipidated apoA-I

is the preferred substrate of the ABCA1 membrane transporter in macrophages-

33 and is the main cholesterol and phospholipid acceptor. In addition to structural

and functional contribution in HDLs, apoA-I is also an activator of LCAT?%,

ApoA-lis a 28 kDa, 243-aminoacid protein. When apoA-I sequence was reported in
1970, it was rapidly noted the presence of amphipathic alpha helices3#4-34¢, The C-
terminal domain (CTD), which constitutes almost all the protein (CTD: 44-243 a.a),
contains two 11-aminoacid and eight 22-aminoacid tandem repeats®¥’. Each of
these repeats has an amphipathic a-helix. These helices confer detergent-like
properties to the protein and facilitates PL and FC solubilisation within cell
membrane domains®*. The N-terminal domain (NTD: 1-43 a.a.) also contains a-
helices, but they belong to an amphipathic a-helix class that rarely participates in
lipid binding®®. NTD instead is known to affect both the stability and conformation
of the lipid free form. When apoA-l associates to lipids, NTD changes its

conformation34°-352,

It has been estimated by circular dichroism that helicity of monomeric apoA-I
ranges from 45-58%, a 12% is estimated to be B-sheets, while the rest is organized
in random coils®%33, Interestingly, apoA-l lacks a defined tertiary structure but it
shows a molten globular state in plasma, which means that apoA-I has a compact
folding with a hydrophobic core®*3%, This core is composed of the a-helices

organized in bundles via hydrophobic interactions.
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In a cellular context where ABCA1 has already formed lipid exovesicules
(see ABCA1 section), apoA-l binding to lipids initiates with the interaction of the
highly hydrophobic CTD and the lipid exovesicules. This contact increases protein
helicity, as random coils within the CTD form a-helices. In addition, the stability of
the N-terminal helix bundle decreases, which promotes an open conformation and

356

more interaction with lipids in the particle In other words, helix-helix

interactions change to helix-lipid interactions®’.

Overall, the major determinants of apoA-I lipid solubilizing and lipid binding

properties are the hydrophobicity of CTD and the stability of the NTD.

When apoA-l is inserted into the vesicle, it extracts lipids from the outer and the
inner leaflet simultaneously?>. And, when the a-helical content of the proteins
reaches a critical value, the bilayer begins to destabilize, resulting in membrane
fragmentation and the formation of discoidal phospholipid particles®**. ApoA-I
conformational changes involves 100 a.a in total, increasing the helicity by 40%2%*.
In other words, the whole apoA-I is involved in lipid binding except for a stretch of
six and seven residues of the NTD and the CTD, respectively®2, It is important to
note that although discoidal HDL formation is a spontaneous process, it is triggered

by ABCA1%3, As mentioned in the ABCA1 section, ABCA1 creates this lipid

microdomains where apoA-I can be deeply inserted.

Nascent discoidal HDLs (7-17 nm) contain 2-4 apoA-| per particle depending on the

338 A nascent HDL with two apoA-I consists in a phospholipid bilayer surrounded

size
by both apoA-I molecules forming a double belt with an antiparallel orientation.
Indeed cross-linking experiments showed that central helical portion (a.a. 121-142)
of one apoA-l molecule is adjacent to the similar region of its counterpart®?°. In this

disposition, the hydrophobic part of amphipathic helices are faced to the acyl
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chains of the bilayer, while the hydrophilic part are exposed to the aqueous
solution®**. The N-terminal region of the protein can fold back on itself, which
allows particle size modulation. Bigger HDL discs accommodate one or two more
apoA-I1*%°, However, apoA-I disposition in these cases is still controversial.

Finally, it is interesting to mention that apoA-I amphipathic a-helices are
unstable within the particle and can dynamically change the conformation in

%1 For instance, in smaller particles (7.8 nm) some

presence of phospholipids
regions of apoA-l lose their helical structure and become unfolded®!. This
conformation flexibility of the lipid bound apoA-I facilitates HDL remodelling during

maturation and metabolism3®2.

3. RNA interference pathway. MicroRNAs

3.1. MicroRNAs regulate gene expression
MicroRNAs (miRNA) are short non-coding RNAs (18-25 nucleotides) that regulate
certain gene expression by inhibiting target messenger RNA (mRNA)
translation3%3%4, To do so, miRNAs bind mostly to the 3’-untranslated region (3'-
UTR) of the mRNA which result in translational repression and/or mRNA

degradation36>366,

To date, more than 2,300 miRNAs have been discovered in the human genome and
it has been estimated that more than a half of total mRNAs are targets of miRNAs,
which highlight the relevance of these small molecules®’. A miRNA often regulates
multiple genes, but the targets are usually involved in the same pathway or cellular

mechanism?3®8,

Almost half of identified human miRNAs are coexpressed with their host genes and
are produced mainly from the introns during the splicing of the primary mRNA
transcript®%®37°, The remaining miRNAs are produced from intergenic regions that

contain their own promoters®®. Specifically, they are originated in self-
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complimentary regions, therefore in the first instance, miRNAs show a hairpin

structure, known as primary-miRNA (pri-miRNA).

In the canonical miRNA production pathway, pri-miRNAs are cleaved by Drosha, an
RNAse Il enzyme. This enzyme directed by DGCR8 protein (also known as Pasha)
cleaves pri-miRNA from the edges, removing the non-complemented regions®’*372,
This results in a stem loop precursor-miRNA (pre-miRNA) which is exported to the

cytoplasm by Exportin-5, located in the nuclear membrane®’,

Once in the
cytoplasm, Dicer, another RNAse Ill enzyme, removes the loop, releasing a double
stranded miRNA (miR/miR*) of ~22 nucleotides length, considered the mature

miRNA3"4,

In the miR/miR* duplex, the one referred as miR incorporates into the RNA-induced
silencing (RISC) complex to perform target mRNA silencing, known as guide-strand.
The other strand, passenger strand, herein referred as miR* is quickly
degraded3”>37%, However, in some cases, both strands could be functional. In that
case, 5p (from the 5’arm of the hairpin) or 3p (from the 3’arm) termination should
be indicated in matured miRNA name, and these should be treated as independent
miRNAs3”>. Nevertheless, in some cases there is no sufficient data to determine
which of the strands is the dominant one. miRbase is the data base providing this

information.

The miRNA associates to argonaute (AGO) protein guiding to its specific targets by
sequence complementarity (base pairing) within the 3’-UTR. These interaction
regions are known as miRNA response elements (MRE). If miRNA-MRE
complementarity is total, AGO2 endonuclease triggers the cleavage of target
mRNA3"7. However, in animal cells, most of the miRNA-MRE interactions are not
perfect’’®. In that case, AGO2 acts as a mediator and repression of mRNA
translation will occur by other RISC proteins contribution, which consists in poly-A

tail deadenylation and subsequent degradation of the mRNA3",
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3.2. MicroRNA circulation by HDLs.
miRNAs are exported to extracellular media and can be transported associated to
proteins (e.g. argonaute), extracellular vesicles, or lipoproteins, which increase

RNAs stability in circulation and protects them from ribonuclease activity3%38?,

HDLs continuously load and unload cargos to cells or exchange them with other
lipoproteins. In addition to lipids and proteins, HDLs also transport small non-
coding RNAs, suggesting that HDL participates in extracellular miRNAs
signalling®®238, The most studied ones are miRNAs since their discovery in
2011381382 HDLs accepts miRNAs from multiple cells and deliver them to recipient
cells®438 |t has been shown that macrophages, neutrophils, hepatocytes, beta

cells and even neurons export miRNAS to HDLs382386-388

Plasma purified HDLs transport a vast amount of miRNAs such as miR-223, miR-92a,
miR-126, miR-150, miR-146a, miR-30c, miR-378, miR-14538, Interestingly, HDLs
also transport miR-33 which downregulates the expression of cholesterol exporter
ABCAL. In addition miR-122-5p and miR-375-3p are also in the top of the most
abundant miRNAs in HDLs and they have been reported to be expressed specifically
in hepatocytes and beta cells respectively®#1-38°, This gives the idea that in a specific
situation, cells export miRNAs to HDLs in order to have an impact in other tissues.
The specific mechanism by which HDLs deliver miRNAs to recipient cells is
not well understood. However, several studies show that scavenger receptors are
involved, such as SCARB-1 and SRB1 in some cell lines3®23%7:3%0 However, more
studies are required and it has been suggested that other mechanisms could be
involved®2, Regarding to HDL loaded miRNAs, different options are under
consideration such as, transporter mediated transference to HDLs, or HDL binding

to exported miRNAs without any kind of cell interaction3®.

Since the discovery, it has been proposed that HDL may participate in

intercellular communication. However, it has recently been suggested that HDL
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mediated regulation in long distances is unlikely to occur, and that is more
reasonable to happen in space-confined regions, such as atheroma plaque®. These
spaces would provide the environment where HDL-miRNA may accumulate
reaching sufficient levels to regulate gene expression and contribute to a notable
change in the target tissue. This means that HDL could show a paracrine regulation

more than the endocrine one, although more studies are required®.

In atherosclerosis environment, it is expected that circulating HDLs may interact
extensively with endothelial cells of blood vessels. It has been demonstrated that
HDLs deliver miRNAs (miR-223-3p) to recipient endothelial cells and inhibit
endothelial cell adhesion molecule ICAM-1 and cytokine expression3®. In addition,
it has been demonstrated that miRNA extracellular signalling between ECs and
VSMC in the artery wall mediate atheroprotection (through exovesicules
communication)®!. However, HDL-miRNA intercellular communication in
atherosclerosis has not yet been studied. It has been suggested that the confined
microenvironment formed in the subendothelial space in atheroma situation, could
favour HDL-miRNA communication, as HDL particle and their miRNA cargos may

accumulate reaching an effective concentration to impact gene expression3®,

Finally, it is important to state that miRNA concentration and identity have
shown to be altered in various diseases including familial
hypercholesterolemia3®®3%2 or CVD3®*73%, And because of these variations in
disease, it has been suggested that atheroprotective role of HDLs (anti-
inflammatory, antioxidant and anti-thrombotic, in addition to RCT) could rely on

miRNA pattern of HDLs3®,

3.3. miR-33-a, a regulator of RCT

SREBP
Sterol-response element-binding proteins (SREBP) are transcription factors that

regulate the expression of genes involved in cholesterol synthesis and uptake, and
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fatty acids biosynthesis3*®3%7, In mammals, SREBPs are encoded in SREBF1 and
SREBF2 genes located in chromosomes 17 and 22, respectively®®. These proteins
act as a sensor and help boosting cellular cholesterol and fatty acid levels when

required.

SREBF1 gene encodes two isoforms of SREBP, SREBP1a and SREBP1c. SREBP1la
regulates genes that control cholesterol metabolism and fatty acid synthesis.
SREBP1c upregulates the expression of genes regulating fatty acid synthesis and is

activated in response to insulin.

SREBF2 only generates SREBP2 protein and acts as a cholesterol sensor in the cell.
This transcription factor regulates cholesterol synthesis and cellular uptake, by
overexpressing genes related with those pathways such as HMG-CoA reductase,
the key enzyme in cholesterol synthesis pathway, or LDLR receptor, which permits

obtaining cholesterol from circulating LDLs3%%4%°,

miR-33

miR-33 is a highly conserved miRNA family within the intronic sequences of SREBP
genes. In humans, two isoforms of miR-33 exist: miR-33-a, which is present in the

intron 16 of SREBF2 and miR-33-b, which is encoded in the intron 17 of SREBF1%°*,

As both miR-33 share the same seed sequence (they differ only in 2 nucleotides),
they are predicted to share same targets*®2. However, the activity of each isoform
is related with the corresponding SREBP protein and the stimulatory situation. Both
miRNAs are co-expressed with SREBPs proteins, and they act in concert with their

respective host genes®®2,

In cholesterol depletion situation SREBP2 and miR-33-a will be highly expressed and
coordinated to boost intracellular levels of cholesterol01493404 \Whijle SREBP2

induces genes involved in cholesterol uptake and synthesis, mir-33a targets genes
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to reduce cholesterol export®®. Interestingly, LXRs are also activated in this state
and acts coordinately with the SREBP2/miR-33 system in order to increase

cholesterol efflux by activating the expression of ABCA14%,

ABCA1 is the most predicted and conserved target of mir-33a. It supresses ABCA1
expression by targeting the miRNA responsive elements in the 3’-UTR*%%7 This
results in reduced cholesterol efflux to apoA-I and therefore, HDL-C production“®,
In addition, miR-33-a also plays an important role in the liver, not only targeting
ABCA1, but also genes related with bile acid synthesis (CYP7A1) and secretion (via
ATP8B1 and ABCB11)*®, This reveals the important role of miR-33a in cholesterol

homeostasis as it regulates multiple steps of RCT*%,

Interestingly, unlike mir-33b, mir-33a is highly expressed in macrophages and is
related with lipid accumulation and plague formation, revealing the impact of this

isoform in atherosclerosis development?*°,

Inhibition or deletion of miR-33a in atherosclerotic mice models (LDLR-/- or ApoE-
/-) has resulted in reduced atherosclerotic plaque size and promoted
atherosclerosis regression®®®41%-412 |t was demonstrated that global inhibition of
miR-33 enhances ABCA1 expression in macrophages and liver (and also ABCG1 in
rodents), and enhances RCT, leading to a dramatic reduction in lipid accumulation.
All the mentioned leads to atherosclerotic plaque reduction and HDL-C increase in
mice and non-human primates*413414 |ndeed, it has been shown that the loss of
mir-33-a in macrophages is sufficient to reduce plaque size*'°. In liver-specific miR-
33 knockout mouse model, it has been shown an increased circulating HDL-C and
RCT improvement without any impact on the atherosclerosis plaque size*™.

All these findings suggest that both liver and macrophages play important roles

mediating the effects of miR-33 in atherosclerosis*®,
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On the other hand, some studies have demonstrated that inhibition of miR-
33 in western diet-fed LDLR-/- mice is atheroprotective with no significant changes
in circulating HDLs*%%12 These findings indicate that miR-33 is involved in
regulating other processes related to CVD that are distinct from its HDL raising
capabilities®®. For instance, mir-33 inhibition has been shown to reduce

410-412

inflammatory response by reducing macrophage inflammation or inducing

macrophages M2 polarization (anti-inflammatory phenotype)*.

4. Reconstituted HDLs

4.1. rHDL as a theranostic tool

In addition to the aforementioned ability to promote cholesterol efflux from cells,
HDLs have shown to possess other anti-atherosclerotic properties such as

antioxidative, anti-inflammatory and even anti-thrombotic properties?3417-419,

Epidemiological studies show an inverse correlation between HDL-C concentration
and cardiovascular risk, suggesting that the more HDLs the more protection you
have*%42!, However, genetic studies concluded that there is no cause-effect
relationship between HDL concentration and cardiovascular risk#?2%,
Consequently, the focus of attention has changed from HDL quantity to quality,
which could explain the beneficial effects of HDLs in cardiovascular system. This
also arose the relevance of HDL specific composition to increased anti-atherogenic

functions of rHDLs*?®,

The first in vitro HDL particles, known as reconstituted HDLs or rHDLs, were
produced in the early 80s by Matz and Jonas*”’. To synthesize them, the main HDL
protein, apoA-l and various lipid mixtures were used, obtaining nanoscale discoidal
particles that resembled the same as natural pre-B-HDL. The method used by them,

the sodium cholate method is nowadays the most common method to form rHDL.
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Briefly, a non-denaturing detergent (sodium cholate) is added to the lipid
suspension, in order to facilitate apoA-I protein insertion into the lipid vesicles and
form the nanodiscs. Variations in this method, initial lipid composition and

protein/lipid ratio, allows customizing rHDL composition and size %,

In addition to that, other methodologies have been developed for rHDL production
such as sonication, thermal cycling, microfluidics or high- pressure
homogenization*?”*3°, The last two methodologies allows scaling up the

production.

The common feature in all the protocols is a step in which the lipid surface of the
vesicles is somehow destabilized to facilitate discontinuous appearance in the
vesicle surface. This decrease the activation barrier and facilitates apoA-l insertion

into the vesicles and consequent nanoparticle formation?,

Being the main goal of rHDL to resemble natural HDLs, the most abundant lipids in
natural HDLs (phospholipids or sphingolipids with different acyl chain length and
saturation, phosphatidylcholine lipid extracts) are used, alone or within lipid

mixtu r.es427,428,431—435

Regarding rHDL protein composition, apoA-I is the principal protein used for this
nanoparticle production. The source of apoA-l can be from human plasma or
produced in bacterial or mammalian systems. Alternatively, apoA-l mimetic
peptides have been used to reduce costs. These peptides resemble class A
amphipathic a-helices, that by containing specific charges, allow lipid insertion and

HDL reconstitution.

rHDL has been used mainly for cardiovascular treatment to promote
cholesterol efflux and reduce atheroma plaque burden with interesting results in

clinical trials. However, there are many pre-clinical studies in progress with further
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objectives. In the last years, the use of rHDLs as carriers of therapeutic molecules
have spread out. Thus, rHDLs have been associated with different cargos such as,
statins**%%37 LXR agonists**®4% bioactive lipids*°, immunomodulators**! siRNA and
miRNA molecules®7442443 a5 well as preparations where more than one active
component is combined*¥7444,

In addition, several attempts have been made to assess the role of both
protein components (apoA-I, apoA-l mutants, and mimetic peptides) and different
phospholipid compositions in the efficiency of cholesterol efflux induced by
rHDL*5%52, On the other hand, rHDLs have been used as a tool for imaging-
diagnosis®3. For imaging applications, the appropriate tracers have been
introduced in rHDL preparations such as fluorescent dyes or quantum dots for
optical imaging, contrast agents as iron oxide or gadolinium for magnetic resonance
imaging, radionuclides as zirconium-89 (%°Zr) for PET, or gold based rHDL for CT,

among othe rs429,438,453,454

4.2. Clinical trials. Successes and limitations

The interaction of HDLs with membrane cholesterol transporters is especially
relevant in reducing the intracellular cholesterol content of macrophages that
interact with the atheroma plaque. Reducing macrophage intracellular cholesterol
content can avoid macrophage conversion into foam cells, a process that normally

promotes atherosclerosis development?*®,

The inversely associated relationship between low HDL cholesterol levels and CVD
risk in epidemiologic studies®®®*” has focused attention on HDL mimetics as a
potential therapeutic tool and as an inspirational source for biomedical

engineering. Several nanoparticles mimicking nascent HDL features have been
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designed and used in several clinical trials for CVD therapy**®#>°. These include the

following:

1. ETC216 (Esperion Therapeutics-Pfizer) or MDC0216 (The Medicines
company-Novartis): rHDL containing apoA-l Milano, an apoA-l variant
related with low cardiovascular risk and 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC). ApoA-Il is produced in bacteria. Protein to lipid
molar ratio was 1:40%60462,

2. CER-001 (Cerenis Therapeutics)*3: recombinant human apoA-I produced in
eukaryotic cells and a lipid mixture composed of sphingomyelin (SM) and
1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG). The final
molar ratio of apoA-1:SM:DPPG was 1:103:3.

3. CSL-111 (CSL Limited) and CSL-112 (CSL Behring)**%%32, These formulations
were prepared with human plasma derived apoA-l and soybean
phosphatidylcholine (SoyPC). They differ in the molar ratio of protein to
lipids. CSL-111 the first produced is 1:150, while CSL-112 was produced at

1:55 molar ratio.

These formulations designed to optimize cholesterol efflux by ABCA1, are the most
studied nascent HDL mimicking nanoparticles. However, these nanoparticles have
yielded markedly different results when tested in vivo. Initially, infusion of apoA-I
Milano, a naturally occurring mutation of apoA-I associated with low prevalence of
CVD*2483 showed regression of coronary atherosclerosis in a Phase Il trial (The
ApoA-l Milano Trial)*. Accordingly, apoA-I Milano was considered as a novel
therapeutic strategy to favour reverse-cholesterol transport. However, failure to
induce plaque regression in subsequent clinical trials led to discarding this

formulation as a therapeutic drug?®®4.
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The next HDL mimetic to be tested as a cellular-sterol efflux inducer was CER-001.
This nanoparticle showed the ability to rapidly mobilize large amounts of
cholesterol into the HDL fraction; however, the mimetic did not cause any
significant reduction in coronary atherosclerosis as evaluated in the CHI-SQUARE

433

study®?. Interestingly, posterior analyses showed an U-shaped CER-001 dose-
response curve with the greatest atheroma regression occurring at a low
concentration, while higher concentrations were inefficient in removing cholesterol

due to the strong down regulation of the ABCA1 transporter®®,

Finally, the CSL-112 reconstituted HDLs arose as an improvement upon their
predecessor, CSL-111. CSL-111 initially showed a potential therapeutic effect*®, but
was disfavoured due to its hepatotoxicity. On the contrary, CSL-112 was well-
tolerated and not associated with any significant alterations in liver or kidney

function®®

. Moreover, CSL-112 has been found to enhance cholesterol efflux very
efficiently. However, its beneficial potential in reducing major adverse
cardiovascular events in a group of high-risk patients will be assessed in the on-

going large Phase llI clinical trial**°, the AEGIS-II study (NCT03473223).
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2. OBJECTIVES




Hypothesis and objectives

High cholesterol levels, atherosclerosis and increased risk of cardiovascular events
are a dangerous, directly interrelated triad leading to CVD, which has become the
main cause of mortality in industrially developed countries. Finding new ways to
reverse lipid build-up in the plaques is thus a task increasingly demanded by society
of the scientific community.

The use of well-formulated apoA-I nanoparticles constitutes a significant advance
towards clinical application because at therapeutic doses they neither present
toxicity nor immunogenicity, making them appropriate for therapeutic application.
Based on their biocompatibility, rHDL can be considered ideal carriers for the
delivery of drugs and other therapeutic agents, as it has been shown for DNA and
synthetic RNA, when incorporating cationic or zwitterionic lipids within rHDLs.

The discovery that multiple miRNAs participate in the progression of
atherosclerosis and in the regulation of RCT by directly targeting ABCA1, has
opened new opportunities in the use of nanotechnology-based miRNAs therapeutic
platforms.

One of the most studied and well-known “target” of ABCA1l is miR-33a. As an
intronic miRNA, miR-33a expression is linked to that of SREBP2 and both
coordinately participate in the regulation of intracellular cholesterol levels. Among
the multiple roles in the regulation of cholesterol metabolism, miR-33a functionally
regulates the activity of ABCA1 interfering with the protein expression. Both
therapeutic and macrophage-specific miR-33 knockdown intervention to reduce
miR-33 levels provided promising results in the past. The advantages of using
miRNAs rely both on their small repressive capacity on any single target gene, which
is usually less than 2-fold and on their inherent ability to target multiple genes in
the same biological pathway. It has been shown that the inhibition of miRNAs using
antisense oligonucleotides promotes RCT through upregulation of the ABCA1 gene.

Therefore, some studies have used cationic lipid/polymer-based nanoparticles for
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miRNA delivery in preclinical models. Given  the huge  complexity  of
atherosclerotic disease, the use of co-culture systems reflecting the cellular
complexity of atherosclerosis has been identified as an advantageous approach to
in vitro research. The importance of these in vitro studies relies on (i) the demand
to overcome the translational gap, (ii) provide a suitable model to understand the
physiological mechanisms underlying RCT and (iii) improve the efficiency of the
nanoparticles in promoting cholesterol efflux, functional pathways that are central

to the development of atherosclerosis.

In this context, and on the basis of the theoretical framework described in the
introduction, the general objective of the present project has been, to develop a
novel anti-atherosclerotic therapeutic strategy, based on specifically targeted
and functionalized nanoparticles, to increase reverse cholesterol transport (RCT)
from foam cells. This strategy will reduce the risk of the formation of new atheroma

plaques, and revert the existing atherosclerotic lesions.

Specific Objectives

1. Setting up the methodology to reconstitute HDL containing recombinant
human apoA-I: design, development, and characterization of the

nanoparticles.

2. To determine the efficiency of rHDL mimicking different physiologic
maturation stages on promoting cholesterol efflux. The effect on
cholesterol efflux efficiency of soybean PC (Soy-PC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), DPPC:Chol:1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine (LPC) and DPPC:CE:LPC rHDL with similar sizes
will be determined in THP-1 and J774A.1 macrophages, J774A.1 derived
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foam cells and vascular smooth foam cells obtained from human carotid

endarterectomy.

To investigate the contribution of lipid composition to the effectiveness of

the nanoparticles in cholesterol removal.

Design, development, functionalization and characterisation of antagomiR-

33-containing rHDL nanoparticles.

Development of 2D cell culture atheroma models as an experimental
approach to understand the mechanisms of nanoparticle transport, their
interactions with cells and efficacy to improve the translation of basic

research into developing and bringing novel nanomedical tools.

Development of a therapeutic strategy to improve RCT and cholesterol
efflux based in a two-step administration of rHDL. In a first nanodisc
administration, antagomiR-33a-loaded DPPC:CE:LPC rHDLs will be used to
induce the overexpression of ABCA1 transporter, and in a second step,
DPPC rHDLs will be used to remove more efficiently cholesterol from foam

cells.
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3. MATERIALAK
ETA METODOAK




1. Giza apoA-| proteinaren purifikazioa

1.1.  Bakterio anduiak eta plasmidoa

Escherichia coli (E.coli) DH5a bakterio anduia erabili zen apoA-I kodifikatzen duen
plasmidoa anplifikatzeko. DH5a  bakterio anduia azido nalidixikoa

antibiotikoarekiko erresistentzia dute eta horren presentzian (25 ug/mL) hazi ziren.

E.coli BL21 (DE3) pLysS bakterio anduia aldiz, apoA-l proteina adierazteko eta
purifikatzeko erabili zen. Andui honek T7 polimerasa du, proteina
errekonbinanteen adierazpen efizientea ahalbidetzen duena eta IPTG (Isopropil-B-
D-1-tiogalactopiranosido) bidez aktibatzen dena. Andui hau 25 pg/mL kloranfenikol

antibiotikoaren presentzian hazi ziren.

Giza apoA-| purifikatzeko Oda irakasleak (Children’s Hospital Oakland Research
Institute, Oakland, CA, EEBB) adeitasunez emandako pNFXex bektorea erabili zen
(1. irudia). Bektore honek giza apoaA-l proteina osoa kodifikatzen du, N-

terminalean histidina isatsa duena®®®.

Apolipoportein A- |

) § T7 promoter
&

&

pNFXex ApoA-|
6148 bp

Lagy

pBR ori /

1. Irudia. ApoA-I purifikatzeko pNFXex bektorea. Bektoreak anpizilinarekiko erresistentzia
erakusten duen genea du, T7 polimerasaz gain.
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1.2. Bakterio hazkuntza selektiboak

Bakterio anduiak LB (ingelesetik, Luria Broth) (Condalab, Espainia) medio likidoan
hazi ziren, bakterioak hazteko mantenugaietan aberatsa den ohiko medioa. LB
medio likidoa 20 g/L kontzentrazioan prestatu eta autoklabatu zen. Ondoren,
medio likido honi intereseko bakterioak gehitzen zaizkio eta dagozkion
antibiotikoak proportzio egokian. Gehituriko bakterioak izoztutako lagin batetik,
kolonia batetik, edo bolumen txikiko beste hazkuntzatik eratorritakoa izan

zitekeen.

Bakterio koloniak lortzeko unean, medio solidoko plakak behar zirenez, 20
g/L LB medioa 15 g/L agar-agarrekin (VWR International, EEBB) nahasi zen. Behin
autoklabatuta, intereseko antibiotikoak gehitu eta nahastura plastikozko Petri
plaketara jariatu ziren (10 mL/plaka). Behin solidotzean plakak 4 °C-tan kontserbatu

ziren bakterioak transformatu unerarte.

1.3.  Bakterio kimiokonpetenteen garapena

Bakterio kimiokonpetenteak, material genetikoa integratzeko gai diren bakterioak
dira eta bakterio andui bat transformatzeko lehendabiziko pausua da. Hasteko,
bakterioak (DH5a edo BL21) LB medio bolumen txikian hazi ziren, dagokien
antibiotikoarekin, ODeyww = 0,6 dentsitatea heldu arte. Jarraian, zelulen
suspentsioaren 2 mL zentrifugatu ziren (4.300 g-tan eta 1 minutuz). Jalkina 100 mM
CaCl; esterilaren mililitro batean berreseki eta 30 minutuz izotzetan utzi zen berriro
zentrifugatu arte (4.300 g, 10 minutuz, 4 °C). Ondoren, 900 L gainjalkina kendu eta
jalkina berreseki zen. Lortutako bakterio kimiokonpetenteak kontserbatzeko,

glizerola % 10ean (b/b) gehitu eta - 80 °C-tan mantendu ziren.
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1. Taula: Bakterioak hazteko medio selektiboak.

Bakterio anduia + plasmidoa Medio hazkuntza selektiboa

DH5a LB + azido nalidixikoa (25 pg/mL)

DH5a + pNFXex LB + azido nalidixikoa (25 pg/mL) + anpizilina
(100 pg/mL)

BL21 (DE3) LB + kloranfenikola (25 pg/mL)
BL21 (DE3) + pNFXex LB + kloranfenikola (25 pg/mL) + anpizilina
(100 pg/mL)

1.4.  ApoA-l plasmidoaren anplifikazioa eta purifikazioa

ApoA-lI plasmidoa anplifikatzeko E.coli DH5a bakterio kimiokonpetenteak
transformatu ziren. Plasmidoak anpizilinarekiko erresistentzia eskaintzen duenez,
bakterioak 100 pg/mL anpizilinaren presentzian kultibatu ziren, 25 pg/mL azido

nalidixikoaz gain.

1 pg plasmido bakterio kimiokonpetenteen laginari (50 pL) gehitu zitzaion. 1 min
eta 30 segundotan zehar 42 °C-tan berotu ostean, LB medioa gehitu zitzaion;
jarraian, 37 °C-tan 45 minutuz inkubatuz. Ondoren, lagina zentrifugatu (1.700 g, 5
min, giro tenperatura), gainjalkineko 450 pL kendu, eta jalkina geratzen zenarekin
berreseki zen. Transformatutako bakterioak anpizilina eta azido nalidixiko LB-agar

Petri plaketan erein ziren; eta gau osoan zehar 37 °C-tan inkubatu ziren.

Hurrengo egunean, lortutako kolonietako bat anpizilina eta azido nalidixikoa
zeraman LB medio likidora transferitu zen 20 orduz, 37 °C-tan eta agitazioan
inkubatzen utzi zelarik. Horren ostean, plasmidoen erauzketarako Qiagen® Plasmid
Midi (QIAGEN, Alemania) kit komertziala erabili zen eta kontzentrazioa
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NanoDrop™ 2000 (Thermo Fisher Scientific, EEBB) bidez neurtu zen. Plasmidoa -

20 °C-tan kontserbatu zen.

1.5.  Giza apoA-I| proteina errekonbinantearen adierazpena eta
purifikazioa

E.coli BL21 (DE3) pLysS bakterio anduia giza apoA-I plasmidoaz transformatu zen,
E.coli DH5a bakterioekin egin zen modu berdinean (ikusi aurreko atala). Kasu
honetan baina, LB-agar plakak anpizilina eta kloranfenikola zeramatzan. Plakako
kolonia bat antibiotikodun LB medioan (25 mL) txertatu eta gau osoan zehar hazten
utzi zen, agitazioan 37 °C-tan. Hazkuntza asetua 750 mL LB-ra pasatu eta ODggo= 0,6
dentsitatea lortu arte hazi ziren. Gero, proteinaren adierazpena 0,4 mM IPTGaz
induzitu eta 3 orduz inkubatu ziren, 37 °C-tan. Ondoren, zelulak 6.000 g-tan, 10
minutuz zentrifugatu ziren, 4 °C-tan; eta lortutako jalkina proteina erauzteko
disoluzioan ondo berreseki zen (20 mM Tris-HCI pH 8, % 0,1 Igepal (b/b), Complete
EDTA-free cocktail (Roche, pastilla bat 50 ml-ko) eta PMSF 1:100 (b/b) proteasa
inhibitzaileak. Zelulak sonikazio bidez apurtu ziren (10 ziklo: 10 segundu piztu, 10
segundu itzali, 6 mikrako anplitude batekin) Soniprep 150 sonikatzailean (MSE,
Erresuma Batua) eta zelula-hondarrak kentzeko lagina zentrifugatu zen (10.000 g,
4 °C, 30 min). Gainjalkina 0,2 um-tako filtroekin filtratu eta 1:1 (b/b) proportzioan
karga-indargetzaileaz diluitu zen (40 mM NaPQO,;, 1 M NaCl eta 4 M guanidinio
hidrokloruroa, pH 7,4). Ondoren, karga-indargetzaileaz orekatutako HisTrap™
TALON® Crude (5 mL, GE Healthcare, EEBB) nikelezko erretxinadun zutabean
kargatu zen, zirkuito itxian, ordu batez eta 4 °C-tan. ApoA-l proteina
errekonbinanteak histidina isats bat du amino terminalean, purifikazioan nikelezko
zutabeari lotzeko. Horren ostean, nahasketa zutabean pasarazten utzi zen eta
jarraian, garbitzeko soluzioa (20 mM NaPQ,, 0,5 M NaCl, 20 mM imidazola, pH 7,4)
pasarazi zen. Azkenik, eluzio-indargetzaileaz (20 mM NaPQO4 0,5 M NaCl, 0,5 M
imidazola, pH 7,4) proteina eluitu zen, 0,5 mL-ko frakzioak jasoz. Proteinaren
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presentzia Bradford bidez detektatu zen*®’; eta purutasuna % 15eko sodio dodezil
sulfatozko poliakrilamidazko (SDS-PAGE) elekroforesi geletan aztertu zen. SDS-
PAGE elektroforesia burutzeko 20 pL lagin, 5ulL karga-indargetzaileaz (0,5 M Tris-
HCl, 0,2 g/mL glizerol, 77,15 mg/mL DTT, 0,2 g/mL SDS, 1 mg/mL bromofenol
urdina, pH 6,8) nahastu eta 100 °C, 5 minutuz berotu ziren. Gela Coomassie Brilliant
Blue tindagaiaz tindatu zen eta markatzaile moduan SDS-PAGE Standards Broad

Range erabili zen (Bio-Rad, EEBB).

Gelan positibo eman zuten frakzioak batu eta 24 orduz dialisatu ziren (20 mM Tris-
HCI, 150 mM NaCl, 1 mM benzamidina, 1 mM EDTA, pH 8), 4 °C-tan, 14 kDa-eko
porotako mintzean (5 litrotako 3 aldaketekin). Agregatuak kentzeko proteina
soluzioa zentrifugatu zen (14.000 g, 15 min, 4 °C). Proteinari glizerola % 10ean (b/b)
gehitu eta -80 °C-tan kontserbatu zen, 1 mililitroko alikuotetan (100 uM). Proteina
kontzentrazioa 280 nm-tan absorbantzia neurtuz kalkulatu zen NanoDrop™ 2000
(Thermo Scientific, EEBB) aparatuan eta apoA-len iraungitze-koefiziente molarra
erabiliz (£ =32.430 M - cm?, ExPasy, SIB). Giza apoA-len purifikazioaren laburpena

2. irudian agertzen da.

Proteina
adierazpena

Sonikazioa eta
argitzea

Bakterio

jalkina Afinitate
f\ kromatografia
(=2 ’ Z
- . _, . _@’
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2. Irudia: Giza apoA-len produkzioaren laburpen eskematikoa bakterio sisteman.
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Giza apoA-I purifikaziorako erabilitako indargetzaileak
(Mili-Q uretan prestaturikoak)
Karga-indargetzailea (2X) pH 7,4

40 mM NaPO4 (Merck, Alemania)
- 1 M NaCl (Merck, Alemania)
- 6 M Guanidinio-HCI (VWR, EEBB)

Garbiketa-indargetzailea pH 7,4

20 mM NaPOq4
- 500 mM Nacl
- 20 mM Imidazol (Merck, Alemania)

Eluzio-indargetzailea pH 7,4

20 mM NaPQO,
- 500 mM NacCl
- 500 mM Imidazola

Dialisi-indargetzailea pH 8

- 20 mM Tris-HCl

- 150 mM NacCl

- 1 mM benzamidina (Santa Cruz Biotechnology, EEBB)
- 1 mM EDTA (Sigma-Aldrich, EEBB)

Izozte-indargetzailea

Dialisi indargetzailea + % 10 glizerola (b/b) (Sigma-Aldrich, EEBB)

2. Giza apoA-l rHDL nanodikoen prestakuntza

rHDLak eratzeko, apoA-I intereseko lipido nahasturarekin nahasten da 1:125 erlazio

molarrean (proteina lipidoarekiko). Erlazio horrekin 9-10 nm tarteko
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nanopartikulak eratu daitezke itsura diskoidala dutenak, nanodiskoak alegia.
Adibide gisa, apoA-I/DPPC rHDLak eratzeko prozedura azalduko da. DPPC lipidoa
kloroformo-metanolean (2:1, b/b) disolbatuta dago eta alikuotak -20 °C-tan
kontserbatzen dira. Erabiltzeko unean, lipido tutua giro tenperaturara hartu arte
mantendu zen. Ondoren, lipido kantitate egokia beirazko tutu batera pasa eta N;
gasa erabiliz lipidoa sikatu zen, tutua biraka eta eskuekin bero ematen, tutu
hondoan lipido film siku bat lortu arte. Ondoren, hutsezko ponpan, ilunpetan utzi

zen ordu eta erdiz, gutxienez, kloroformo hondarrak guztiz kentzeko.

Behin hutsezko ponpan sikatuta tutuari nanodiskoen prestakuntzarako
indargetzailea, TEN indargetzailea, gehitu zitzaion (10 mM Tris-HCI, 150 mM NaCl,
1 mM EDTA, pH 8), lipido kontzentrazioa 12,5 mM izan zedin. Gomendagarria da
TEN indargetzailea aurretik berotu izana, lipidoen disoluzioa bizkortzeko. Lipidoak
disolbatzeko indarrez vortex-an nahastu ziren, 42 °C-ra dagoen ur bainuan tarteka
berotuz (DPPCaren trantsizio tenperaturan alegia, Tm), MLV besikulen eraketa
baimentzeko (ingelesetik, multilamellar vesicle). Jarraian, sodio kolato detergentea
(Sigma-Aldrich, EEBB) gehitu zen lipido eta kolato proportzioa 1:1,4 (M/M) izateko
doitu egin zelarik TEN indargetzaileaz. Pausu honetan sodio kolatoaren disoluzio
kontzentratua prestatu zen, lipidoari gehitzerakoan ahalik eta gutxien diluitzeko.
Kolatoa gehitu bezain laster, tutua vortexeatu egiten da. Jarrian tutua ur-bainuan
Tm-an uzten da eta 5 minuturo vortexeatu behar da, 3 ziklo amaitu arte (15 min

totalean).

Denbora tarte horretan proteina prestatzen da. Beharrezko apoA-l alikuotak
desizoztu eta 100 uM lortu arte TEN indargetzailearekin diluitu ziren, alikuotak
kontzentrazio horretan jada ez bazeuden. Proteina bolumena, lipido bolumenaren
berdina izan behar da, modu horretan, lipido eta proteina nahasterakoan, 1:125

(mol/mol) erlazioa beti mantenduko da (3. irudia). Proteina gehitzeko unean
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vortexeatu eta lortutako nahasketa 12 orduz gutxienez, 42 °C eta 800 rpm-tan

inkubatu zen, Thermomixer-ean (Eppendorf, Alemania).

Inkubazioa amaitzean, nanodisko soluzioa zelulosazko dialisi mintzera pasa (14
KDa-eko poroak, Sigma-Aldrich, EEBB) eta TEN indargetzailearen 5 litro aurka
dialisatu zen kolato hondarrak kentzeko, 42 °C-tan eta 48 orduz, 24 orduro aldaketa
bat eginez. Behin dialisia amaituta, nanodiskoak dialisi mintzetik jaso eta
agregatuak kentzeko 13.100 g-tan zentrifugatu ziren 30 minututan, ondoren, 0,2
um-ko filtrotik pasaraziz (Sarsted, Alemania). Hemendik aurrera nanodiskoak 4 °C -

tan mantendu ziren.

Lipido filmaren eraketa rHDL eraketa 48 orduko dialisia SEC
V' P\ &

[— — . — [—

i%
%
—>

O o ec =
Sodio kolato bidezko
solubilizazio partziala

>Ty

3. lrudia: rHDL nanodiskoen prestakuntzaren eskema. Lipido nahasketa
sikatzean tutuak lipidoen Tman berotu ziren, tarteka nahastuz, horrekin MLVak
lortu zirelarik. Sodio kolatoarekin mintzak partzialki disolbatu ziren eta apoA-I
gehikuntzarekin, rHDLak sortu ziren. Gau osoko inkubazio ostean, rHDLak
dialisatu eta SEC bidez purifikatu ziren.
rHDLen prestakuntza beste lipido konposizio batekin egiteko, lipidoak sikatzeko
unean lipido nahastura presatzen da, intereseko erlazioan baina kontuan izanda,
lipido totala 12,5 mM izan behar dela. Horrez gain, lipidoen kurbadura aintzat hartu
beharra dago, izan ere rHDLak nanodiskoak dira eta edozein lipido ez da gai
horrelako mintz egiturak eratzeko. Hala, kurbadura positibo eta negatiboa duten

lipidoak ezingo dira portzentaje altu batean erabili, lipido mota horiek nanodiskoak

bezalako egitura zurrunak baino, mizelak bezalako mintz egitera sortzeko joera
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baitute*®®, Nolanahi ere, rHDLen sorreran lipido bakoitzaren kontzentrazio

maximoa zehaztu daiteke frogak eginez.

Lan honetan zehar, rHDL konposizio desberdinak erabili ziren, 2 . taulan agertzen

den moduan.

2. Taula. prestaturiko apoA-len rHDL konposizioak

rHDL izena Lipidoak Lipidoen arteko

erlazio molarra

(%)

DPPC Dipalmitoil-fosfatidilkolina fosfolipidoa 100

DPPC:CE:LPC | - DPPC fosfolipidoa.

- CE: kolesterol esterifikatua, konkretuki,

75:20:5
kolesterol linoleatoa.

- LPC: 16:0 lisofosfatidilkolina

lisofosfatidilcholina

DPPC:Chol:LPC | - DPPC fosfolipidoa.

- Chol: kolesterol askea.
85:10:5
- LPC: 16:0 lisofosfatidilkolina

Soy-PC Sojatik erauzitako fosfatidilkolinen nahastura 100

3. Taula: rHDLak prestatzeko erabilitako lipido zerrenda.

Lipidoa Izen komertziala Erreferentzia  Etxe komertziala

DPPC, 16:0 PC (DPPC) Avanti Polar Lipids

fosfolipidoa 1,2-dipalmitoyl-sn- 850355
glycero-3-
phosphocholine
CE, kolesterol Sigma-Aldrich
Cholesteryl linoleate C0289
>98% (HPLC; detection
at 205 nm)

esterifikatua
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Chol, Cholesterol (plant) 700100 Avanti Polar Lipids

kolesterol askea

LPC, 16:0 Lyso PC Avanti Polar Lipids
lisofosfatidilkolina | 1-palmitoyl-2-hydroxy- 855675

sn-glycero-3-

phosphocholine
Soy-PC, sojazko Soy-PC Avanti Polar Lipids
fosfatidilkolinak L-a-phosphatidylcholine 840054

(Soy)

2.1. Kolato hondarren neurketa metodo kalorimetrikoaz

rHDL amaierako soluzioan sodio kolatoaren hondarrik ez zegoela frogatzeko honen
neurketa egin zen. Kolatoa behazun gatzetan oinarritutako detergentea da eta hura
azido sulfurikoarekin tratatzean lortzen den produktua metodo kalorimetrikoaz
neurtu daiteke*®. Azido sulfuriko kontzentratua kolatoaren eraztunaren talde
hidroxiloarekin erreakzionatzen du eta lortutako produktuaren absorbantzia 389

nm-tan neurtu daiteke.

Hala, lehendabizi, TEN indargetzailean disolbatutako sodio kolatoaren zuzen
patroia prestatu zen 0-0,4 mg/mL bitartekoa. Jarraian, lagin bakoitzaren 50 puL (bai
zuzen patroia eta bai rHDLak), azido sulfuriko puruaren (>98%, VWR, EEBB) 800 pL-
rekin nahastu ziren 2 mL-tako tutuetan (segurtasun-itxitura zutenak, Eppendorf,
Almeania) eta kanpaian. Nahasturak erreakzio exotermikoa eragiten duenez,
tutuak kontu handiz itxi eta vortexeatu ziren. Behin hoztean, lagin bakoitzaren
absorbantzia 389 nm-tan neurtu zen, plastikozko kubetetan. Zuria egiteko TEN
indargetzailea erabili zen. Gure laborategian erabilitako protokoloa jarraituta ez

zen kolato hondarrik detektatu prestaturiko rHDL laginetan.

62



2.2.  rHDL nanodiskoen purifikazioa

rHDLen purifikazioa tamaina baztertzeko kromatografia (ingelesez, size exclusion
cromatography edo SEC) bidez egin zen, Superdex 200 10/300 GL (GE Healthcare)

gel filtraziozko zutabea erabiliz.

Gel filtraziozko zutabeak porotasun espezifikoa duten erretxinaz eratuta daude
lagineko molekulak tamainaren arabera banatzea ahalbidetzen duena. lzan ere,
molekula txikienak erretxinaren poroetatik sartzen direnez, denbora gehiago
beharko dute zutabe osoa zeharkatzeko. Molekula handiak aldiz, poro txikietatik
ezingo dira sartu eta bizkorrago eluituko dira. Hala, gel filtrazio kromatografian
zutabe bakoitzak tamaina tarte batean aurkitzen diren molekulak banatzeko
ahalmena dute. Superdex 200 10/300 GL 10.000-600.000 Dalton bitarteko
molekulak edota partikulak banatzeko gai da eta rHDLak tarte horretan aurkitzen
dira. Hala ere, aipatu beharra dago Superosa 6 Increase 10/300 GL (GE Healthcare,

EEBB) zutabea ere erabili zela rHDLak purifikatzeko.

Hala, kromatografia egiteko lehendabizi, zutabea kalibratu egin zen molekula
tamaina estandarrak erabiliz (Amersham Biosciences, Erresuma Batua). TEN
indargetzailea fase mugikor moduan erabili zen eta kromatografia 4 °C-tan egin zen,
0,2 mL/min fluxu abiadura erabiliz. Eluzio profilak erretentzio bolumen gisa adierazi

ziren. Zutabe bakoitzaren parametro maximoak etxe komertzialaren web

orrialdean kontsultatu daitezke.

rHDLen purifikazioa ere, 4 °C-tan egin zen, TEN indargetzailea erabiliz eta
0,2 mL/min fluxu-abiadurarekin. 500 pl-tako loop-a erabiliz, 500 pul lagina zutabean
txertatu zen, 1 mL-ko xiringa erabilz, eta 0,5 mL-tako frakzioak jaso ziren. Txertaketa
zikloak modu berdinean errepikatuz ziren rHDL lagin guztia purifikatu arte.
Purifikazioak GE AKTA Purifier 10 FPLC System w/ UPC-900 (GE Healthcare, EEBB)

burutu ziren.
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2.3.  rHDLen karakterizazio biofisikoa

2.3.1. ApoA-l-en egituraren azterketa Dikroismo Zirkularraren (DZ)
bidez

Dikroismo zirkularra (DZ) absorbantzian oinarritutako teknika espektroskopikoa da,
makromolekula biologikoen egitura sekundarioei eta tertziarioei buruzko
informazioa eskaintzen duena, beste erabileren artean. Laginak zirkularki
polarizatutako argi destrogiro (eskumatara) eta lebogiroaren (ezkerretara) aurrean
erakusten duen absorbantzien arteko diferentzia neurtzen da, eliptizitate [6]
moduan ezagutzen dena. Diferentzia horren balio positibo batek, argi
destrogiroaren xurgapen handiago bat esan nahi du; eta balio negatibo batek, argi
lebogiroarena. Proteina baten egitura sekundarioa lortzeko, eliptizitatea 190-260
nm tarteko uhin luzeratan (A) neurtzen da eta lortutako espektroaren arabera

estruktura sekundarioa ondorioztatu daiteke*’°.

a-helizeak dira apoA-I proteinan agertzen diren estruktura nagusienak. a-helize
baten DZ espektroak bi minimo aurkezten ditu: A 2;; eta A 08 -tan, eta maximo bat
Mg inguruan. Banda hauen intentsitateek, aztertzen ari garen proteinaren
eliptizitate proportzioa adierazten dute eta A 2, balioarekin a-helize ehunekoa

kalkulatu daiteke.

Lan honetan apoA-l proteinaren estruktura sekundarioa aztertu zen, izan ere
rHDLak osatzean proteinak bere alfa helizitatea emendatzen du. Neurketa hau

rHDLen formakuntza egokia baieztatzeko erabili zen.

ApoA-len  estruktura sekundarioa termostatizatuko JASCO J-810
Spectropolarimeter dikrografoan neurtu zen. Neurketak 0,1 cm-ko pasu-optikoa
duen kuartzozko kubeta batean egin ziren eta 25 °C, 1 segundoko erantzun
denbora, 1 nm-ko banda zabalera eta 50 nm/scan-eko abiadura erabili zen.

Espektro bakoitza 15 akumulaziokin lortu zen eta TEN indargetzailearen
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espektroaren kenketa eginez zuzendu zen uhin-luzera bakoitzean. Lortutako balioa
DEG esango diogu. Jarraian, uhin luzera bakoitzeko 6 uwre (ingelesetik, mean residue

ellipticity) kalkulatu ziren hurrengo formula erabiliz:

DEG
MRW * /1000
10«[apoA—I]xpasu— optikoa

0 mre=

Non MRW= M den
aa—1

[apoA-I]: proteina kontzentrazioa, g/mL-tan; pasu-optiko luzera, cm-tan; PM:

pisu molekularra; aa: aminoazido kopurua.

Dikroismo espektroak A vs. MRE irudikatuz adierazi ziren. Proteinaren a-helizitatea
rHDL konposizio bakoitzerako hurrengo formula erabiliz kalkulatu zen, 222 nm-tako

0 mre balioa erabiliz: % a-helix = ((0 mre /222 + 3000)/(36000 + 3000) x 100.

2.3.2.  Tamainaren determinazioa Dynamic Light Scattering (DLS)
bidez

Metodo hau lagineko partikulek eragiten duten argiaren dispertsioan oinarritzen
da, zehazki argiaren dispertsioak denboran zehar duen aldakortasuna neurtzen du
puntu zehatz batean (173°). Aldakortasun hura radio hidrodinamikoarekin
erlazionatzen du. Aldakortasuna handiagoa izango da partikulak txikiagoak
direnean hauen mugimendua handiagoa baita. Horri esker, suspentsioan dauden
partikulen tamainaren araberako banaketa-profila zehazten du.

rHDLen radio hidrodinamikoa DLS bidez neurtu zen, 10 um eta 0,3 nm bitarteko
diametroko partikulak neur ditzakeen Nano-S Zetasizer (Malvern Instruments,

Erresuma Batua) aparatuan.
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Neurketak 3 ziklo berdinetan egin ziren 37 °C-tan. Ziklo bakoitzean 15 neurketa egin
ziren, bakoitza 10 segundokoa. Biskositatea eta errefrakzio indizeak TEN tanpoira

doitu ziren eta datuak Zetasizer software bidez aztertu ziren.

2.3.3.  Nanodiskoen tamaina eta itxuraren azterketa Transmisiozko
Mikroskopio Elektronikoaz (TME)

rHDLen tamaina eta morfologia mikroskopia elektroniko bidez analizatu ziren.
Euskarriaren eta partikulen arteko kontrastea hobetzeko, partikulen tindaketa
negatibo deritzon teknika erabili zen. Lehendabizi rHDLak kobrezko saretxo batean
(Cu-300CN; Pacific Grid-Tech, EEBB) immobilizatu ziren. Gehiegizko disoluzioa
kendu eta sarea hiru aldiz garbitu zen ur desionizatuan. Ondoren, uranil azetatozko
(pH 4,6) disoluzioaren tanta bat (~30 pL) aplikatu zen % lean (p/b) eta 1-3 minutuz
ilunpean utzi zen, soberazko tindatzailea kendu aurretik. Azkenik, wur
desionizatuarekin garbitu eta lehortzen utzi ziren. Laginen prestaketa eta irudien
lorpena SGlker zerbitzuetan egin zen (EHU/UPV, Leioa).

Partikulen tamaina zehazteko Feret-en diametroa erabili zen, automatikoki
partikula indibidualak hautatuz (Image J software erabilita) eta gero, gainjarritako
edo kaltetutako partikulak kendu ziren. Horrela, tamainaren banaketaren analisi
estatistikoa egiteko, rHDL laginen mikrografia bakoitzeko 1.600 partikula neurtu

ziren .

2.3.4. rHDLen trantsizio tenperatura: anisotropia fluoreszentearen

neurketa

Anisotropia fluoreszentea erabilita rHDL bakoitzaren trantsizio
tenperatura (Tm) aztertu zen. Anisotropiak bigeruza lipidikoen ordena-maila
jakitea ahalbidetzen du, aukeratutako fluoroforoaren orientazio aldaketek
eragiten duten polarizazio aldakuntzak erabiliz*’*. Laburki, teknika honetan bai

kitzikatutako zein emititutako argia polarizatu egiten da, hau da, orientazio
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jakin bat dute. Konkretuki bi orientazio filtratzen dira: horizontala eta
bertikala. Fluorimetroak, argi kitzikatu eta emititutakoaren arteko argiaren
erlazioaren intentsitatea neurtzen du (l). Zehazki, beti bertikalki polarizatzen
den kitzikatu argiarekiko, paraleloa () edo perpendikularra (1;) den fluoreszentzia
neurtzen du. Eta hurrengo formula jarraituz, polarizazio balioa kalkulatu

daiteke:

IVV - G- IVH

p=—-——_"=
IVV +G.IVH

Non G, aparatu bakoitzaren zuzenketa balio bat den.

I
G =1
Iy

Lipido mintz batean dagoen fluoroforo baten emisioaren despolarizazio-
mailak, kitzikatu den fluoroforo populazioaren hasierako orientazioaren
galera adierazten du. Gainera, fluoroforoen errotazio gradua lipido paketatze

molekularragatik mugatuta dagoela erakutsi dute ikerketek 2473,

Lan honetan DPH zunda fluoreszentea erabili zen, rHDLen bigeruza
lipidikoan tartekatzen dena (4. irudia). Tenperaturaren igoerarekin batera,
rHDLen lipido geruzaren jariakortasuna emendatzen da eta, horrekin batera,
DPHaren errotazio gradua. Hala, DPHaren errotazio mugimendua polarizaio
balioarekiko alderantziz proportzionala izanik, tenperaturaren igoerarekin
polarizazio jaitsiera kurbak lortzen dira. Jaitsiera horren inflexio puntua
trantsizio tenperatura moduan ezagutzen da (Tm). Tm balioa nanopartikula
konposizio bakoitzak duen zurruntasunari buruzko informazioa eskaintzen du:
zenbat eta Tm balio txikiagoa, orduan eta estruktura zurrunagoa duela esan

nahi du.
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* DPH

4. Irudia: DPH fluoroforoaren kokapenaren irudi eskematikoa rHDLen
bigeruza lipidikoan. rHDL eskema honetan apoA-| proteina ezabatu da
DPHaren kokapena ikusi ahal izateko. rHDLak DPHarekin inkubatzean,
DPHa molekula hidrofobikoa izanda bigeruza lipidikoan tartekatzen da,
konkretuki fosfolipidoen alde apolarrean. Tenperatura igo ahala
DPHaren errotazio gradua emendatzen joango da, lipido bigeruzaren
jariakortasunarekin batera.

Horretarako, laginen 2 pupg/mL diluzioak DPHarekin inkubatu ziren.
Metanolean disolbatuta dagoen DPHa lagin bakoitzari gehitu zitzaion 1:75
erlazio molarrean (zunda lipidoarekiko), eta ordu batez 25 °C-tan agitazioan
inkubatu ziren, DPHa nanopartikulen bigeruza lipidikoan txertatzeko
helburuarekin. rHDL konposizio ezberdinez gain, giza plasmatik purifikatutako

HDLak kontrol moduan erabili ziren.

DPHaren polarizazio fluoreszentzia neurtu zen (Aex: 360 NmM, Aem: 428 nm) SFM25
espektrofluorimetroan (Kontron Instruments, Suitza). Laginen neurketak 25 °C
eta 60 °C bitartean egin ziren, argi fluoresentiza balioak Iyy eta Ivy 2 graduro

jaso zirelarik.

2.3.5. rHDLen lipido eta proteina ratioaren determinazioa
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Nanodiskoetako fosfolipido kantitatea neurtzeko asmotan, Fiske-Subbarow
metodo kolorimetrikoa erabili zen, laginean aurkitzen den fosforo inorganikoa
neurtzen duena, hain zuzen ere*”. Lan honetan baina, horren bertsio erreduzitua
erabili zen, espero ziren kontzentrazioak txikiagoak zirelako*”®. Horretarako, 12-
hidrato-Na;HPO4-12H,0 disoluzioaren 0-25 mM bitarteko zuzen patroia egin zen.
Gero, bai zuzen patroia eta bai laginei azido perklorikoa (% 70, b/b) gehitu zitzaien
eta nahastu ostean 205 °C-tan zegoen plakan sartu ziren, 45 minutuz. Perklorikoak
molekulak liseritzen ditu, fosforo atomoak askatuz horien neurketarako. Ondoren,
laginak atera eta hoztu ostean, molibdato erreaktiboa eta azido askorbikoa (% 10,
p/b) gehitu zitzaien, ondo vortexeatu eta ur-bainuan 6 minutuz berotu ziren (120
°C). Horren ostean, fosforo kantitatea, eta beraz, lipido kontzentrazioa, laginen

absorbantzia 830 nm-tan neurtzean ondorioztatu zen.

rHDL proteina kontzentrazioa aldiz, 280 nm-tan absorbantzia neurtuz

kalkulatu zen NanoDrop™ 2000 erabiliz (e = 32.430 M - cm™?).
Balio hauetatik lipido eta proteina erlazio molarra ondorioztatu zen.

2.3.6. rHDLen apoA-I kantitatearen determinzazioa

rHDLetara inkorporatutako apoA-l molekulak kuantifikatzeko, dimetil
suberimidatoa (DMS, Thermo Scientific, EEBB) erabili zen. DMS molekula
gurutzatzaile bat da (ingelesez, crosslinker) hau da, oso hurbil dauden proteinak
lotzeko balio du proteinen arteko interakzioak detektatzeko balio duena. DMSa,
mintzarekiko iragazkorra da, 8 atomo ditu (11 A) eta bi muturretan aminekiko
erreaktiboa den imidoester talde bat du. Hala, purifikatutako rHDLetan zenbat
apoA-I molekula barneratzen diren jakiteko DMSa erabili zen. Konposatua lisina-
hondakinen €-amina taldeekiko eta N-terminalaren a-aminekiko erreaktiboa da 7
eta 10 arteko pH-eremuan (pH 8-9 optimoa). Horregatik lehendabizi, rHDLei pHa
aldatu zitzaien, 100 pL rHDLei 1 pL NaOH 1M gehituz. Ondoren, rHDLei DMS 1:200
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erlazio molarrean gehitu zitzaien. DMS stocka (10 mM) aurretik 0,2 M
trietanolamina indargetzailean prestatu zen (pH 8). Nahasketa ordu batez 25 °C-tan
inkubatu zen agitazioan. DMSak eragindako loturak kobalenteak direnez, laginak

%12,5eko SDS-PAGE batean aztertu ziren.

2.4. rHDL masa molekularraren azterketa masa-fotometria bidez.

Masa-fotometria (ingelesez, mass photometry) molekula bakarren masa-neurketa

aztertzeko metodo berri bat da*’®

. Partikula batek sakabanatzen duen argi
kantitatea partikularen bolumenarekin eta errefrakzio-indizearekin linealki
eskalatzen da. Sakabanatze-seinalea molekularen masarekiko  zuzenki
proportzionala denez, teknika hau molekula baten masa molekularra, argiarekin
neurtzea ahalbidetzen du. Hala, sakabanatze-seinaleak masarekin duen

korrelazioari esker, masa-fotometria biomolekulen azterketarako analisi-tresna

unibertsala bihurtu da.

Masa fotometroa (Refeyn Ltd., Erresuma Batua) rHDLen masa molekularra
neurtzeko erabili zen, nire estantzia bitartean, Copenhagen Center for Glycomics

(Kopenhage, Danimarka) ikerketa zentroan.

Horretarako, laginak neurtzeko muntaia prestatu behar da: beirazko porta
garbi batean 4 zulo dituen silikonazko sare bat kokatzen da (ingelesez, gasket).
Muntaia masa fotometroaren laserraren gainean kokatzen, olio-tanta baten
gainean. Silikonazko sareen zuloetan laginak kokatzen dira, banan-bana, neurtzeko
unean (20 pL maximo). Neurketak egiterako unean ingurune garbia (hauts
partikulak eta olio-orbanak saihestu) eta lasaia (bibrazio gabekoa) mantentzea

garrantzitsua izango da.

Hala, lehendabizi, masa fotometroa TEN indargetzailean prestaturiko, pisu
molekular ezaguna duten molekula estandarren soluzioaz kalibratu zen (Refeyn

Ltd., Erresuma Batua). Kalibrazio egokia lortutakoan rHDLak TEN indargetzailean
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diluitu ziren (40 nM). Teknika honetan, laginaren kontzentrazioak garrantzi handia
du. Izan ere, lagineko molekula edo partikulak bata besterengandik banatuta egon
behar dira, single-molecule edo banakako neurketak egiteko. rHDL laginak

neurtzerako unean bi aldiz gehiago diluitu ziren.

2.5.  rHDLen markaketa fluoreszentea

rHDLak fluoreszenteki markatzeko Dil (Vybrant™ Dil, Invitrogen) zunda
fluoreszentearekin egin zen. Dil zunda lipofilikoa denez, lipidoen artean

tartekatzeko gaitasuna du, kasu honetan, rHDLen mintz bikoitzan.

rHDLak markatzeko erabilitako erlazioa hurrengoa izan zen: 0,1 mg/mL-ra dagoen
1 mL rHDLei 10 uL Dil soluzioa gehitu zitzaion eta 2 orduz 37 °C-tan inkubatuz,
agitazioan eta ilunpetan. Jarraian, aurretik TEN indargetzailean orekatutako
Sephadex G25 gel iragazpen zutabetik (PD-10 desalting column, GE Healthcare,
EEBB) pasarazi ziren Dil soberakina kentzeko. Markaketa ostean rHDL

kontzentrazioa berriro neurtu zen, proteina neurtuz NanoDrop™ 2000 erabiliz.

3. rHDL bidezko miRNAen garraioaren azterketa

3.1.  miRNA eta rHDL arteko lotura azterketa

Jakina da HDLak azido nukleikoak garraitzeko ahalmena dutela. Aurretik deskribatu
den moduan azido nukleiko eta HDLen lipidoen lotura, erakarpen
elektrostatikoetan oinarritzen da*’’#’%. izan ere, azido nukleikoen karga negatiboak
lipidoen karga positiboengandik erakartzen dira. Horretarako beraz, HDLen azalean
karga positiboko lipidoak egon beharko lirateke edota momentu dipolarra
erakusten duten lipido zwitterionikoak, DPPCa bezala. DPPCa karga neutroa duen

lipidoa izan arren, PC buru polarrean agertzen diren karga positibo eta negatiboak
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direla eta, momentu dipolarra eratzen da*”®. Hori dela eta karga positiboko gunea

rHDLen azalean ikusgai geratzen dira, azido nukleikoekin lotzeko aproposa dena.

Gure laborategian rHDLak miRNAk garraiatzeko helburuarekin eratu ziren. Gure
laborategiko aurreko emaitzen oinarrituz, miRNAk garraiatzeko DPPC:CE:LPC

aukeratu ziren.

Horrela, lehendabizi rHDL:miRNA erlazio egokia zehaztu behar zen. Horretarako,
saturazio kurbak egin ziren, cel-miR-67 rHDLekin 0,001:1-10:1 bitarteko erlazio
molarretan inkubatuz (miRNA:rHDL, non rHDL kontzentrazioa proteina
kontzentrazioari dagokion). Laginak ordu batez 30 °C-tan agitazioan inkubatu ziren
izan ere, lipido eta azido nukleikoen arteko lotura, lipidoa gel fasean dagoenean
faboratuta dago hau da, lipidoen Tn balioaren azpian*®. rHDLei batu ez zen
soberazko miRNA kentzeko, TEN indargetzailearekin 4 garbiketa egin ziren
Amicon™ Ultra-4 Centrifugal Filter Units zentrifugazio tutuak erabiliz (100.000
Daltoneko poroak, Merck, Alemania) eta lagin bakoitza 200 L arte kontzentratu

ziren.

3.1.1. rHDLtik miRNAren erauzketa

rHDLetara lotutako miRNA kantitatea neurtzeko alderantzizko transkripzio-
polimerasaren kate-erreakzio kuantitatiboa (qRT-PCR, ingelesetik quantitative
reverse transcriptase polymerase chain reaction) egin zen. Teknika honekin
laginetan agertzen den intereseko azido nukleikoen anplifikazioa eta aldi berean

kuantifikazioa egin daiteke.

Horretarako, lotutako miRNAren erauzketa egin zen. Lagin bakoitzari 1 uL (20 pmol)
UniSp6 spike-in RNA (QIAGEN, Alemania) gehitu zen, erauzketa kontrol moduan eta
kuantifikazioa egitean horrekiko erlatibizatzeko. Ondoren, laginei NZYol (NZYTech)
soluziotik 1 mL gehitu zen. NZYol fenola eta bestelako konposatuak dituen soluzio
komertziala da, zeluletatik eta ehunetatik ARN totala isolatzeko balio duena. Gero,
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200 pL kloroformo gehitu eta 15 segundoz vortexeatu ziren, jarraian 15 minutuz
zentrifugatu zirelarik (12.000 g, 4°C). Pausu horrekin, rHDLei lotutako miRNAk beste
konponenteetatik banatu ziren. Hala, laginetako goiko fase akuosoa jaso eta etxe

komertzialaren protokoloa jarraituz, miRNAren purifikazioa egin zen.

3.1.2. miRNAren kuantifikazioa
Aurretik erauzitako miRNAren DNA osagarria sintetizatzeko (cDNA, ingelesetik
complementary DNA) miRCURY LNA miRNA PCR System (QIAGEN, Alemania) kit-a
erabili zen fabrikatzaileren argibideak jarraituta. Kit honek hasle unibertsalak
erabiltzen ditu eta RT-PCRa C1000 Thermal Cycler CFX96 Real-Time System (Bio-

Rad Laboratories Inc, CA, AEB.) termoziklatzailea erabilita egin zen.

Behin cDNA eskuratutakoan, qRT-PCR bidez lagin bakoitzaren miRNAren
adierazpen maila aztertu zen. MiRNA kuantifikatzeko, 4 uL cDNA laginari, 5 pL SYBR
Green (NZYTECH) eta 1 hasle nahasketa gehitu zitzaien (6.taula). gRT-PCRa 96
putzutako PCR plaka batean egin da (Bio-Rad Laboratories Inc., CA, AEB) C1000
Thermal Cycler CFX96 Real-Time System termoziklatzailean (Bio-Rad Laboratories
Inc., CA, AEB). Polimerasaren aktibazioa 952C-tan gertatzen denez, erreakzioa
tenperatura horretan hasten da eta 10 minutuz mantentzen da, cDNA osatzen
duten harizpi biak desnaturalizatu daitezen. Ondoren, 60 °C-tara jaisten da minutu
batez, hasleak cDNAra lotu eta Tag polimerasa aktibatu dadin. Honi esker,
anplifikazioa gertatzen da. Termoziklatzaileak SYBR Green fluoroforoak askatutako
fluoreszentzia neurtzen du eta, horretarako, lagina 488 nm-ko uhin luzeran

kitzikatzen da eta 522 nm-ko uhin luzeran jasotzen da seinalea.

Neurketarekin bukatutakoan, tenperatura berriz ere 95°C-tara bueltatzen da
10 segundoz, prozesua berriz hasteko. Honelako 40 ziklo errepikatu dira, cDNA

molekula guztiak anplifikatu direla bermatzeko.
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4. Lipoproteinen purifikazioa

Dentsitate baxuko lipoproteinak (LDL) eta dentsitate altuko lipoproteinak (HDL)
boluntarioei ateratako odoletik erauzi ziren. Horretarako, EDTA zuten hodietan
ateratako odola 10 minutuz, 3.000 x g-tan eta 4 °C-tan zentrifugatu zen, odoleko
plasma eta zelulak banatu ahal izateko. Odol plasma -80°C-tan kontserbatu daiteke.
Odol plasmatik, lipoproteinak erauzteko eta gainontzeko proteinetatik banatzeko
gradientezko ultrazentrifugazio isopiknikoa egin zen. Horren arabera, dentsitate
gradiente bat eratzen da, kasu honetan, KBra erabiliz (Sigma-Aldrich, EEBB) eta
zentrifugazio bidez nahasketaren partikulak dentsitatearen arabera banatzen
dira®!. Horretarako lehendabizi bi fase prestatu ziren ultrazentrifugazioarako
tutuetan. Tutuen beheko fasea plasmari dagokio. Honi KBr-a gehitu zitzaion
dentsitate jakin bat iritsi arte. LDLak purifikatzeko 1,21 g/mL-ko dentsitatea heldu
arte gehitu zen; aldiz, HDLak purifikatzeko 1,4 g/mL-ko dentsitatea heldu arte. KBr-
a disolbatu eta plasmaren gainean, PBS tanpoi hotza gehitu zen emeki-emeki, bi
faseak nahas ez zitezen. Laginak 27.000 rpm abiaduran zentrifugatu ziren 22 orduz
eta 4 °C-tan, SW 28.1 errotorea erabilita. Amaitzeko, LDL eta HDL bandak jaso ziren
beirazko punta erabiliz (5. irudia).

Purifikatutako lipoproteinak, aurretik orekatutako Sephadex G25 gel iragazpen
zutabetik (PD-10 desalting column, GE Healthcare, EEBB) pasarazi ziren, intereseko
indargetzailean jartzeko eta KBr hondarrak kentzeko.

Lipoproteinen kontzentrazioa DC Protein Asssay (Bio-Rad, EEBB) kit-a erabiliz

neurtu zen. DLS bidez tamaina neurtu eta polidispertsioa aztertu zen. Laginak 4 °C-

tan 2 astez gehienez mantentzen ziren.
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5. Irudia. LDL eta HDL purifikazioa dentsitate zentrifugazio isopikniko bidez.

4.1. rHDL bidezko miRNAen transfekzioaren optimizazioa

rHDL bidezko miRNAen transfekzioa burutzeko, aurretik garatutako rHDL miRNA
konplexuen kontzentrazio egokia aukeratu behar zen. Hala, transfekzioaren
optimizaziorako rHDL konjugatuak 1:1 miRNA:proteina mol ratioan erabili ziren eta

cel-miR67 miRNA kontrola erabili zen.

Horrela, analisi honetan J774A.1 zeluletatik eratorritako zelula apartsuak erabili

ziren (ikusi zelula hazkuntzak atala) eta rHDL:miRNA konplexuen 0-20 pg/mL

tarteko kontzentrazioak erabili ziren OptiMEM medioan. Inkubazioa 24 orduz egin
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zen eta jarraian qRT-PCR burutu zen aurretik azaldu den moduan (ikusi miRNAren

erauzketa eta kuantifikazioa atala). Kasu honetan zelula putzu bakoitzari 500 pL

NZYol gehitu zitzaion. Eta kuantifikaziorako U6 snRNA erabili zen barne-kontrol

moduan, normalizaziorako.

5. Azetilatutako LDLak

482 Hasteko,

LDLak azetilatzeko aurretik deskribatutako protokoloa jarraitu zen
aurretik purifikatutako giza LDLak 16 mg/mlL-ko 1 mL soluzioa lortu arte
kontzentratu ziren, ziren Amicon™ Ultra-4 Centrifugal Filter Units zentrifugazio
tutuak erabiliz (100.000 Daltoneko poroak, Merck, Alemania). LDL mililitroa,
saturatutako sodio azetato (36,2 g/100 mL)*3 1 mL-kin nahastu zen. Ondoren, 4°C-
tan eta etengabe irabiatuz (Thermomixer, 850 rpm), anhidrido azetiko puruaren
tantak (2 pL) gehitu ziren, ordu batean zehar, anhidrido azetikoaren molartasuna
LDLen lisinena baino 40 aldiz handiagoa izan arte. Jarraian, lagina 30 minutu

gehiago utzi zen baldintza berdinetan. Lagina jaso eta dialisatu zen PBS + 0,3 mM

EDTA (pH 7,4) indargetzailearen 12 litroren aurka, 24 orduz eta 4 °C-tan.

Azetilatutako LDLak (azLDL), 15 minutuz, 13.100 g-tan zentrifugatu ziren,
agregatuak kentzeko. Ondoren, DC Protein Assay kit-a erabiliz (Bio-Rad, EEBB)

kontzentrazioa kalkulatu zen.

5.1.  Azetilazioaren egiaztapena

azLDLak LDL normalak baion mobilitate elektroforetiko handiagoa dute, izan ere,
azetilazioek lisinen karga positiboa karga neutroagatik ordezkatzen dute. Hori dela
eta, LDLen azetilazioa mobilitate elektroforetikoa aztertuz konfirmatu daiteke,

agarosazko elektroforesi bidez.

Horretarako, agarosa gela % 0,7 (p/b) elektroforesi indargetzailean prestatu zen
(90 mM Tris-HCI, 80 mM azido borikoa, pH 8,2). LDL normal (kontrol moduan) eta
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azLDLei glizerola % 10ean gehitu eta gelan kargatu zen. Elektroforesia 80 minutuz,
90 V-tan eta 4 °C-tan burutu zen. Ondoren, agarosa gela 30 minutuz, giro
tenperaturan fixatu zen (% 5 azido azetiko glaziala, % 75 etanola, b/b). Fixapen
soluzioa kendu, hondarrak filtrozko paper batekin sikatu eta gela 80 °C-tan ordu

batez sikatu zen. Jarraian Coomassie tindagaiaz tindatu zen.

5.2. azLDLen kontserbazioa

azLDLak - 80 °C-tan kontserbatu ziren erabiltzeko unerarte. Horretarako, sakarosa
% 10ean (b/b) gehitu zitzaien, % 50ean (p/b) PBSan prestaturiko stock batetik.

Kontzentrazioa neurtu eta alikuotatu zen.

6. Zelula-hazkuntzak

6.1. Monogeruzan egindako esperimentuen zelula-hazkuntzak

THP-1 monozito giza zelula-lerroa, J774A.1 makrofago sagu zelula-lerroa ATCC-tik
(American Type Culture Collection, Manassas, Virginia, EEBB) lortu ziren.
Suspentsioan hazten diren zelulak T75 Flasketan kultibatu ziren (Sarsted,
Alemania), 37 °C-tan eta % 5-ko CO,-ko atmosferan.

THP-1 zelulak RPMI 1640 medioan kultibatu ziren, % 10 FBS (b/b), 100 pg/mL
estreptomizina, 100 U/mL penizilina, L-glutamina and MycoZap™
profilaktikoarekin osatuta. Makrofagoetara diferentziatzeko 100 nM PMA
induktorea gehitu zitzaien (ingelesetik, phorbol 12-myristate 13-acetate), zelulak 24
putzuko plakara pasa (2,5 -10° zelula/putzu) eta 24 orduz inkubatu ziren, plakara
itsasteko. Hurrengo egunean medio berria jarri eta 72 orduz diferentziatzen jarraitu
zuten.

J774A.1 makrofagoak Dulbecco’s modified Eagles Medium (DMEM, glukosa
baxua) (+ % 10 FBS (b/b), 100 pg/mL estreptomizina, 100 U/mL penizilina eta

MycoZap™ profilaktikoa gaineratuta) medioan hazi ziren. J774A.1 makrofagoetatik
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zelula apartsuak garatzeko, zelulak 24 putzuko plakan erein (10° zelula/putzu) eta
24 ordura 125 pg/mL azLDLak gehitu ziren OptiMEM medioan (Gibco, Thermo

Scientific, EEBB). 24 orduz azLDLekin inkubatu eta medio berrian ipini ziren.

Giza VSMC (ingelesetik, vascular smooth muscle cells) karotida arterietako ehun
aterosklerotiko laginetatik isolatu ziren. Zelula horiek muskulu leuneko zelulak dira,
zeinak zelula apartsu fenotipoa erakusten duten. Zelula hauek Medium-231 medio
selektiboan (Gibco, Thermo Scientific, EEBB) hazi ziren (2 ng/mL FGFb, 20 ng/mL
IGF-1, 0.5 ng/mL EGF, 5 ng/mL Heparin, 5% NCS, 0,2 ug/mL BSA, 2 mM L-glutamina,

100 pg/mL estreptomizina eta 100 U/mL penizilina)

Karotidako ateroma plaka laginak endarterektomiaz lortu ziren. Laginak izotzetan
jarri eta berehala prozesatu ziren.

VSMC ehun aterosklerotikotik isolatzeko bi digestio entzimatiko burutu ziren.
Lehenik, ehuna 3 orduz liseritu zen 300 U/mL Kolagenasa I-ekin, % 5 CO, eta 37 °C
atmosferan. Jarraian, gau-osoko liseriketa egin zen 220 U/mL kolagenasa
berdinarekin. Liseritutako ehuna 100 um-tako nylonezko Falcon™ Cell Strainer
erabilita (CLS431752-50EA, Sigma-Aldrich, EEBB) filtratu zen liseritu gabeko ehuna
kentzeko eta gero, zelulak plakeatu ziren Medium-231 medioan, VSMCen
hazkuntza selektiboa sustatzen duena. Lerro zelular honekin egindako esperimentu
guztiak 0 pasean burutu ziren zelulak % 70eko konfluentzian, errealitatetik ahalik

eta gertuen egoteko.

6.2. Ateroma modeloa eratzeko zelula-hazkuntzak

HUVEC giza zilbor-hesteko zelula endotelialak (ingelesetik, human umbilical
vein endothelial cells), Alicia Rodriguez doktoreak (Euskal Herriko Unibertsitatea)
adeitasunez emandakoa eta VSMC muskulu leuneko lerro hilezkorra (Coriell Cell

Repositories, AG11545, Camden, NJ, EEBB) 6-9 bitarteko paseetan erabili ziren
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esperimentu guztietan. Zelulak 37 °C-tan eta % 5-ko CO,-ko atmosferan hazi ziren.
Bi lerro zelularrak Medium-199 medioan (Gibco, Thermo Scientific, Erresuma
Batua) hazi ziren (FBS % 10ean (ez-inaktibatua), 0,02 mg/mL ECGS, 0,05 mg/mL

heparina eta 2mM L-glutamina zeramana).

Zelula hauek T75 Flask-etan hazteko, gelatinazko oinarri bate behar zuten.
Horretarako, Flask ontzietara, lehendabizi Gelatina soluzioa (% 0,1 gelatina (p/b) +
% 0,09 NaCl (p/b)) gehitu eta 40 minutuz utzi ziren, 37 °C-tan eta % 5-ko CO,-ko
atmosferan. Ondoren, gelatina kendu eta Medium-199 medioa gehitu zen Flask-a
estali arte, 30 minutuz gutxienez. Pausu horrek, medioaren konponenteak
gelatinan tartekatzea ahalbidetzen du, zelulen hazkuntzarako giro egokia sortuz.
Horren ostean zelulak Flask horietan kultibatu ziren.

Bi lerro horiek kultibo bidimentsionalak eraikitzeko erabili ziren.

6.3. Hiru lerro-zelularreko ateroma modelo bidimentsionalak

Ateroma plakaren fase aurreratuetan tunika mediaren VSMCak arteriaren
lumenera migratzen dute, zelula endotelialen azpian kokatuz eta matrize
extrazelularra jariatuz. Sortzen den egitura horri geruza fibrotsua esaten zaio
(ingelesez, flbrous cap) eta gero eta handiagoa den lesio aterosklerotikoa estaltzen
du. Lan honetan erabiltzen diren rHDLak geruza hori zeharkatzeko gaitasuna dutela
eta, horren azpian aurkitzen diren zelula apartsuetara miR-33-a transferitzeko
gaitasuna dutela frogatzeko, hiru lerro-zelularreko ateroma modelo
bidimentsionalak garatu ziren.

Sistema modular honekin, zelula endotelialak, VSMCak eta makrofagoetatik
eratorritako zelula apartsuak elkar kultibatzea ahalbidetzen du. Horrela,
konpartimentu baskularra imitatuz, zelula apartsuen eta rHDLen arteko interakzioa

eta dinamika aztertu daiteke. llustrazio eskematikoa 6. irudian azaltzen da. 0,4 um-
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tako poroak dituen Transwell mintzek (Corning, EEBB), zelula geruza bakoitza

isolatzea ahalbidetzen du, zelulen arteko kontaminazioa saihestuz.

Transwell
mintza

Goiko

konpartimendua Zelula
@ _. endotelialak
E e
24
T E
$8
2 Muskulu-leuneko
S Seremsenem Sy - zelulak
Zelula -

apartsuak

6. lIrudia: hiru lerro-zelularreko ateroma modelo bidimentsioanalaren
irudia. Ateroma modeloa garatu den plaka putzuaren itxura. Zelula apartsuak
plakaren hondoan garatzen dira. VSMC zelulak Transwell mintzaren azpian
eta HUVEC zelulak mintz berdinaren goialdean.

Zelula horiek hazteko, Transwell mintzaren beheko aldean gelatina soluzioaren
tanta bat ipini zen eta horiek 30 minutuz, 37 °C-tan eta % 5-ko CO,-ko atmosferan
mantendu ziren, buruz-behera eta baldintza aseptikoetan. Ondoren, gelatina
kendu eta mintzak Medium-199 medioan murgildu ziren, beste 30 minutuz.
Jarraian, berriro buruz-behera jarri eta mintz bakoitzean VSMC 8-10* zelula erein
ziren 50 plL-ko tanta batean. Zelulak mintzera eransteko ordu batez 37 °C-tan eta %
5-ko CO;-ko atmosferan inkubatu ziren. Gero, Transwell mintzak orientatu eta
plakako putzuetan sartu ziren, 500 uL medio zeramana. Horrez gain, Transwell-aren
gainaldean beste 200 uL medio jarri ziren. Egun berdinean beste putzu batzuetan
1774A.1 zelulak DMEM medioan erein ziren eta zelula apartsuak garatu ziren (ikusi
Zelula apartsuen garapena atala). Hurrengo egunean, HUVEC zelulak konfluentzian
(8x10* zelula) erein ziren, Transwell mintzaren gainaldean eta beste 24 orduz

inkubatu ziren. Egun berdinean, J774A.1 zelulei azLDLak gehitu ziren.
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Hurrengo egunean, J774A.1 zelulak Meidum-199 medio garbia gehitu zitzaien eta
VSMC eta HUVEC zelulak zeramatzaten Transwell mintzak zelula apartsuen

putzuetan sartu ziren (7 eta 8. irudia).

Tranwell mintzak eta

. VSMC‘ HUVEC plakak (zelula
(mintz azpian) (mintz gainaldea) apartsuak) konbinatu
L 24 h v 24h

J774A.1

(plakan) azLDLen gehikuntza

7. Irudia: hiru-lerro zelularreko ateroma modeloaren garapenaren kronologia.
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8. Irudia: hiru-lerro zelularreko ateroma modeloaren garapenaren laburpen
bisuala. Transwell mintzaren beheko aldean VSMC zelulak erein ziren, gelatinazko
geruza baten gainean. Hurrengo egunean HUVEC zelulak mintzaren goiko aldean
erein ziren 24 orduz. Aurretik beste plaka batean, J774A.1 zeluletatik eratorritako
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zelula apartsuak garatu ziren. Azkenkik, transwell mintzak zelula apartsuen
putzuetan sartu ziren.

6.3.1. Erresistentzia elektriko transendoteliararen neurketa (TEER).

TEER neurketa (ingelesetik, Transendothelial Electrical Resistance) teknika ez-
inbasiboa da endotelio zelulen lotura estuen integritatea modu zeharrean
aztertzeko balio duena, zelula geruzaren erresistentzia elektrikoa neurtuz*®.
Horretarako, TEER neurketarako ekipamendua erabili zen (Millicell ERS-2
Voltohmmeter, Merck, Alemania). TEER neurgailu honen elektrodoak zilar/zilar
kloruro (Ag/AgCl) jalkina muturrean duten elektrodoak dira eta boltaia edo
potentzial diferentzia neurtzeko balio dute. Ateroma modeloaren kasu konkretuan,
elektrodo bat transwell mintzaren goiko konpartimentuan sartzen da eta bestea,
beheko konpartimentuan, medioan murgilduta (9. irudia). Zelula geruza baten
TEER balioa lortzeko, egoera horren erresistentzia neurtu zen (Rneurtua) eta
neurketen zuzenketarako, zelula gabeko transwell mintzaren erresistentzia neurtu
zen (Rzuria). Horrela, endotelio monogeruzaren erresistentzia espezifikoa
(Rmonoaeruza) lortzen da, zeina mintzaren azalerarekin batera TEER balioa eskaintzen

duen:

TEER (Q ® cm?) = Rmonoceruza (Q) x Azalera (cm?),

Non Rmonoceruza = (RtoraLa—Rzuria) den.
Lan honetan erabilitako mintzen azaleraren balioa 0.33 cm? izan zen. Transwell

mintz hutsaren TEER balioak, zein endotelio zelulen geruzarenak, hiru aldiz neurtu

ziren.
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9. Irudia. Erresistentzia elektriko transendotelialaren neurketa.
Elektrodoak transwell mintzaren alde bietan sartzen dira eta
horren erresistentzia ohmikoa neurgailuan jasotzen da.

7. Zelula apartsuen garapena

Zelula apartsuak eratzeko hainbat metodologia daude*®**, Lan honetan, giza

(THP-1) eta sagu (J774A.1) makrofagoak azLDLekin inkubatuz garatu ziren.

Aurretik 24 putzuko plaketan ereindako makrofagoak (10° zelula/putzu) PBSarekin
behin garbitu eta ondoren, azLDL kontzentrazio desberdinak gehitu zitzaizkien (0-
200 pg/mL) optiMEM medioan (0,5 mL putzuko), 24 orduz inkubatu zirelarik
azLDLak barneratzeko. Ondoren, medioa kendu eta DMEM medio osoa gehitu
zitzaien beste 24 orduz zelula apartsuak garatzeko. Hala, azLDLak gehitu eta 48

ordura zelula apartsuen formazioaren azterketak burutu ziren.

7.1.  Zelula apartsuen eraketaren kuantifikazioa

7.1.1. Zelula apartsuen kuantifikazio kuantitatiboa ORO eta Kristal
Bioleta bidez.
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Zelula apartsuen sorreraren azterketa kuantitatiboa Qil-Red-O (ORO)
tindatzailearekin egin zen (Sigma-Aldrich, EEBB). ORO tindatzailea lipido neutroei

batzen denez, zelula apartsuetan lipido tantak tindatzeko erabili daiteke*®°.

ORO soluzioa tindatzeko momentuan prestatu zen, % 0,5ean (p/b, isopropanolean)
dagoen disoluzioa ur destilatuan 1,5 aldiz diluituz. Hala, lehendabizi zelulak 3 aldiz
PBSarekin garbitu eta gero 10 minutuz paraformaldehidoaz (% 4 p/b) fixatu ziren.
PBS garbiketak errepikatu eta jarraian % 60 isopropanola (b/b) 5 minutuz inkubatu
zen. Jarraian, prestaturiko ORO soluzioa 12 minutuz inkubatu zen. Mili-Q urarekin

3 garbiketa egin eta tindaketa mikroskopio optikoan konprobatu zen.

Kuantifikaziorako ORO tindatzailea zeluletatik erauzi behar zen. Horretarako,
erauzketarako, isopropanol % 60 (b/b) 200 uL gehitu eta 30 minutuz agitazioan utzi
ziren. ORO tindatzailea isopropanolera pasa zen, 510 nm-tan absorbantzia neurtu

zitekeelarik.

Ondoren, Kristal Bioleta tindatzaileaz (Sigma-Aldrich, EEBB) zelulen nukleoak
tindatu ziren, =zelula zenbakia kalkulatzeko eta amaieran ORO sinalea

erlatibizatzeko balio zuena.

Horretarako Kristal Bioletaren stocka % 0,5 (p/b) mili-Q uretan prestatu zen eta
tindatzeko, stock hori PBSan diluitu zen (% 0,1, b/b). Hala, zelula plakatik
isopropanola kendu eta garbiketak egin ziren, 2 ur destilatuarekin eta 1 PBSarekin.
Jarraian Kristal Bioleta soluzio diluitua gehitu zen 30 minutuz. PBS 4 garbiketa egin,
mikroskopioan tindaketa konprobatu eta Kristal Bioletaren erauzketarako % 75
etanol (b/b) 200 uL gehitu zen, agitazioan eta 15 minutuz. Etanolera transferitutako

Kristal Bioletaren absorbantzia 580 nm-tan neurtu zen.

7.1.2.  Zelula apartsuen kuantifikazio kualitatiboa mikroskopia optiko
bidez.
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Zelula apartsuen formazioaren behaketa mikroskopia optiko bidez burutu zen.
Horretarako, lipido tanta ORO bidez tindatu ziren aurreko atalean azaldu den modu
berdinean. Nukleoak tindatzeko aldiz, kasu honetan Hematoxilina-Eosina (Sigma-

Aldrich, EEBB) ohiko tindatzailea erabili ziren.

Horretarako, ORO tindaketa ostean, behin putzuak Mili-Q uretan zeudela,
Hematoxilina-Eosina (Sigma-Aldrich, EEBB) soluzioaren 300 plL zuzenean gehitu zen
6 minutuz. Jarrian, PBSarekin 3 garbiketa egin ziren eta Mili-Q urarekin beste
hainbat garbiketa. Zelulen argazkiak Nikon ECLIPSE TS100 mikroskopio

alderantzikatuan atera ziren (Nikon, Japonia).

8. Kolesterol kanporaketaren azterketa

rHDLen konposizio lipidiko desberdinek kolesterol kanpora-fluxuan duten eragina
aztertu zen. Kolesterol fluxuak aztertzeko BODIPY talde fluoreszentea daraman

kolesterola erabili zen, Top-Fluor® Cholesterol (Avanti Polar Lipids).

BODIPY-kolesterola, bestelako lipidoak bezala, kloroformo/metanol (2:1, b/b)
soluzioan prestatu eta -20 °C-tan kontserbatzen da. Zelulei gehitzeko, metil-B-
ziklodextrinarekin (Sigma-Aldrich, EEBB) inkubatu behar da, mintz zelularra
zeharkatzeko gai diren konplexuak eratu daitezen. Soluzio horri “labeling medioa”

deituko zaio.

8.1. Labeling medioaren prestaketa

“Labeling medioa”, kolesterola (kolesterol normala eta BODIPY-kolesterola) metil-
B-ziklodextrinarekin (16 mM) nahastuz prestatu zen, 1:80 erlazio molarrean

(kolesterol:ziklodextrina). Horretarako, kolesterol normala eta BODIPY-kolesterola
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(3:1, M:M) nahastu eta beirazko tutu batean sikatu ziren N, gasa erabiliz. Ondoren,
1,5 orduz hutsezko ponpa batean utzi ziren, ilunpetan. Kolesterol filmari, B-
ziklodextrina disolbatuta zuen MEM-Hepes medioa (Minimum Essential Medium
Eagle, Hepes 25 mM, pH 7,4) gehitu zen. kolesterola, kolesterol-BODIPY eta
ziklodextrina zeramatzan tutua ur bainu batean sonikatu zen 40 °C-tan 30 minutuz,
kolesterola berresekiteko, jarrian agitazioan 3 ordutan zehar inkubatu zirelarik, 37
°C-tan. “Labeling medioa”, zelula putzu bakoitzari 125 pL gehituko zitzaizkiola
kontuan izanda prestatu zen. Erabiltzeko unean fluxu laminarreko kanpaian, 0,2

um-tako filtroak erabiliz filtratu zen.

8.2.  Kolesterol kanporaketa monogeruza kultiboetan

Zelulak 24 putzuko plaketan erein eta diferentziatu ziren, Monogeruzan egindako

esperimentuen  zelula-hazkuntzak atalean azaltzen den moduan. Hala,

diferentziatutako zelulei “labeling medioa” gehitu zitzaien, RPMI-1640 medioan
aurretik diluitu zena (1:1, v:v). Medioak % 2 FBS, % 4 BSA eta 4 pug/mL ACAT
inhibitzailea zeramatzan eta zelulekin 45 minutuz inkubatu zen (37 °C, 5 % CO,).
ACAT entzima inhibitzailea garrantzitsua da, zeluletan barneratutako kolesterola
esterifikatu ez dadin eta erabilgarria egon dadin. Zelulen markaketa ondo joan zela,

mikroskopio optikoan behatu zen.

Ondoren, zelulak MEM-Hepes medioarekin bi aldiz kontuz garbitu ziren eta zelulak
hurengo medioan 15 orduz utzi ziren: RPMI-1640 medioa + % 2 BSA eta 2 pg/mL
ACAT inhibitzailea. Medio hau gehitzerako unean TO901317 edo TO90 (3 uM)
gehitu daiteke. TO90 LXRen agonista da eta horren aktibazioa induzituz, ABCA1
kolesterol garraiatzailearen adierazpena emendatzeko gehitzen da, kolesterol
kanporaketan egongo diren desberdintasunak handiagoak eta beraz, bisualagoak

izan daitezen*®°.
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Atseden denbora honen ostean kolesterol hartzaileak gehitu ziren MEM-Hepes 25
mM (pH 7,4) medioan prestaturikoak, 2 pg/mL ACAT inhibitzaileaz. Erabilitako rHDL
lipido konposizioak:

- DPPC

- Sojazko PC

- DPPC:CE:LPC (7,5:2:0,5)

- DPPC:Chol:LPC (8,5:1:0,5)

Erabilitako barne-kontrolak:
- BSA (10 pg/mL): gantz-azido gabeko BSA rHDLen kontzentrazio berdinean
prestatu zne, kolesterol kanporaketa inespezifikoa neurtzeko.
- FBS % 20an (b/b): FBS kontzentrazio honekin kolesterol kanporaketa
maximoa neurtzeko erabili zen, serumean kolesterol hartzaile desberdinak

baitaude***.

Kontrol positiboak:
- ApoA-l (10 pg/mL): kolesterol kanporaketa espezifikoa neurtzen da, izan
ere, ABCAlen hartzaile nagusia da apoA-I.
- HDL (10 pg/mL): giza plasmatik purifikatutakoak, rHDL kolesterol efluxua

honekiko erlatibizatu zen.

Horiez gain, kontrol negatiboak sartu ziren, hartzaile gabeko medioa alegia.
Kolesterol hartzaileak 6 orduz inkubatu ziren. Ondoren, medioak jaso eta zelula
hondarrak kentzeko 2.900 g-tan zentrifugatu ziren, 15 minutuz. Putzuetako zelulak
MEM-Hepes 25 mM medioarekin kontuz bi aldiz garbitu ziren. Ondoren, zelulak lisi
indargetzailearekin apurtu ziren (50 mM Tris—HCI, pH 7,5, % 0,1 SDS, % 0,1 azido
deoxikolikoa, 0,1 mM EDTA, 0,1 mM EGTA, % 1 NP-40, 5,3 mM NaF eta 1,5 mM

NaP), 30 minutuz plaka irabiagailuan eta giro-tenperaturan. Liseritutako zelulak eta
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medioak 96 putzuko fluoreszentzia plakara pasa ziren eta fluoreszentzia Synergy
HTX Multi-Mode (BioTek, EEBB) irakurgailuan neurtu ziren (Aex: 485 + 20 nm, Aem:
528 + 20 nm). Fluoreszentzia intentsitateak (FI) kolesterolaren kanporaketa

baldintza bakoitzean neurtzeko erabili ziren, hurrengo formula jarraituz :

zelula medioaren FI
100

Kolesterol k keta % = .
olesterol kanporaketa % zelula medioaren FI + zelula lisatuen FI

Zelula medioen FI balioari hartzaile gabeko medioaren fluoreszentziaren balioa
kendu zitzaion aurretik. Kolesterol kanporaketa espezifikoa BSArekiko
kanporaketaren balioa (ez-espezifikoa) kenduz lortu zen.

Esperimentu hau monogeruza zelularretan egin zen, presaturiko rHDLek
kolesterol kanporaketa induzitzeko duten efizientzia aztertzeko. Hurrengo lerro
zelularretan burutu zen: THP-1, J774A.1, J774A.1-etik eratorritako zelula apartsuak

eta pazienteen plakako VSMC.

9. Ateroma modeloaren erabilera kolesterol kanporaketaren
azterketarako

Hiru lerro zeluletako kultibo bidimentsionala ateroma plakaren in vitro
modelo bat da, aterosklerosiaren fase garatuetan gertatzen den egoera imitatzen
duena, zelulen lokalizazioari dagokionez. Modelo horrekin egindako
esperimentuetan rHDL erabili ziren. Lehendabizi, antagomiR-33-a garraiatzeko
DPPC:CE:LPC rHDLak erabili ziren, aurretik gure laborategian egindako analisietan
miRNAk batzeko konposizio egokiena zela ondorioztatu baitzen. Bestalde, DPPC
rHDLak kolesterol kanporaketa induzitzeko erabili ziren lan honetan kolesterol

fluxua induzitzeko efizienteenak zirela ondorioztatu zelako.

Horrela, lehendabizi, miRNA zeramaten rHDLen HUVEC eta VSMC bidez
sortutako kultibo bidimentsionala zeharkatzeko eta J774A.1 zeluletatik eratorritako

zelula apartsuetan barneratzeko baldintzak optimizatu behar ziren. Ondoren,
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aukeratutako baldintzetan antagomiR-33-a-ren efektua aztertu zen, hau da, mir-
33-a-renisilpena eta horren itu geneak diren ABCA1 eta ABCGlen gainadierazpena.
Amaitzeko, sistema optimizatu ostean, DPPC rHDLek induzitutako kolesterol

efluxua aztertu zen, J774A.1-etik eratorritako zelula apartsuetan.

9.1. rHDL bidezko miRNAen transfekzioaren optimizazioa

Entseguaren optimizaziorako DPPC:CE:LPC rHDLak erabili ziren. Ateroma
modeloaren kultibo bidimentsionalak zeharkatzeko eta plakan dauden J774A.1-etik
eratorritako zelula apartsuetan barneratzeko kontzentrazio egokia jakiteko 0-100
pug/mL tarteko kontzentrazioak erabili ziren (rHDLen proteina kontzentrazioa).
Bestalde rHDL horien eta miRNAren konjugazioa 1:1 mol ratioan (miRNA:proteina)
egitea erabaki zen. Optimizazio probetarako, C.elegans nematodoaren cel-miR-67

microRNA kontrola erabili zen,

Inkubazio denbora, laborategian aurretik egindako probak kontuan hartuta, 24
orduko inkubazioa izatea erabaki zen. Ondoren rHDL eta miRNAren transferentzia

zelula apartsuetara eman zela aztertu zen.

Esperimentu honen kronologia hurrengoa izan zen: zelulen ateroma modeloa behin

garatuta (ikusi Zelula-hazkuntzak atala), goiko konpartimentuan rHDL konjugatuak

gehitu ziren 150 puL OptiMEM medioan (Gibco, Thermo Scientific, EEBB) eta beheko
konpartimentuan medio berdinaren 400 plL ipini ziren. rHDL kontzentrazioak
bolumen totalerako kalkulatu ziren (550 pL). rHDLak 24 orduz inkubatu ziren 37 °C
eta % 5 CO,-ko atmosferan. 24 orduko inkubazio horren ostean rHDLen eta
miRNAren barneraketa fisikoa aztertu zen. Atal honen kronologia 10. irudian

agertzen da laburtuta.

4.Taula. Landutako miRNAen sekuentziak.
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miRNA Espeziea Kodea Sekuentzia

MiR-33-a-5p Homo MIMATO0000091

. 5’-GUGCAUUGUAGUUGCAUUGCA-3’
sapiens

Cel-miR67-3p C.elegans ~ MIMAT0000039
5’-UCACAACCUCCUAGAAAGAGUAGA-3’

5. Taula: rHDLei konjugatuako miRNA komertzialak.

miRNA Espeziea Erreferentzia Etxe komertziala
AntagomiR-33-a- Homo sapiens IH-300509-08 Horizon Discovery
5p

(Erresuma Batua)

Cel-miR67-3p C.elegans
IN-001005-01

9.1.1. rHDLen barneraketaren azterketa

9.1.1.1. Mikroskopia fluoreszentea

rHDLen barneraketa aztertzeko, Dil-rekin markaturiko DPPC:CE:LPC rHDLak erabili

ziren aurretik azaldu den moduan (ikusi rHDLen markaketa fluoreszentea atala), O-

100 pg/mL bitarteko kontzentrazioetan. rHDL horiek cel-miR67 miRNA zeramaten
konjugatua 1:1 erlazio molarrean. rHDLen 24 orduko inkubazioa amaitzean, hiru
lerroen hazkuntzak PBSaz ondo garbitu ziren eta laginen argazkiak ZOETM
Fluorescent Cell Imager (Bio-Rad Laboratories, Inc., Espainia) mikroskopioarekin

atera ziren.

9.1.1.2. rHDLen fluxu-zitometria
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Argazkiak atera ostean, Dil-rekin markaturiko DPPC:CE:LPC rHDLen barnerapena
fluxu-zitometriaz ere aztertu zen, 0-100 pg/mL bitarteko kontzentrazioetan ere.
Fluxu-zitometria zelulen analisirako parametro anitzeko teknika da. Bertan, aztertu
behar diren partikulen suspentsioa (gehienetan zelulak) banan bana lerrokatuta
laser batetik pasarazten dira. Laserrak zelulekin talka egitean informazioa ematen
duten seinale desberdinak igortzen dira, argiaren dispertsioarengatik eta
fluoreszentzia igorpenarengatik. Zelula bakoitzetik detektatzen diren parametroak

hauek dira:

- Argiaren aurreranzko dispertsioa (ingelesez, forward-scatter edo FSC), zelulen

tamainarekiko proportzionala den parametroa da.

- Angelu zuzeneko dispertsioa (ingelesez, Side-Scatter edo SSC), zelulek duten barne
konplexutasunarekiko proportzionala dena.
- Fluoreszentzia intentsitatea uhin luzera desberdinetan, zelulek saioan jasan duen

markaketa edo fluorokromoaren araberakoa izango dena, kasu honetan Dil.

Horrela, Dil rHDLak ateroma modeloan 24 orduz inkubatu ostean, zelulak
PBS bidez garbitu eta hazkuntza guztiak (HUVEC, VSMC eta zelula apartsuak)
Transwell mintzetik edo plakatik banatu ziren tripsina gehituz. Askatutako zelulen
erdia fluxu zitometriazko analisia burutzeko erabili ziren. Beste erdia hurrengo
atalerako. Hala, 10.000 gertaeren fluoreszentzia neurtu zen CytoFLEX (Beckman
Coulter, EEBB) zitometroan. Saio guztiak hiru bider errepikatu ziren zitometroak
ekarritako argibideak jarraituz aurretiaz deskribatu zen moduan*?. Zitometroa
kalibratzeko, etxe berdineko bihiak erabili ziren (CytoFLEX Daily QC Fluorospheres)
eta datuak analizatzeko CytExpert softwarea erabili zen (Beckman Coulter, v.

2.3.0.84, EEBB).

9.1.2. Cel-miR-67 miRNAren barneraketaren azterketa
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rHDL bidezko miRNAren barneraketa zeluletan aztertzeko, garraiatzen
zuten cel-miR67-a-ren identifikazioa egin zen. Horretarako, aurretik PBS + 5 mM
EDTAz askatutako zelulen beste erditik miRNA erauzi eta kuantifikatu zen gRT-PCR
bidez. Aurretik azaldu den moduan rHDL goranzko kontzentrazioak erabili ziren (0-
100 pg/mL) eta beraz, cel-miR67-a-ren kontzentrazioa gorakorra izan zen ere.
Kasu honetan, ateroma modeloaren zelula apartsuetan soilik aztertu zen miRNAren
barneraketa erabilitako rHDL kontzentrazio bakoitzean. Zelula apartsuen PBS
bidezko garbiketen ostean NZYol (NZYTech) soluziotik 500 pL gehitu zitzaien eta
fabrikatzailearen argibideak jarraituz miRNAren purifikazioa egin zen. Ondoren,
miRNAren anplifikazio eta kuantifikaziorako miRCURY LNA miRNA PCR System
(QIAGEN, Alemania) erabili zen, argibideak jarraituz. Barne kontrol moduan
adierazpen egonkorreko U6 snRNA erabili, kuantifikazioaren datuak erlatibizatzeko

(ikusi miRNAren kuantifikazioa atala).

Fluxu zitometria

Tranwell mintzak eta rHDLen
vsmc HUVEC plakak (zelula barneraketaren Mikroskopia
{mintz azpian) (mintz gainaldea) apartsuak) konbinatu azterketa Fluoreszentea

l l 1 gRT-PCR
24h 24h 24h

| | |

1774A.1 azlDLen gehikuntza rHDLen gehikutza
(plakan) miRNAk

barneratzeko

10. Irudia. rHDL bidezko miRNAen transfekzioaren azterketaren kronologia, ateroma

modeloan.

9.2. AntagomiR-33-a-ren barneraketaren efektuaren azterketa
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AntagomiR-33-a tratamenduak ateroma modeloan zuen eragina frogatzeko
lehendabizi, mir-33-a-ren isilpena aztertu zen eta ondoren, mir-33-a-ren ituak diren

geneen adierazpen maila aztertu zen.

9.2.1. miR-33-a-ren isilpenaren azterketa

zelula apartsuetan adierazten den miR-33-a isilarazteko rHDLak antagomiR-33-a-
rekin konjugatu zen 1: 1 erlazio molarrean eta ateroma modeloan inkubatzeko 50
pug/mL-ko kontzentrazioa erabili zen. Kontrol moduan, cel-miR67 miRNA kontrola
konjugatutako rHDLak erabili ziren. Inkubazioa 24 orduz egin zen eta jarraian qRT-

PCR burutu zen aurretik azaldu den moduan (ikusi miRNAren erauzketa eta

kuantifikazioa atala). Kasu honetan bian zelula putzu bakoitzari 500 pL NZYol gehitu
zitzaion. MIRNA kuantifikatzeko, miRCURY LNA miRNA PCR System (QIAGEN,
Alemania) kit-a erabili zen Hasle moduan cbr-miR-67 miRCURY LNA miRNA PCR
Assay (QIAGEN, Alemania) erabili zen, cel-miR-67-3p sekuentziarekin bat zetorrena.
Eta miR-33-a-ren kuantifikazioa egiteko, etxe berdineko hasleak erabili ziren.
Kuantifikaziorako barne-kontrol moduan U6 snRNA erabili zen, datuen
normalizaziorako. Hasleak miRCURY LNA™ PCR primers set, Qiagen etxe

komertzialetik erosi ziren.

6.Taula. miRNAen qRT-PCRak burutzeko hasleen zerrenda

miRNA Erreferentzia Etxe-komertziala
MiR-33a-5p YP00205690 Qiagen
Cbr-miR67-3p YP02114865 Qiagen
U6 snRNA 203907 Metabion

international

UniSp6 spike YP00203954 Qiagen
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9.2.2. ABCAlen eta ABCGlen gainadierazpenaren azterketa

AntagomiR-33-a tratamenduak zuen eragina frogatzeko mir-33-a-ren ituak diren
geneen adierazpen maila aztertu zen. Esperimentu honen kronologia hurrengoa

izan zen. Zelulen ateroma modeloa behin garatuta (ikusi Zelula-hazkuntzak atala),

goiko konpartimentuan 50 pg/mL rHDL gehitu ziren (antagomiR-33-a, 1:1 ratio
molarrean, aurretik konjugatu zitzaiona) 150 uL OptiMEM medioan eta beheko
konpartimentuan medio berdinaren 400 pL ipini ziren. rHDL kontzentrazioa
bolumen totalerako kalkulatu zen (550 pL). rHDLak 24 orduz inkubatu ziren eta atal
honen kontrol moduan miRNA kontrola zeramaten rHDLak erabili ziren. 24 orduko
inkubazio horren ostean, zelulei DMEM bolumen berdina gehitu zitzaien % 20
FBSarekin, eta beste 24 orduz inkubatu ziren, anitimr-33-a-ren efektuak mRNA eta

proteina mailetan islatu ahal izateko.

9.2.2.1. qRT-PCR

ABCA1 eta ABCG1 proteinen RNA mezulari maila neurtzeko, qRT-PCR erabili zen.
NZYol erreaktiboa (NZYTech, Portugal) erabiliz, zelula apartsuetatik RNA erauzi zen,
fabrikatzailearen argibideak jarraituta. Ondoren, One Step SYBR PrimeScript RT-
PCR Kit (Perfect Real Time) (Takara, Japan) erabili zen, RNA totalaren DNA osagarria
sintetizatzeko (cDNA, ingelesetik complementary DNA) eta lortutako cDNAren PCRa
jarraian burutzeko, dena aldi berean. Hala, gene bakoitzeko 3 neurketa burutu
ziren. Intereseko genearen cDNAa kantitatea jatorrizko cDNA kantitate totalarekiko
normalizatzeko, adierazpen egonkorreko GAPDH genea erabili zen, honen hasleak
ABCA1 eta ABCG1len hasleekin hasieran gehitu zirelarik.

gRT-PCR erreakzioak CFX96 Touch ™ Real-Time PCR Detection System (Bio-Rad,
EEBB) aparatuan egin ziren. Erabil zen programaren arabera laginak lehendabizi 50
°C-tan 20 minutuz berotu ziren eta gero 95 °C-tan 10 minutuz. Ondoren, 40 ziklo
burutu ziren, horietan laginak 95 °C arte berotzen ziren 15 segundoz, segituan 60

°C-tan ipintzeko, minutu batez. Gene bakoitza anplifikatzeko erabili diren hasleak
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7. taulan ageri dira, Metabion international (Alemania) etxe komertzialetik

lortutakoak.

7. Taula. Zelula apartsuetan qRT-PCRak burutzeko erabilitako hasleen zerrenda

GENEA Aurreranzko hasle Alderantzizko hasle
sekuentzia (5' -> 3') sekuentzia (5' -> 3')
ABCA1 ACCCACCCTATGAACAACATGA GAGTCGGGTAACGGAAACAGG
ABCG1 ATTCAGGGACCTTTCCTATTCGG CTCACCACTATTGAACTTCCCG

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

9.2.2.2. Western plapaketa

Zeluletatik eratorritako ABCA1 eta ABCGlen detekzioa Western plapaketa bidez
aztertu zen. Horretarako, esperimentua amaitu ostean J774A.1-etik eratorritako
zelula apartsuetatik zelulen medioa kendu, PBS garbiketak egin eta 100 pl liseriketa
medioa gehitu zen (50 mM Tris—HCI, pH 7,5, 125 mM NaCl, 1% Nonidet P-40, 5,3
mM NaF, 1,5 mM NaP, 1 mM ortonanadato, 1 mg/mL protease inhibitor cocktail
(Roche), eta 0,25 mg/mL Pefabloc, 4-(2-aminoetil)-benzenosulfonil fluorido
hidrokloruroa (AEBSF; Roche). Zelulak frekuentzia baxuan sonikatu ziren Soniprep
150 sonikatzailean (MSE, Erresuma Batua) ondoren, laginak errotazioan utzi
zirelarik, 30 minutuz, 4 °C-tan. Liseriketa ostean, laginak 12.000 g-tan 10 minutuz
zentrifugatu ziren, 4 °C-tan eta laginen jalkinak Western plapaketa bidezko analisi
erdi-kuantitatiboa burutzeko prestatu ziren. Horretarako, proteinen kontzentrazioa
DC Protein Assay (bio-Rad, EEBB) kit-a erabiliz neurtu zen eta pisu molekularraren
arabera, % 8,5eko SDS-PAGE bidez banatu ziren. Proteinen transferentzia ostean
nitrozelulosazko mintzak (Protran BA 83, Whatman™, GE Healthcare, Alemania)
ordubetez inkubatu ziren blokeo soluzioan (TBST + % 5 BSA, p/b) antigorputzen

lotura inespezifikoak ekiditeko eta ondoren, antiABCA1l (sagu) eta antiABCG1
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(untxia) antigorputzekin inkubatu ziren 16 orduz 4°C-tan. 3 TBST garbiketa egin
ostean, HRP entzima kojugatutako antigorputz sekundarioarekin inkubatu zen,
ordu batez giro tenperaturan. TBST garbiketak errepikatu eta mintza Luminata™
Forte Western HRP Substrate (Merck Millipore, EEBB) HRParen substratu
kimioluminiszentearekin inkubatu zen eta proteinen detekzioa ChemiDoc XRS (Bio-

Rad, EEBB) aparatuaren bitartez egin zen.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) proteina barne kontrol
moduan erabili zen. Kasu honetan, elementu infragorria duen antigorputz
sekundarioarekin inkubatu zen ordu batez giro tenperaturan. GAPDH banden
detekzioa ChemiDoc XRS (Bio-Rad, EEBB) aparatuan zen.

Irudien analisi dentsitometrikoa NIH Image) softwarea erabiliz egin zen

(https://imagej.nih.gov/) eta proteina kuantifikazioa GAPDH seinalearekiko

erlatibizatu zen.

8. Taula. Western plapaketan erabilitako antigorputz zerrenda

Antigorputza Etxe- Erreferentzi  Diluzioa  inkubazioa jatorria

komertziala a

Anti ABCA1 polyclonal Abcam ab18180 1:500 16 h, 4°C sagua

ABCG1 polyclonal | Novus NB400- 1:500 16 h, 4°C untxia

antibody Biologicals 132SS

Anti GAPDH Santa Cruz 1:1000 16 h, 4°C sagua
Biotech sc-47724

Anti-Rabbit 1gG, HRP | Cell signaling | 7074 1:5000 1h,RT

linked antibody

Anti-mouse 1gG, HRP | Cel signaling 7076 1:5000 1h,RT
linked antibody

IRDye® 800CW Goat | LI-COR 926-32211 | 1:5000 1h,RT, ahuntz
anti-Rabbit 1gG ilunpetan a
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9.3. rHDLen administrazio sekuentziala ateroma modeloan,
kolesterol kanporaketa induzitzeko

Behin sistema optimizatuta, kolesterol kanporaketa ateroma modeloan
aztertu zen. Hau da, DPPC:CE:LPC rHDLak antagomiR-33-a kultibo bidimentsionala
zeharkatzeko, zelula apartsuetan barneratzeko (bai rHDLak eta bai horri lotutako

miRNA) eta horietan itu genen gainadierazpena induzitzeko gai dela ikusi ostean.

Horrela, esperimentu honen kronologia hurrengoa izan zen (11. irudia): zelulen

ateroma modeloa behin garatuta (ikusi Zelula-hazkuntzak atala), goiko

konpartimentuan 50 pg/mL rHDL gehitu ziren (antagomiR-33-a, 1:1 ratio molarrean
aurretik inkubatuta) 150 pL OptiMEM medioan eta beheko konpartimentuan
medio berdinaren 400 ulL ipini ziren. rHDL kontzentrazioa bolumen totalerako
kalkulatu zen (550 pL). rHDLak 24 orduz inkubatu ziren eta atal honen kontrol
moduan rHDL hutsak erabili ziren, hau da, miRNA gabeko rHDLak. 24 orduko
inkubazio horren ostean, transwell mintza kendu eta zelula apartsuei labeling
medioa gehitu zitzaien (8.2 atalean agertzen den modu berdinen) 45 minutuz 37 °C

eta % 5 C0Oz-an.

Ondoren, zelulak MEM-Hepes medioarekin bi aldiz kontuz garbitu ziren eta zelulak
hurengo medioan 15 orduz utzi ziren: RPMI-1640 medioa + % 2 BSA eta 2 ug/mL
ACAT inhibitzailea. Medio hau gehitzerako unean laginen erdiari TO90 LXR agonista
(3 M) gehitu zen.

Atseden denbora honen ostean kolesterol hartzaileak gehitu ziren MEM-Hepes 25

mM (pH 7,4) medioan prestaturikoak, 2 ug/mL ACAT inhibitzaileaz. Hartzaileak
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gehitzeko unean, DPPC:CE:LPC rHDLak gehitu eta 48 ordu ondoren izango litzateke,
antagomiR-33-a ABCAlen gainadierazpena eragin ostean alegia.
Koletserol kanporaketa entsegu honetan erabilitako rHDL bakarra DPPC rHDLak

izan ziren. Horrez gain hurrengo kontrolak gehitu ziren:

- Barne kontrol moduan gantz-azido gabeko BSA (10 pg/mL) erabili zen
(Sigma Aldrich, EEBB). Honekin, kolesterol kanporaketa inespezifikoa
neurtu zen.

- Kontrol positibo moduan, giza plasmatik purifikatutako HDLak (10 pg/mL).
DPPC rHDLak induzitutako kolesterol kanporaketa honekiko erlatibizatu
zen.

- Horiez gain, kontrol negatiboak sartu ziren, hartzaile gabeko medioa alegia.

Kolesterol hartzaileak 6 orduz inkubatu ziren 37 °C eta % 5 CO;-an. Laginen

tratamendua 8.2 atalean agertzen den modu berdinean egin zen.

Tranwell mintzak eta Kolesterol
_ VSMC_ HUVEC plakak (zelula kanporaketaren
(mintz azpian) (mintz gainaldea) apartsuak) konbinatu azterketa

P |

| | | |

rHDLen gehikutza Labeling medioaren
miRNAk gehikuntza
barneratzeko

1774A.1 azLDLen gehikuntza
(plakan)

11. Irudia. rHDL administrazio sekuentziala ateroma modeloan eta kolesterol
kanporaketaren azterketa.
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10. Analisi estatistikoa

Neurketa guztiak gutxienez hiru aldiz egin ziren, kontrakoa adierazi ezean,
eta emaitzak batez besteko + SD gisa aurkezten dira (desbiderapen estandarra,
ingelesetik standard desviation). Shapiro-Wilk proba bat egin zen datuen
banaketa normala zela baieztatzeko. Hipotesi nulua egiaztatu zen, datuak
normal banatuta zeudela adieraziz.

Banaketa normala duten aldagaien analisi estatistikorako, Student t-testa
edo ANOVA erabili zen. Aldagai kategorikoak Chi karratuaren proba edo
Fisherren proba zehatza erabiliz alderatu ziren. p balioa <0,05 esanguratsutzat
jo zen. Analisi

estatistiko guztiak SPSS 25-rekin egin ziren (SPSS, Inc., Chicago, IL, AEB).
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4. RESULTS




The results presented in this section have been published at:

1. Cholesterol Efflux Efficiency of Reconstituted HDL Is Affected by
Nanoparticle Lipid Composition. Jebari-Benslaiman S, Uribe KB, Benito-
Vicente A, Galicia-Garcia U, Larrea-Sebal A, Alloza I, Vandenbroeck K,
Ostolaza H, Martin C. Biomedicines. 2020 Sep 23;8(10):373. doi:
10.3390/biomedicines8100373.

2. Boosting Cholesterol Efflux from Foam Cells by Sequential Administration
of rHDL to Deliver MicroRNA and to Remove Cholesterol in a Triple-Cell
Two-Dimensional Atherosclerosis Model. Jebari-Benslaiman S, Uribe KB,
Benito-Vicente A, Galicia-Garcia U, Larrea-Sebal A, Santin |, Alloza I,
Vandenbroeck K, Ostolaza H, Martin C. Small. 2022 (in press, DOI:
10.1002/smll.202105915).
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Results 1. Development of rHDL: Experimental set up

1. Human recombinant apoA-| purification

Human apoA-lI was purified from E. coli BL21 (DE3) pLysS transformed with
recombinant hapoA-I (rhapoA-I) vector kindly provided by Prof. Oda, (Children’s
Hospital Oakland Research Institute, Oakland, USA) as described before*?. ApoA-|
vector contains 6-histidine tag and was purified in one step using HiTrap TALON®
crude 5 mL (GE Healthcare, USA) and purity was analyzed in a 12,5% SDS-PAGE

electrophoresis (Figure 12).

Figure 12. ApoA-I purification polyacrylamide gel. Purification purity was
analyzed with SDS-PAGE. Marker bands size: 200, 116.3, 97.4, 66.2, 45, 31,
21.5, 14.4 and 6.5 kDa. ApoA-I bands correspond to its size of ~ 28 kDa.

2. rHDL size and molecular weight determination

2.1.rHDL molecular weight by size exclusion chromatography

Size exclusion chromatography (SEC) was used for rHDL purification and this
technique, with the adequate calibration, can be used to calculate the molecular
weight of the interest molecule***. Superdex 200 10/300 gel filtration column was
first calibrated with molecular size standards (Amersham Biosciences, UK). The
buffer used for rHDL formation, TEN buffer (Tris 10 mM, EDTA 1 mM, NaCl 150 mM,
pH 8), was used as mobile phase. Chromatography was performed at 4 °C using a

flow rate of 0.2 mL/min and elution profiles were expressed as retention volume
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(Ve). The molecular size standards with their retention volume and molecular

weights (MW) are shown in Table 1. In addition, K, value is also indicated. K,y =

Ve-Vo0

TV’ where Ve is the retention volume for each molecule. Vq is the void volume

which corresponds to Ve of Blue Dextran. V7 is the total volume of the column.

Table 1. Molecular size standards used for Superdex 200 10/300 calibration

Molecule Ve (mL) Mw (kDa) Kav
Blue dextran 2000 7.43 2000 ---
Thyroglobulin 10.8 669 0.272
Ferritin 12.4 440 0.402
Catalase 13.24 232 0.47
Aldolase 14.6 158 0.58
Ovalbumin 17 44 0.773
Ribonuclease A 18.7 13.7 0.911

There is a linear relationship between the K, of molecules and the
logarithms of their molecular weights over a considerable size range. This
calibration curve (Figure 13) was used to determine the molecular weight of
purified rHDLs from retention volume.

¥=-037145 + 13611
= 0,033

08

Ovalbumin
)

Aldola._s"e

0,4

Kav
Ribonuclease A *

Ferritin

02

Catalase -r
Thyro‘g'iobulin

LogMW (kDa)

Figure 13. Calibration curve of Superdex 200 10/300. Molecular size
standards Kav and logarithm of their molecular weight. This linear
regression can be used to calculate molecular weight from Kav of the

molecule of interest.

104



rHDL retention volume peak was ~ 12 mL in Superdex 200 10/300 and using
the standard curve of Figure 13, the molecular weight calculated was 450 kDa.
However, it is interesting to note that small variations in retention volume suppose
significant changes in molecular weight, which do not agree with DLS hydrodynamic

diameter measurements.

2.2.rHDL molecular weight by mass photometry

Mass photometry is a novel method for analysing mass measurement of single
molecules*’®, The amount of light scattered by a particle scales linearly with the
particle’s volume and refractive index. As the scattering signal is directly
proportional to the molecule’s mass, it is possible to weigh single molecules with
light. The correlation of scattering signal with mass makes mass photometry a
universal analysis tool for biomolecules in solution. Mass photometer (Refeyn Ltd,
UK) was used to measure molecular size of rHDL during my stay in Copenhagen
Centre for Glycomics (Copenhagen, Denmark). As shown in Figure 14 DPPC rHDL of
apoA-I weighs 182 + 28 kDa, a size that differs from the one measured by SEC.
According to Sigma-Aldrich MWGF1000 bulletin, gel filtration
chromatography is an established method to determine protein molecular weight.
However, size standard molecules for the calibration curve, should have similar
shape of the unknown protein. This is because, although molecular weight has been
correlated with retention volume, gel filtration column actually separates proteins
not on their molecular weight but on their Stokes radius, a parameter that is

affected by the shape of the unknown molecule®®

. In addition, according to
Erickson, if the molecule at study is elongated, it can easily elute at a position twice
the molecular weight of a globular protein®®. The standards for calibration are
globular proteins and TEM micrographs have shown that rHDL are elongated due
toits discoidal morphology. Therefore, this could explain why rHDLs have an elution

profile of 450 kDa molecule and not of 180 kDa, which is obtained from mass

105



photometry measurements. Therefore, it is reasonable to assume that SEC is not

an accurate technique to measure rHDL molecular weight in an accurate manner.

0 200 400 600 800
Mass [kDa]

Figure 14. DPPC rHDL size measurement by mass photometry. Almost all the sample in
solution (96 %) shows the same molecular weight of 182 kDa.

3. Binding of miRNA to rHDLs.

Previous work in our Lab demonstrate (data not shown) that DPPC:CE:LPC
(7.5:2:0.5) rHDLs were the most efficient in binding microRNA. In addition, we
considered that this lipid composition resembles HDL in their mature forms where

cholesterol is already esterified.

In this way, DPPC:CE:LPC rHDL particles were loaded with a control miRNA as
illustrated in Figure 15A. Binding efficiency of miRNA was assessed at different
miRNA:apoA-| ratios. As shown in Figure 15B, maximum miRNA binding was

obtained at 1:1 mol:mol ratio.
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Figure 15. MicroRNA loading of DPPC:CE:LPC rHDL A. Schematic representation of rHDL
loading with microRNA. B. Efficiency of miRNA binding to rHDL determined by qRT-PCR. A
mimic control (cel-miR-67 mature sequence) was used at miRNA:protein mol ratios ranging
0.001-10:1. Binding efficiency was calculated as described in Methods. Data represent the

mean = S.D. of at least three independent measurements.

4. Protein and lipid molar ratio determination in rHDL

For rHDL production, lipids were added in a 125 molar excess respect to apoA-I
concentration. This relationship was used to get nanoparticles of ~10 nm, based in
data from previous work of our Lab, were it was demonstrated that increasing or

decreasing the molar ratio of lipid to protein, produces bigger or smaller particles.

ApoA-| and lipid ratio after rHDL formation was characterized in this work.
rHDL protein concentration, was determined by absorbance at 280 nm using
NanoDropTM 2000 (g = 32,430 M-1 - cm-1). For lipid concentration Fiske-Subbarow

colorimetric method was used as explained in methods*4,

According to
measurements, when apoA-| is mixed with lipids in 1:125 molar ration, nanodiscs

are reconstituted in 1: 80-1:100 molar ratio.
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5. Determination of apoA-lI number in rHDL by Crosslinking

Crosslinking is the use of a probe to link proteins that are at a known distance that
serves to check protein interactions. In this works crosslinking was used to check

the number of apoA-I molecules within each rHDL particle.

Dimethil suberimidate (DMS) is a spacer arm of 8 atoms (11 A) that contains
a group of amine-reactive imidoesters in each end. DMS was incubated with rHDL
sample as explained before and, after reaction, samples were analyzed by SDS-
PAGE. DMS links proteins covalently, which makes possible to analyze the
oligomers in a denaturing gel. As shown in Figure 16, DMS linked two and three
apoA-I molecules, which means that apoA-l is organized in two by two or three by
three in rHDL. The monomer band corresponds to the apoA-I that did not interact

with DMS, which serves as a control of specific crosslinking.

Therefore, it can be concluded that two or three apoA-I molecules incorporate to

rHDLs, similar as in nascent HDL338,

—
—
75- B PR . . Trimer
— - Dimer
50-
37- e

25 P — A . Monomer

20-

Figure 16. Crosslinked apoA-I of rHDL samples. DPPC rHDL samples were incubated with
DMS and analyzed by SDS-PAGE. Each sample corresponds to a fraction of the rHDL peak
resolved by SEC (~ 12 mL). Monomer band is the apoA-I that does not interact with DMS (~
28 kDa). Second and third bands corresponds to apoA-I dimers (56 kDa) and trimers (~ 80

kDa), respectively.
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6. rHDL conservation

rHDL preparation is a laborious process that takes one week, therefore, it was
interesting to analyse rHDL conservation when kept at 4 °C and when frozen. rHDL
samples were analyzed freshly purified and after a month kept at 4 °C. Structural
techniques such as DLS and circular dichroism were used to determine rHDL
degradation. In addition, recently, mass photometer was used to analyse molecular

size of frozen rHDLs.

As shown in Figure 17, apoA-l has the same secondary structure after a
month from purification conserved at 4 °C. rHDL size was also maintained as shown
in DLS measurements. In addition, mass photometer, shows that a month at 4 °C,
do not affect the molecular weight of rHDL sample. Moreover, degradation or
residual products could not be observed with mass photometry (a second peak) nor

aggregation products.

However, studies about lipids or protein chemical modifications should be assessed

(e.g. oxidation) for a comprehensive analysis.
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Figure 17. rHDL structural analysis when stored at 4 °C for a month. A.
Circular dichroism spectra of fresh rHDL and rHDL kept at 4 °C for one month.
ApoA-| secondary structure was preserved when conserved the samples at 4
°C for one month. B. Hydrodynamic diameter of fresh rHDL and samples

stored for one month at 4 °C . No changes in size were observed. C.

On the other hand, recently and using mass photometer, rHDL
cryopreservation was analyzed. Mass photometer lower limit is 30 kDa, which

makes possible to measure apoA-I shedding due to rHDL degradation.
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Sucrose is a cryopreserving composite that is already used to conserve lipoproteins
for longer periods at -20 or -80 °C*®%%7, DPPC rHDL were frozen at different sucrose
percentages both at -20 °C and -80 °C for three weeks, after thawing the samples,
rHDL samples were diluted in TEN buffer to 40 nM. Mass photometer calibration
was done with TEN buffer and samples were diluted two more times for the
measurement. As shown in Figure 18 rHDL molecular sizes did not change when
rHDL were frozen either at -20 or at -80. However, a second smaller peak (~ 10% of
the total) was detected during the freeze-thaw process, which suggests particle
damage during this period. Functional analysis such as cholesterol efflux
experiments should be done with frozen rHDLs to conclude that cryopreservation

is a good method for rHDL storage, as concluded with plasma HDLs*.
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Figure 18. Mass photometer measurement of frozen rHDL samples. rHDL

samples were stored at A. -20 °C or B. -80 °C with different sucrose

concentration (0-20%, v/v).
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Results 2. Cholesterol efflux efficiency of reconstituted HDL is
affected by nanoparticle lipid composition

1. Development and Biophysical Characterization of rHDL

HDL were reconstituted with different phospholipid mixtures (Soy-PC, DPPC,
DPPC:Chol:LPC (85:10:5 mol%) and DPPC:CE:LPC (75:20:5 mol%) as indicated in
Methods section. The reconstitution ratio of apoA-I:lipid was optimized to 1:125.
The rHDLs, aggregates, and free apoA-l were detected and separated by size
exclusion chromatography on a Superdex 200 column as shown in Figure 19A.
When applying the rHDLs samples, the aggregates were present in the void volume
of the size exclusion column at 7-9 mL, and a rHDL homogenous peak was centered
at 11-13 mL, preceding free apoA-I at 15 mL (Figure 19A).

DLS was used to characterize rHDL size (hydrodynamic diameter) and
homogeneity. The size distribution of nanodiscs indicated that rHDLs have an
average diameter of ~10 nm (Figure 19B).

We next evaluated, by circular dichroism (CD)
measurements, a-helical structure in the purified
rHDL and apoA-| (Figure 19C). The higher a-helical
content of rHDL shown by rHDL compared to free

apoA-l (=2.2-2.5 times,

Table 2) indicates a correct protein conformation and well-structured protein

within the nanodisc (Figure 19C).
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Table 2. a-helical content of apoA-l and rHDL determined by CD.

a-helical Content a-helicity ratio rHDL/apoA-I

ApoA-| 30.7+£2.3 -
DPPC 70.0+2.8* 23+03*
DPPC:Chol:LPC 774166 * 2.5+0.02*
DPPC:CE:LPC 64.7+3.8* 2.2+0.04*
Soy-PC 70.3+3.5* 25+03*

a-helical content calculated from ellipticity values at 222 nm. R is the ratio of alpha
helicities between nanoparticles and free protein. Once incorporated into rHDL, apoA-I
increases its helicoidal structure 2 times in each composition of rHDL, with no differences
among them. Data represent the mean + S.D. (n = 3). All measurements were performed
independently 3 times and levels of significance were determined by a two-tailed
Student’s t-test. *p < 0.01 compared to apoA-I. rHDL: reconstituted HDL; DPPC: 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine; LPC: 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine. Chol: free unesterified cholesterol; CE: esterified cholesterol; Soy-PC: soy
phosphatidylcholine.

Negative stain electron microscopy (NS-EM) was also used to qualitatively
examine homogeneity of the rHDLs and to measure particle diameter (Figure 19D
and E). The peak population of the selected 1600 particles was in the diameter
range of 8-10 nm, confirming the values obtained by DLS (Figure 19D). The
determined diameters for the rHDLs were: DPPC9.0 + 1.6, DPPC:Chol:LPC9.2 + 2.4,
DPPC:CE:LPC 10.8 + 2.2 and Soy-PC 8.7 £ 2.3. Mostly, all nanodiscs appeared as
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single particles oriented randomly on the staining grid (Figure 19E). The
characteristic stacked nanoparticles were also observed by NS-EM but they
appeared in a non-significant number. rHDL morphology was approximately

circular, consistent with a discoidal shape (Figure 19E).
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Figure 19. Development and biophysical characterization of rHDL. A. Gel filtration
profiles of rHDL reconstituted with different lipids and apoA-I. Nanoparticles were

analyzed by gel filtration chromatography on a Superdex 200 column eluted at 4 °C.
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The profiles were monitored using absorbance at 280 nm. B. rHDL size
(hydrodynamic diameter) determination by dynamic light scattering (DLS). Each
rHDL preparation present 9-10 nm diameter when analyzed trough DLS. No
significant differences between different compositions. C. Circular dichroism of rHDL
preparations and apoA-| protein in solution at 25 °C in buffer TEN (pH 8). Bmrw: mean
residue ellipticity. D. Frequency histograms showing particle size distribution of rHDL
determined from NS-EM images. rHDL size distribution was measured as Feret
diameter calculated from 1600 particles. E. Representative rHDL transmission
electron microscopy images. DPPC, DPPC:Chol:LPC (8.5:1:0.5), DPPC:CE:LPC
(7.5:2:0.5) and Soy-PC. Magnification 100 x. Scale bar of 50 nm. Soy-PC scale bar of
100 nm.

Transition temperature of the rHDLs lipid moiety was assessed by steady state
fluorescence anisotropy using DPH, which localizes to the hydrocarbon core of the
lipid bilayer*®. The temperature-dependent fluorescence anisotropy changes of
DPH allows determining phase transition temperature of the different lipid
mixtures in rHDLs*®. As shown in Figure 20, the phase transition temperature of
DPPC rHDL obtained from our measurement is 42.9 + 0.3 °C, which is similar to the
literature value-range of phase transition temperature of DPPC nanodiscs®®. The
addition of Chol/LPC or CE:LPC to the nanodiscs increases the phase transition
temperature by 1.7 and 4.1 °C compared to DPPC alone, respectively (Figure 20).
As shown in the Figure 20 inset, DPPC:Chol:LPC and DPPC:CE:LPC Tr, are 44.6 + 0.6
and 47.0 £ 0.5 °C, respectively. As expected due to its lipid composition, HDL Tr, was
32.0 £ 0.3 °C in the range of the previously described transition temperature of
lipoproteins (27-34 °C)*°’. Fluorescence anisotropy changes of DPH Soy-PC
nanodisc were not assessed because they are already at liquid-crystalline state

below 0 °C°>%,
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Figure 20. Fluorescence anisotropy of DPH in HDL, DPPC, DPPC:Chol:LPC and
DPPC:CE:LPC rHDLs as a function of temperature. The inflection point of the
plot gives the phase transition temperature of high-density lipoproteins (HDL)
and rHDLs. Insert shows the phase transition temperatures. DPH was excited at
360 nm and fluorescence anisotropy was measured at 428 nm. All
measurements were carried out in TEN buffer, pH 8. Concentration of HDL and
rHDL was kept constant at apoA-lI 2 uM for all measurements. Data points
shown are means = S.D. of at least three independent measurements. DPH: 1,6-

diphenyl-1,3,5-hexatriene.

2. J774A.1 macrophages derived foam cells formation

2.1. Confirmation of LDL Acetylation by Agarose Gel Electrophoresis

Acetylated LDL electrophoretic mobility was assessed in a 0.7% (w/v) agarose gel
prepared in running buffer (90 mM Tris-HCI, 80 mM Boric acid, pH 8.2). Due to
lysine acetylation, LDLac show a higher electrophoretic mobility than normal LDL

(Figure 21). Electrophoresis was performed at 4 °C and 90 V for 80 minutes. Gel was
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dried at 80 °C for 1 hour, after incubating it for 30 minutes in fixing buffer (75%
ethanol, 5% glacial acetic acid) at room temperature. Then, gel was stained with

Coomassie Brilliant Blue.
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Figure 21. Agarose gel electrophoresis of acetylated LDL (LDLac).
Electrophoretic pattern of LDL and acetylated LDL in agarose gel. LDLac show

a higher electrophoretic mobility than normal LDL due to lysine acetylation.

2.2. Quantitative and qualitative analysis of foam cell formation

Foam cell formation is a complex process were macrophages internalize modified
lipoproteins. This process can be measured by analysing lipid accumulation in the

cytoplasm in form of lipid droplets®®.

J774A.1 cells were incubated with acetylated LDL in a dose response manner and
foam cell formation was assessed quantitatively and qualitatively. For quantitative
analysis, Oil-Red-O (ORO) dye was used (Sigma-Aldrich, USA) to measure the lipid

accumulated within lipid droplets. For ORO data normalization cell nucleus were
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labelled with Violet crystal (Sigma-Aldrich, USA). After labelling of each dye, both
ORO and Crystal violet were extracted from cells, and their absorbance was

measured at 510 nm and 580 nm, respectively.

For qualitative analysis, foam cell formation was assessed by optical
microscopy. Cells lipid droplets were labelled again with ORO, whereas the nucleus
were labelled with Meyer’s Hematoxylin (Sigma-Aldrich, USA). After the required
washing steps, pictures of the cells were taken in a Nikon ECLIPSE TS100 inverted

microscope (Nikon, Japan) (Figure 22B).

As seen in Figure 22A, lipid accumulation within cells increases with LDLac
incubation, reaching a plateau phase at 100 pg/mL. Concentration of 125 pug/mL

was chosen for next experiments.
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Figure 22. Quantitative and qualitative analysis of foam cell formation. A. Quantitative
analysis of the formation of foam cells was performed with Qil-Red-O (ORO) dye and
with Crystal Violet as described in Methods. B. Qualitative analysis of foam cells was
performed by optical microscopy by staining lipid droplets with ORO and nuclei with
Mayer’s Hematoxylin Images were captured in a Nikon ECLIPSE TS100 inverted
microscope (Nikon, Japan). The data in (A) represent the mean * S.D of at least three
independent measurements. Levels of significance were determined by a two-tailed

Student’s t-test. *p<0.005 compared to no addition of acetylated LDLs.
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3. Effect of rHDL Lipid Composition on Cholesterol Efflux In Vitro

3.1. Cholesterol Efflux Promoted in Human and Murine Macrophages

The effect of rHDL lipid composition on promoting cholesterol efflux was assessed
both in human THP-1 and murine J774A.1 macrophages, and in human VSMC-
derived foam cells (Figure 23, Figure 13, Figure 14, respectively). Cells were loaded
with TopFluor® cholesterol and cholesterol efflux was determined following
incubation with rHDL of different lipid compositions.

As shown in Figure 23A, incubation of THP-1 derived macrophages with DPPC and
DPPC:Chol:LPC rHDLs showed a significantly higher cholesterol efflux than those
incubated with human HDL; in fact, DPPC rHDL particles were a 51% more efficient
than HDLs and, DPPC:Chol:LPC rHDLs showed a 34% increased efficiency compared
to HDLs. In contrast, DPPC:CE:LPC and Soy-PC rHDLs showed a similar cholesterol

efflux compared to HDLs.
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Figure 23. Effect of HDL, DPPC, DPPC:Chol:LPC, DPPC:CE:LPC and Soy-PC rHDLs on

cholesterol efflux in A. human THP-1 and B. murine J774A.1 derived macrophages. rHDLs
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were added to the cells in MEM-Hepes 25 mM (pH 7.4) containing 2 pg/mL ACAT inhibitor
and incubated during 6 h to promote cholesterol efflux. Cholesterol efflux was calculated
as described in Methods. The data represent the means £ S.D. of at least three
independent measurements. Levels of significance were determined by a two-tailed

Student’s t-test. * p < 0.01 compared to HDL and # p < 0.01 compared to DPPC.

Similar results, but to a lesser extent, were obtained in J774A.1 macrophages. As
shown in Figure 23B, DPPC and DPPC:Chol:LPC rHDLs induced a significantly higher
cholesterol efflux from the cells than those incubated with human HDL; in this case,
DPPC rHDL particles were 35% more efficient than HDLs and, DPPC:Chol:LPC rHDLs
showed increased efficiency by 24% compared to HDLs. In contrast, DPPC:CE:LPC
and Soy-PC rHDLs showed similar cholesterol efflux compared to HDLs.

Cholesterol efflux induced by rHDLs in J774A.1 macrophage-derived foam cells
showed similar results to those determined in THP-1 and J774A.1 cells (Figure
1313A). Incubation with DPPC rHDL induced a significantly higher cholesterol efflux
when compared with HDL. Although the cholesterol efflux induced by HDL was
lower when compared to non-foam J774A.1 cells, the efficiency of DPPC nanodiscs
resulted in a higher efficiency when compared to that determined with DPPC rHDL
in non-foam cells (57% vs. 35%, respectively). DPPC:Chol:LPC, DPPC:CE:LPC also
showed a higher cholesterol efflux compared to HDL (=20%, =25%, respectively)
while Soy-PC rHDLs showed a similar cholesterol efflux than that determined for
HDL. Next, the effect of ABCA1 overexpression on cholesterol efflux induced by
rHDLs was examined. ABCA1 mRNA expression was stimulated by incubating
J774A.1 foam cells with TO901317 and cholesterol efflux was determined in similar
conditions as before. As shown in Figure 13A, upregulation of the ABCA1l
transporter significantly enhanced the cholesterol efflux induced by rHDL, with the
cholesterol efflux induced by DPPC being 140% more effective than that induced by
HDL. The effect of DPPC:Chol:LPC and DPPC:CE:LPC rHDLs on cholesterol efflux was
100% higher than HDL. On the other hand, Soy-PC rHDL induced cholesterol efflux
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was similar to that induced by HDL. As shown in Figure 13B and C, TO901317 almost
induced twice the upregulation of ABCA1 transporter, indicating that cholesterol
efflux induced by DPPC, DPPC:Chol:LPC and DPPC:CE:LPC rHDLs is efficiently

enhanced by upregulating the transporter (Figure 13).
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Figure 13. Effect of HDL, DPPC, DPPC:Chol:LPC, DPPC:CE:LPC and Soy-PC rHDLs on
cholesterol efflux in A. murine J774A.1 derived foam cells and murine J774A.1 derived foam
cells stimulated with TO901317. B. ABCA1 levels in both TO901317 stimulated and non-
stimulated foam cells. C. Expression levels of ABCA1 determined by optical density. rHDLs
were added to the stimulated and non-stimulated cells in MEM-Hepes 25 mM (pH 7.4)
containing 2 pg/mL ACAT inhibitor and incubated during 6 h to promote cholesterol efflux.
Cholesterol efflux was calculated as described in Methods. The data in A and C, represent
the means % S.D. of at least three independent measurements. Figure B correspond to a
representative western blot of n = 3. Levels of significance were determined by a two-tailed

Student’s t-test. * p < 0.01 compared to HDL and # p < 0.01 compared to DPPC.
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3.2. Cholesterol Efflux Promoted in Human VSMC-Foam Cells

VSMCs extracted from carotid arterial atherosclerotic tissue samples showing foam
cell phenotype obtained from carotid endarterectomy were used to determine the
ability of rHDL to induce cholesterol efflux>®*. As shown in Figure 14, upon incubation
with rHDLs, only DPPC nanodiscs induced a slight but significant increase in cholesterol
efflux (22%) when compared with HDL. DPPC:Chol:LPC and DPPC:CE:LPC rHDLs showed
similar cholesterol efflux to HDL. Upregulation of ABCA1 in VSMC by TO901317
increases cholesterol efflux to HDL significantly when compared to non-stimulated cells
(Figure 14). In addition, cholesterol efflux to DPPC rHDL was also significantly increased
compared to HDL upon TO901317 treatment (Figure 14). The effect of DPPC:Chol:LPC
and DPPC:CE:LP CrHDLs in TO901317 stimulated cells was similar to HDL (Figure 14).
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Figure 14. Effect of HDL, DPPC, DPPC:Chol:LPC and DPPC:CE:LPC rHDLs on
cholesterol efflux in vascular smooth muscle cells (VSMC) derived foam cells
stimulated or not with TO901317. rHDLs were added to the stimulated and non-
stimulated cells in MEM-Hepes 25 mM (pH 7.4) containing 2 pg/mL ACAT inhibitor
and incubated during 6 h to promote cholesterol efflux. Cholesterol efflux was
calculated as described in Methods. Data represent the means + S.D. of at least

three independent measurements. Levels of significance were determined by a
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two-tailed Student’s t-test. * p < 0.01 compared to HDL and # p < 0.01 compared
to DPPC.

Results 3: Boosting cholesterol efflux from foam cells by
sequential administration of rHDL to deliver microRNA and to
remove cholesterol in a triple-cell two-dimensional
atherosclerosis model

1. Development and Biophysical Characterization of DPPC:CE:LPC and
DPPC rHDL

HDL were reconstituted with DPPC:CE:LPC (75:20:5 mol%) for antagomiR-33a
delivery or DPPC alone for cholesterol efflux as indicated in the Methods section.
ApoA-l:lipid ratio was optimized to 1:125 mol:mol in both compositions.
Nanoparticle formation is illustrated in Figure 24A. Once reconstituted, rHDLs were
purified by size exclusion chromatography. As shown in Figure 24B, rHDL showed a
homogeneous peak centred at 11-13 mL, preceding the elution of free apoA-l at 15
mL. Size distribution of nanodiscs determined by dynamic light scattering (DLS)
showed an average diameter of the particles of ~10 nm (Figure 24C and F). Finally,
a-helical structure content determined by circular dichroism (CD) showed higher a-
helical contentin rHDLs compared to free apoA-l (=2.2-2.5 times, Figure 24D; Table
3). These results indicate a correct reconstitution of rHDLs (Figure 24B-D). Size and
morphology of nanoparticles were determined by negative stain electron
microscopy (NS-EM) (Figure 24E), which showed a circular morphology, consistent
with a discoid shape as shown by typically stacked nanoparticles resembling a
“rouleaux” formation and, circular shapes presented by nanodiscs viewed from the
top (Figure 24E). Longitudinal and transverse axes were 10.6 £+ 0.8 and 3.9+ 0.4 nm,
respectively. The longitudinal axis was similar to the diameter range (8—10 nm)

determined by both DLS and NS-EM (Figure 24F).
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Figure 24. Development and biophysical characterization of rHDL. A. Schematic
representation of rHDL reconstitution and purification by gel filtration chromatography
on a Superdex 200 column. B. Gel filtration profiles of DPPC and DPPC:CE:LPC rHDLs,
profiles were monitored by absorbance at 280 nm. C. rHDL size profiles determined by
DLS. No significant differences between the different rHDL compositions were
determined. D. Circular dichroism of DPPC and DPPC:CE:LPC rHDLs and apoA-I protein in
solution. Bmre: mean residue ellipticity. E. Representative rHDL transmission electron

microscopy images. Magnification 100x. Scale bar of 50 nm. F. rHDL diameter determined
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from DLS (hydrodynamic diameter) and NS-EM images. Size of rHDL was measured as

Feret diameter calculated from 1600 particles.

Table 3. a-helical content of apoA-I and rHDL determined by CD.

a-Helical Content a-Helicity Ratio rHDL/apoA-I

apoA-I| 31.1+2.0 -
DPPC 713+25* 23+0.2*
DPPC:CE:LPC 67.4+34*% 22+01*

a-helical content calculated from ellipticity values measured at 222 nm. R is the
ratio of a-helicities between rHDLs and free protein. Data represent the
mean + S.D. (n = 3). All measurements were performed independently three times
and levels of significance were determined by a two-tailed Student’s t-test. *

p<0.01 compared to apoA-I.

2. Delivery of antagomiR-33a by DPPC:CE:LPC rHDL into foam cells in
atheroma plaque model

2.1. Two-dimensional atheroma plague model set up

A modular co-culture system, which facilitates the separation of each cellular
compartment, was used to set up a three-cell 2D-atheroma model. The system
allows co-culturing ECs, VSMCs and macrophage-derived foam cells mimicking the
vascular compartment thus facilitating the study of dynamics and interaction of
rHDL with foam cells. A schematic illustration of the model is shown in Figure 25A.
The use of 0.4 um pored transwell inserts allows separation of VSMCs and ECs by a
thin transwell membrane. This avoids translayer contamination by the other cell
types while at the same time allows to individually isolate each culture layer. Barrier
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function was validated by determining transendothelial electrical resistance (TEER)
of ECs. The calculated TEER value calculated by Ohm’s law, 24.6+1.2 Q - cm?
confirmed integrity and permeability of the in vitro barrier and are in agreement
with values reported by others>%>5%,

As illustrated in Figure 25B, delivery of antagomiR-33a by DPPC:CE:LPC rHDL would
promote miR-33a silencing and consequently upregulation of ABCA1 and ABCG1

transporters.

2.2. Uptake of DPPC:CE:LPC rHDL by ECs, VSMC and Foam Cells

We next aimed to address the delivery of antagomiR-33a by rHDL through the 2D
atheroma model and determined the efficiency of rHDL uptake by ECs, VSMCs and
foam cells in confluent populations. To establish the optimal condition for efficient
microRNA delivery, different concentrations of rHDL were used (0-100 pg/mL)
(Figure 25C) and uptake of Dil-labelled DPPC:CE:LPC rHDL by the different cell types
was assessed after 24 h by fluorescent microscopy and flow cytometry. As shown
in Figure 25, foam cells were extremely avid internalizing DPPC:CE:LPC rHDL (Figure
25C, lower panel). On the other hand, VSMCs showed residual rHDL uptake (Figure
25C, middle panel) while ECs internalized rHDL in a moderate way (Figure 256C,
top panel) compared to foam cells. To quantify rHDL uptake efficiency, cells from
the different compartments were isolated after incubation with the nanoparticles
and their uptake was analyzed by flow cytometry as described in Methods. As
shown in Figure 25D, and confirming the results obtained by fluorescent
microscopy, foam cells showed the highest ability in rHDL uptake, which resulted
saturated at 50 pg/mL. Considering the fluorescence determined in foam cell
uptake when treated with 100 pg/mL as 100%, rHDL uptake by ECs was 34%

compared to foam cells while the uptake by VSMCs resulted residual (Figure 25D).
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Figure 25. DPPC:CE:LPC rHDL are efficiently delivered into foam cells in the 2D
atheroma model. A. A schematic illustration of the 2D atheroma model. The system

allows co-culturing ECs, VSMCs and macrophage-derived foam cells mimicking the
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vascular compartment. B. ABCA1 and ABCG1 upregulation in foam cells by the delivery
of antagomiR-33a loaded rHDL, which promotes miR-33a silencing. C. Fluorescent
micrographs showing rHDL uptake in ECs (top panel), VSMC (middle panel) and foam
cells (lower panel) at different rHDL concentrations (0-100 pg/mL). D. Uptake of Dil-
labelled DPPC:CE:LPC rHDL concentrations (0-100 ug/mL) by the different cell types
assessed by flow cytometry. Data represent the mean + S.D of at least three
independent measurements. Levels of significance were determined by a two-tailed

Student’s t-test. * p<0.01 compared to no rHDL addition (O pg/mL). Scale bars 50 um.

2.3. Delivery of antagomiR-33a by DPPC:CE:LPC rHDL to Foam Cells

Intracellular delivery of miRNA by rHDL to foam cells was then assessed in the 2D
atheroma model. First, delivery of cel-miR-67 (a microRNA that is naturally and
specifically expressed in C. elegans) was used to set up validation. DPPC:CE:LPC
rHDL particles loaded with cel-miR-67 at 1:1 mol:mol ratio were added in the ECs
compartment at different concentrations (0-100 ug/mL rHDL) and miRNA
incorporation into foam cells was determined after 24 h incubation with
nanoparticles (Figure 26A). Total RNA was purified and intracellular cel-miR-67
levels were quantified as indicated in Methods. As shown in Figure 26A, delivery

efficiency of miRNA reached maximum values at 100 pg/mL rHDL.

Similarly, a DPPC:CE:LPC rHDL dose-dependent (0-20 pg/mL rHDL) uptake assay was
performed in macrophage-derived foam cells cultured alone in monolayer. In the
absence of the vascular barrier simulated in the 2D atheroma model, the rHDL
concentration required to achieve maximal delivery resulted five times lower (10
pg/mL rHDL) compared with the ones required in the 2D atheroma model (Figure

27).

We next examined the ability of silencing miR-33a by delivering antagomiR-33a in

DPPC:CE:LPC rHDL in the 2D atheroma model. Therefore, nanoparticles were

loaded with antagomiR-33a and then, 50 pg/mL rHDL-antagomiR-33a were added
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into the ECs compartment and incubated for 48 h. Delivery of antagomiR-33a to
foam cells by rHDL reduced =4 times the levels of endogenous miR-33a compared
with cells treated with nanodisc carrying control miRNA (Figure 26B). The extent of
miR-33a silencing was also analyzed by determining the mRNA levels of ABCA1 and
ABCG1, two known targets of miR-33a. As shown in Figure 26C, treatment with
antagomiR-33a loaded rHDL resulted in =2.5 and 2 fold higher levels of ABCA1 and
ABCG1 compared to control cells (treated with control miRNA), respectively.
Similarly, upregulation of ABCA1 and ABCG1 protein levels in foam cells by
delivering antagomiR-33a in DPPC:CE:LPC rHDL was confirmed by Western blot
Figure 26D. Expression levels of ABCA1 and ABCG1 determined by optical density
were 4.0+ 0.8 and 2.3+ 0.6, respectively (Figure 26E).
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Figure 26. miRNA transfer capacity, miR-33a downregulation and ABCA1/ABCG1
upregulation by miRNA delivery by DPPC:CE:LPC rHDL to foam cells. rHDLs were added to
the cells in Opti-MEM™ to allow miRNA delivery, mir-33a repression and protein
upregulation. A. Intracellular delivery of miRNA by rHDL to foam cells assessed in the 2D
atheroma model. DPPC:CE:LPC rHDL particles loaded with cel-miR-67 at 1:1 mol:mol ratio
were added in the ECs compartment at different concentrations (0-100 pg/mL rHDL). B.
miR-33a silencing by delivering antagomiR-33a in DPPC:CE:LPC rHDL (50 pg/mL) in the 2D
atheroma model. C. mRNA levels of ABCA1 and ABCG1 after delivery of antagomiR-33a by
rHDL to foam cells. MiR-33a and mRNA levels were determined after incubation of rHDL
with 2D atheroma model foam cells during 48 h by qRT-PCR determined as described in
Methods. D. Upregulation of ABCA1 and ABCG1 protein levels in foam cells by delivering
antagomiR-33a in DPPC:CE:LPC rHDL. E. Expression levels of ABCA1 and ABCG1 determined
by optical density. The data in A, B, C and E represent the mean + S.D of at least three
independent measurements. The data in D correspond to a representative western blot of
n=3. Levels of significance were determined by a two-tailed Student’s t-test. *p<0.01

compared to control miRNA.
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Figure 27. miRNA transfer capacity by DPPC:CE:LPC rHDL to foam cells
cultured in monolayer. DPPC:CE:LPC rHDL particles loaded with cel-miR-67
(1:1 mol:mol ratio) were added at different concentrations (0-20 pg/mL rHDL)
to the cells in Opti-MEM™ medium and incubated during 24 h to allow miRNA
delivery. Intracellular delivery of miRNA by rHDL to foam cells was
determined as described in Methods. The data represent the means £ S.D of

at least three independent measurements.
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3. Cholesterol efflux promoted in foam cells within the 2D atheroma
model

Finally, the efficiency of cholesterol efflux induced by sequential administration of
antagomiR-33a by DPPC:CE:LPC rHDL followed by DPPC rHDL was evaluated in
macrophage-derived foam cells loaded with TopFluor® Cholesterol (Figure 28A)%,
The efficiency of DPPC rHDL as cholesterol acceptor was compared with natural

HDL (Figure 28B).

Additionally, a comparative study between cholesterol efflux in foam cells
cultured in 1D and foam cells grown in the 2D atheroma model was performed.
AntagomiR-33a-loaded DPPC:CE:LPC rHDL at 10 pg/mL was used in foam cells
cultured alone and, 50 pg/mL in the 2D atheroma model. Nanoparticles were
incubated for 48 h with the cells to allow cargo delivery and ABCA1/ABCG1
upregulation. After cholesterol loading, DPPC rHDL (10 pg/mL) or HDL (10 pg/mL)

were administered and incubated for 6 h to allow cholesterol efflux (Figure 28C).
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Figure 28. Cholesterol efflux promoted in foam cells by sequential rHDL administration in
a triple cell 2D atheroma model. A. Macrophage-derived foam cells loaded with TopFluor®
Cholesterol. B. lllustration of the acceptors used for cholesterol efflux. C. Schematic
representation of time-course sequential administration of rHDL prior cholesterol efflux
assay. D. Cholesterol efflux in 1D and 2D atheroma model cultured foam cells with HDL as
acceptor. E. Cholesterol efflux in 1D and 2D atheroma model cultured foam cells with DPPC
rHDL as acceptor. Cholesterol efflux was calculated as described in Methods. The data in D
and E represent the mean + S.D of at least three independent measurements. Levels of
significance were determined by ANOVA. * p<0.01.
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3.1. HDL as cholesterol acceptor

Incubation with miRNA-devoid rHDL (empty-rHDL) induced a cholesterol efflux to
HDL of =5% in both 1D and 2D atheroma model cultured foam cells (Figure 28D).
The contribution of upregulating ABCA1 and ABCG1 to cholesterol efflux was
assessed by incubating the cells with TO901317, a LXR agonist, as an internal
control of the assay*°. As shown in Figure 28D, TO901317 treatment increased
significantly cholesterol efflux to HDL when compared to cells treated with empty-
rHDL in both 1D and 2D cultured foam cells (Figure 28D). Similarly, upregulation of
ABCA1 and ABCG1 by delivery of antagomiR-33a promoted a significant
enhancement of cholesterol efflux to HDL. On the other hand, treatment with
TO901317 and antagomiR-33a in combination caused a three times higher
cholesterol efflux compared to cells treated with empty-rHDL (Figure 28D).
Combination of T0901317 and antagomiR-33a-rHDL caused a synergistic
upregulation of ABCA1 and ABCG1 protein levels in foam cells (Figure 29).

The cholesterol efflux was paralleled by a similar reduction in the intracellular

cholesterol content (Figure 301).
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Figure 29. Combination of TO901317 and antagomiR-33a-rHDL caused a synergistic
upregulation of ABCA1 and ABCG1 protein levels in foam cells rHDLs and TO901317 were
added to the cells in Opti-MEM™ to allow miRNA delivery, mir-33a repression and LXR
activation. A. Upregulation of ABCA1 and ABCG1 protein levels in foam cells by combined
TO901317 treatment and delivery of antagomiR-33a in DPPC:CE:LPC rHDL. B. Expression
levels of ABCA1 and ABCG1 determined by optical density. The data in A correspond to a
representative western blot of n=3. The data in B and E represent the mean % S.D of three
independent measurements. Levels of significance were determined by a two-tailed

Student’s t-test. *p<0.01 compared to control miRNA.

3.2.DPPC rHDL as cholesterol acceptor

DPPC as cholesterol acceptor showed a higher efficiency in terms of cholesterol
efflux compared to HDL (Figure 28E). Treatment with DPPC:CE:LPC rHDL without
antagomiR-33a (10 pg/mL rHDL in 1D or 50 pg/mL rHDL in the 2D atheroma model)
induced a cholesterol efflux of 7.5% in both 1D cultured foam cells and 2D cultures
(Figure 28E). Stimulation of LXR with TO901317 resulted in a significantly increased
cholesterol efflux of 52 and 59% in 1D and 2D cultured foam cells, respectively,
compared to cells treated with rHDL without antagomiR-33a (7.3 £+ 1.5 vs. 11.1

1.3 and 8.3 + 1.8 vs. 13.2 + 0.6, respectively) (Figure 28E). Delivery of antagomiR-
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33a by DPPC:CE:LPC rHDL into foam cells (10 pg/mL rHDL in 1D or 50 pg/mL rHDL
in the 2D atheroma model) increased cholesterol efflux by 100 and 77% in 1D and
2D cultured foam cells, respectively (7.3 +1.5vs. 14.6 £ 0.8and 8.3 +1.8vs.14.7
1.2, respectively). On the other hand, treatment combination with TO901317 and
antagomiR-33a also caused a higher effect on cholesterol efflux than cells treated
with the agonist and antagomiR-33a alone (Figure 28E). The reduction in the
intracellular cholesterol content when DPPC rHDL was used as cholesterol acceptor
paralleled the cholesterol efflux to rHDL (Figure 301). In addition, data indicate that
five times higher concentrations of antagomiR-33a loaded rHDL are required in
foam cells grown in 2D atheroma model to achieve similar cholesterol efflux
concentrations in those cultured in 1D.
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Figure 301. Intracellular Cholesterol Levels in Foam Cells After TO901317 Treatment,
AntagomiR-33a-rHDL Delivery or Combined Treatment of TO901317 and AntagomiR-
33a-rHDL in 1D Grown Foam Cells or 2D Atheroma Model Foam Cells. A. Intracellular
cholesterol levels in 1D and 2D atheroma model cultured foam cells with HDL as
acceptor. B. Intracellular cholesterol levels in 1D and 2D atheroma model cultured foam
cells with DPPC rHDL as acceptor. Intracellular cholesterol levels were calculated as

described in Methods. The data in A and B represent the mean + S.D of at least three
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independent measurements. Levels of significance were determined by ANOVA. *

p<0.01.

Being lipid-poor apoA-lI the most efficient acceptor of cholesterol from
macrophages in the arterial wall via ABCA1 its effects as cholesterol acceptor was
also determined. As shown in Figure 312, cholesterol efflux to apoA-I (10 pg/mL) in
foam cells treated with empty-rHDL was 15.4 +1.2%, in the presence of TO901317
was 21.5 £2.1%, when cells were pre-treated with antagomiR-33a-loaded rHDL
cholesterol efflux was 27.0 £1.4%, and combination of T0O901317 and antagomiR-
33a-loaded rHDL caused a cholesterol efflux to apoA-I of 37.0 +2.8%. These results

support that antagomir-33a-loaded rHDLs induce ABCA1 in functional level.

% Cholesterol efflux
(ApoA-I acceptor)
8

Figure 31. Cholesterol efflux promoted in foam cells by sequential rHDL
administration in a triple cell 2D atheroma model. Cholesterol efflux with
apoA-l as acceptor. Cholesterol efflux was calculated as described in
Methods. The data represent the mean + S.D of three independent

measurements. Levels of significance were determined by ANOVA. * p<0.01.
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5. DISCUSSION




Reverse cholesterol transport from peripheral tissues to the liver is a major
atheroprotective event, with cholesterol efflux as a rate-limiting step>°°%, Two
principal transporters contribute to this process: ABCA1 and ABCG1°%. ABCA1l
results in the formation of discoidal HDL, while ABGC1 mediates cholesterol efflux
through a diffusion mechanism that increases the pool of active cholesterol

available for efflux>*°.

Although the exact mechanisms of cholesterol efflux mediated by the ABCA1
transporter are not known, a central feature of cholesterol transfer is apoA-I
interaction with ABCA1, which stabilizes the transporter and induces bending of the
plasma membrane bilayer. This process creates a high curvature site that allows
apoA-l to solubilize lipids by binding to exovesiculated plasma membrane
domains®%°1, Although the structural and physical features of apoA-I variants and
mimetic peptides that are important in the formation of HDL-like particles have
been previously investigated®?>%, the effect of the lipid content of rHDL has been
less well characterized. Therefore, in this study, we sought to explore the effect of
the lipid composition of rHDL on cholesterol efflux in macrophages, macrophage-
derived foam cells unstimulated or stimulated with TO901317 and foam-VSMC
unstimulated or stimulated with TO901317 to upregulate ABCA1l expression.
Efficiency of cholesterol efflux mediated by DPPC, DPPC:Chol:LPC or DPPC:CE:LPC
and Soy-PC rHDLs with similar sizes has been assessed. Here, we have used three
lipid compositions resembling different maturation stages of natural HDLs in vivo
and Soy-PC, which is the major lipid composition constituent used in rHDL that are
being tested in clinical trials 56, The rationale of this study relies on the information
provided by previous studies using rHDLs with different lipid mixtures, which has
already indicated that lipid composition plays a significant role in cholesterol efflux
from macrophages®?’. According to the results obtained in this work, DPPC rHDLs,
mimicking nascent HDL are the most effective particles in inducing cholesterol
efflux in all the cellular models used. When compared to HDL-induced cholesterol
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efflux, DPPC rHDLs were 20-40% more efficient depending on the cell culture
tested (Figure 23-Figure 14). This effect can be attributed to the homogeneous
composition of the DPPC rHDL as it has been previously shown that the
phospholipid composition of HDL plays an important role in ABCAl-mediated
cholesterol efflux and that enrichment of HDL with PC favors cholesterol efflux, in
particular®®°°_ |In addition, upregulation of ABCA1 with T0901317 favoured the
cholesterol efflux induced by the nanoparticles, especially in macrophage derived

foam cells (Figure 13).

Very interestingly, DPPC rHDLs also resulted in more efficiently favoring
cholesterol efflux than Soy-PC, the lipid composition used in CSL-111 rHDLs and in
the smaller CSL-112 nanoparticles currently being tested in humans. It has been
described that rHDLs composed of saturated lipids exhibit greater cholesterol efflux
from macrophages in vitro and cholesterol mobilization in vivo®?%°?!, The more
efficient cholesterol-efflux activity observed here with DPPC rHDL compared to Soy-
PC rHDLs, can also be ascribed to the properties given by the different lipid
composition of the nanodiscs. The main difference between Soy-PC and DPPC rHDL
is that in the former, the existing 80% of PCs consist of a mixture of unsaturated
fatty acids (C18:1, C18:2 and C18:3) and lyso-PC at 2.8% while composition in the
latter is 100% DPPC. According to previously described data®?*°?, the increased
cholesterol efflux induced by DPPC rHDLs may be attributed to the higher physical
binding affinity to cholesterol of saturated phospholipids compared with Soy-PC, in
which the majority of phospholipids are unsaturated. Similarly, and in agreement
with this, the different lipid composition of apoA-I/ Milano rHDL (ETC-216) and ETC-
642 rHDL could explain the differences among the cholesterol efflux induced by the
particles because they are constituted by POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) or a mixture of DPPC and sphingomyelin, respectively**°?4, In

addition, differences in the protein moiety may also contribute. It has already been
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shown that saturated long-chain-length phospholipids such as DPPC have higher
physical binding affinity to cholesterol than POPC>?2. Additionally, the rigidifying
effect of sphingomyelin present in ETC-642 rHDL can modify the physical properties
of rHDLs resulting in a lower surface tension that could reduce the cholesterol

exchange efficiency between membranes®®.

One of the goals of this work was to study the cholesterol efflux efficiency
among rHDL which simulate different maturation stages. To do so, we have
compared the effects of DPPC rHDL, with DPPC:Chol:LPC and DPPC:CE:LPC that can
be considered particles in a more mature stage. DPPC:Chol:LPC rHDL resembling
nascent HDLs having incorporated free cholesterol, and DPPC:CE:LPC resembling
those in which cholesterol is esterified by the effect of Lecithin—cholesterol
acyltransferase (LCAT). As shown in Figures 3—5, DPPC rHDL were the most efficient
particles in inducing cholesterol efflux, an effect that may be mediated by the
physicochemical characteristics of the nanoparticles. The role of membrane lipid
composition in cholesterol exchange between membranes is not well understood,
however phospholipids and fatty acyl chains have been shown to influence the rate
of cholesterol movement between membranes®?6>%8, In addition, curvature of the
lipid bilayer that is imposed by the overall geometry of lipids shows a physiological

2% Lipid geometry is defined by the ratio

significance in cholesterol transfer
between the size of the polar head group and acyl chain saturation. PC is a
cylindrical lipid that forms flat monolayers®°. Conversely, the large head group to
acyl chain ratio in lyso-PC confers an inverted conical shape to the lipids, thereby
favoring a positive curvature of the membrane by bending the monolayer away
from the head groups®31~>33, Addition of cholesterol increases the packing of conical
lipids (such as LPC), and thus disfavors spontaneous curvature induced by the

lysophosphospholipid®* while the esterification of the 3’ hydroxyl group of

cholesteryl esters is structurally consistent with substantially increased positive
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curvature®®. Recent studies have shown that membrane curvature is an active
driving force in many processes involving membrane remodelling and cholesterol
exchange®. It has been shown that cholesterol transfer is about 10 times faster
from donor bilayers with high positive curvatures and when the acceptor bilayer is
planar’®®>>¥, Although the curvature of biological membranes is very low, the
bending of the plasma membrane bilayer by ABCA1 creates a high curvature that
can facilitate cholesterol transfer®®**!1, The cholesterol transfer will be favored
thermodynamically from the high curvature promoted by ABCAl in the cell
membrane to DPPC rHDLs instead of DPPC:Chol:LPC and DPPC:CE:LPC, because the

former are planar bilayers and the latter two have positive curvatures>3,

The transfer of cholesterol between membranes is strongly dependent on
temperature and is affected by the lipid composition, suggesting that membrane
fluidity strongly influences the transfer rate>%. In this work we have also assessed
of thermotropic phase transition of HDL and rHDLs to compare their fluidity.
Attending to the Tm of DPPC, DPPC:Chol:LPC and DPPC:CE:LPC rHDLs, the
nanoparticles are more rigid as Chol, and CE are incorporated, DPPC <
DPPC:Chol:LPC < DPPC:CE:LPC, showing a Tm increment of 1.7 and 4.1 °C compared
to DPPC alone, respectively. This effect could indicate that particles with high
transition temperatures could be less efficient in accommodating cholesterol from
the plasma membrane due the intrinsic physical characteristics of the rHDL bilayer
and that the higher Tm of rHDL, the lower the cholesterol efflux rate induced by the
rHDL. However, attending to this hypothesis, Soy-PC would be the most efficient
particles inducing cholesterol efflux followed by HDL, which show Tm below 0 °C
and 32.0 £ 0.3 °C, respectively. The lower capacity of promoting cholesterol efflux
shown by HDL and Soy-PC indicates that rather than Tm, lipid composition favoring

higher binding affinity of cholesterol (saturated acyl chains) and planar bilayer
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geometries such as shown by DPPC rHDLs are more favorable to promote

cholesterol efflux.

As indicated before, atherosclerotic plague formation is a complex process
in which macrophages play a key role in progression or regression of plaques®®,
During the last decades, disease management has improved significantly®®,
however research must now shift towards the necessity to develop new
therapeutic strategies focused on accelerating atherosclerosis regression®®.
Although animal models provide essential information for atherosclerosis research,
2D culture and 3D multi-cellular atherosclerosis models allow mimicking in vivo-like
conditions®*>%2, tackling the interaction between different cells in atherosclerotic
plagues and, understanding the dynamics of new therapeutic approaches. Over the
past five years, bio-nanomaterial-based strategies have emerged as therapeutic or
theranostic agents for managing atherosclerosis®®. Several nanoplatforms to direct
delivery of pharmaceutical agents to atherosclerotic plaque-associated
macrophages have shown to beneficially modulate disease process and improve
outcomes. In example, core-shell nanoplatform composed of a poly(D,L-lactide-co-
glycolide) (PLGA) efficiently deliver both siRNA against lectin-like oxidised low-
density lipoprotein receptor-1 and atorvastatin to the atherosclerotic lesions and,
exert a synergistic therapeutic effect on both endothelial cells and macrophages®**.
Similarly, mannose-functionalised dendrimeric nanoparticle (mDNP)-based
platforms have been successfully used for macrophage-specific delivery of LXR-L,
leading to plaque attenuation and favourable modulation of plaque
characteristics®®. Moreover, mDNPS have also been proven to simultaneously
deliver SR-A siRNA (to reduce LDL uptake) and LXR ligand (LXR-L, to stimulate

cholesterol efflux) with significant regression of atherosclerotic lesions>®.
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In addition, nanoparticles have turned out to be powerful delivery vehicles
for miRNA-based therapeutics through inhibition of targets that drive disease

progression or overexpression of beneficial intermediates in CVD settings>*¢>%%,

In this work we sought to develop a targeted nanoparticle approach based
in a staged administration of rHDL carrying antagomiR-33a to upregulate ABCA1
transporter followed by DPPC rHDL, which has been previously shown to be highly

9 We have investigated the

efficient removing cholesterol from foam cells
efficiency of this strategy in a three-cell type 2D culture model mimicking the
atheroma plaque microenvironment. A major challenge to realizing this goal has
been an effective formulation and delivery of therapeutic miRNAs to the cytoplasm
of foam cells in the atheroma context. A conceptual breakthrough to this problem
is surpassed with the demonstration that natural HDL contain miRNAs and that
these HDL-bound miRNAs have improved stability compared with naked miRNAs3%2,
In addition, and taking the advantage that HDLs bind with their high-affinity
receptor, scavenger receptor type B1 (SR-B1), we have developed functional HDL-
like nanoparticles composed of DPPC:CE:LPC, which physically and chemically
resemble to a natural mature HDLs; contain apoA-I, which is the main protein

%0 selectively target cells that express SR-B1°°1°°2; and show no

constituent of HDLs
cytotoxicity (data not shown). Furthermore, HDL-mediated delivery of miRNAs to
recipient cells was demonstrated to be dependent on SR-B1%2, Purified
DPPC:CE:LPC rHDLs showed an average diameter of ~10 nm as determined by DLS
and NS-EM and high a-helical structure content determined by CD, indicating a
correct reconstitution of rHDLs (Figure 24). In addition, they bound efficiently
miRNA, reaching a maximum capacity at 1:1 mol:mol ratio and proved to be very
avidly internalised by foam cells in the 2D atheroma model (Figure 15-Figure 25). It
has been reported that HDL-miRNAs are taken up by HDL's receptor, SR-B1 and that
transendothelial transport of HDL is actively regulated by a process that involves at

least SR-B1, endothelial lipase and ABCG1382°535%4 Therefore, and using a transwell
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system, we tested whether DPPC:CE:LPC rHDL are efficiently transported through
EC/VSMC bilayer (Figure 25C-D). Using fluorescent microscopy, we found Dil-rHDL
within the ECs and not between the intercellular spaces, confirming the results
obtained by others®>>5¢, VSMC showed residual intracellular uptake of Dil-labelled
DPPC:CE:LPC rHDL while the uptake in macrophage-derived foam cells resulted to
be highly efficient (Figure 25C), results that were further corroborated by flow
cytometry (Figure 25D). We have also addressed the efficiency of nanoparticles
reaching target cells in the 2D atheroma model and found that a five-fold higher
concentration is required to achieve similar results than those observed in foam

cells cultured alone in monolayer (Figure 26A and Figure 27).

We found that a simple treatment of DPPC:CE:LPC rHDL-antagomiR-33a for 48 h
efficiently reduced intracellular miR-33 leading to upregulation of ABCA1 and
ABCG1 transporters (Figure 26). Besides, our results confirm that miRNAs delivered
via rHDL can escape the endosomal system and function in the RISC complex.
Similar results have been shown using PEGylated chitosan nanoparticles delivering

antagomiR-33 into the atheroma plaque®’.

Once the first part of our goal proven to be effective, we further sought to improve
the therapeutic relevance of our model by potentiating the extent of cholesterol
efflux by a second-step administration of DPPC rHDL. We have previously shown
that DPPC rHDL are more efficient favouring cholesterol efflux than CSL-112,
nanoparticles composed of soy-PC, which are currently being tested in
humans®#>8, Therefore, and after inducing ABCA1 overexpression by DPPC:CE:LPC
rHDL carrying antagomiR-33a, cells were loaded with fluorescent cholesterol and
incubated with DPPC rHDL to promote cholesterol efflux (Figure 28). We used two
cholesterol acceptors, HDL and DPPC rHDL and compared the efflux efficiency to
each acceptor both in foam cells cultured alone and in those cultured in the 2D

atheroma model. Cholesterol efflux into mature HDL particles is mainly mediated
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by ABCG1 transporter while ABCA1 targets mainly lipid free apoA-1 or discoidal pre-
B-HDL (DPPC rHDL in our experimental conditions)3#*%4>%° We determined similar
cholesterol efflux in the foam cells cultured in 1D or in the 2D atheroma model using
10 or 50 pg/mL of antagomiR-33-loaded DPPC:CE:LPC rHDL, respectively. When
HDL was used as cholesterol acceptor, both antagomiR-33a delivery and T0901317
promoted a significant enhanced cholesterol efflux compared to that of cells
treated with empty DPPC:CE:LPC (Figure 28D). Being ABCG1 the transporter that
mainly mediates cholesterol transport to assembled HDL?%°¢ the results
presented here indicate that enhancing the in vitro expression of ABCG1 by delivery
of antagomiR-33a is as effective as T0901317 in contributing to cholesterol efflux
to HDL. The undesired side-effects of treatments with T0901317, which are
associated with enhanced lipogenesis, resulting in elevated serum triglyceride
levels and hepatic steatosis, highlights the potential of delivering antagomiR-33a to
upregulate ABCG1 and potentiating cholesterol efflux without affecting cell
citotoxicity>®1°®2, As previously shown, DPPC rHDL-induced cholesterol efflux was
more efficient than HDL>*. Very interestingly, in 1D cultures, cholesterol efflux in
cells pretreated with antagomiR-33a-loaded rHDL was two times higher than that
in cells treated with empty DPPC:CE:LPC rHDL and slightly but significantly higher
than cells treated with TO901317 (Figure 28E). Similarly, in 2D atheroma model,
pretreatment with antagomiR-33a-loaded rHDL caused a 1.8 times higher
cholesterol efflux compared to cells treated with empty rHDL and slightly higher
than cells treated with TO901317 (Figure 28E). These results indicate that using rHDL
as antagomiR-33a carrier is an efficient tool to upregulate ABCA1 and its potency is
higher than that of T0901317. The higher efficacy of DPPC rHDL compared to
natural HDL is in agreement with the study conducted by Adorni et al. showing that
ABCA1 accounts for cholesterol efflux of 50%, while approximately 20% of the

cholesterol efflux can be attributable to ABCG13%.
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Notably, the results obtained in this proposed two-step atheroma plaque-targeting
strategy highlights its use as a promising therapeutic intervention for favouring
reverse cholesterol transport. It also can improve the overall targeted delivery
efficiency of rHDL broadening potential applications in several diseases. Bringing
the strategy of sequential administration of rHDL into in vivo usage is a challenge
that requires further studies before clinical steps can be initiated. Systematic basic
studies as those presented here concerning the mechanisms of nanoparticle
transport, their interactions with cells and efficacy, improve the translation of basic
research into developing and bringing novel nanomedical tools. This process
involves multidisciplinary efforts and requires strong expertise in safety and
healthcare issues. As mentioned above, a large number of studies have used rHDL
as therapeutic agent addressing the central antiatherogenic and cardioprotective
properties of HDL?8°63, Inflammatory and atherogenic processes have been shown
to be reduced by repeated infusion treatment with rHDL*%*. Therefore, sequential
administration of antagomiR-33a-loaded rHDL followed by DPPC rHDL infusion
could represent a good strategy to favour the reverse transport of cholesterol and
contribute to the reduction of atheroma plaque. In any case, future in vivo studies
in animal models will provide the necessary information to calculate the doses, the
time interval between infusions and determine the antiatherogenic effects of the

treatment strategy proposed in this work.
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6. CONCLUSIONS




Lan honetan, rHDLen konposizio lipidoak kolesterol kanporaketan duen eragina
aztertu da hainbat zelula-eredutan, kolesterolaren kanporaketaren tasa maximoa
lortzeko behar diren parametro optimoak zehazteko. Hiru lipido nahastura
desberdin erabili ziren, HDL naturalen heldutasun etapa desberdinak imitatuz; eta
Soy-PC, gaur egungo saiakuntza klinikoan erabiltzen diren rHDLen lipidoen osagaia.
Horrez gain, ateroma modelo bidimentsionalak erabilita, lan honetan aurkeztutako
datuek, funtzionalizatutako nanopartikulen administrazio sekuentzialak, zelula

apartsuetatik kolesterol kanporaketa indartsua eragiten dutela demostratzen dute.
Lortutako emaitzen arabera, ondorengoa ondoriozta daiteke:

1. Lan honetan erabilitako metodologiak rHDL egonkorrak birsortzea
ahalbidetzen du, HDL jaioberri naturalen antzeko ezaugarri eta propietate

fisiko-kimikoak dituztenak.

2. Giza apoA-l eta DPPCrekin birsortutako rHDLak kolesterolaren
kanporaketa eragiten duten partikula eraginkorrenak dira erabilitako
zelula-eredu guztietan. Partikula horien erabilerak, saiakuntza kliniko

handietan ikusitako eraginkortasun eza gaindi dezake.

3. DPPC puruaren kate luzeko fosfolipido saturatuek kolesterolarekiko lotura
fisiko handiagoa dute, eta, ondorioz, kolesterolaren kanporaketa

sustatzeko gaitasun handiagoa ematen diote nanopartikulari.

4. DPPC rHDLen lipido bigeruzaren geometria lauak kolesterol-mintzetik

nanopartikularako kolesterol-mugimendu tasa hobetzen du.

5. HDL jaioberrien antzeko lipidoen konposizioa eta ezaugarri fisiko-kimikoak

dituzten rHDLak kontuan hartu behar dira rHDL eraginkorra diseinatzeko
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eta kolesterolaren kanporaketa eta plakaren erregresioa sustatzeko tresna

terapeutiko gisa erabili daitezen.

DPPC:CE:LPC (75:20:5 mol %) formulazio eraginkorra da miRNA
terapeutikoak, kasu honetan antagomiR-33a, =zelula apartsuen

zitoplasmara garraiatzeko atheroma testuinguruan emateko.

DPPC:CE:LPC rHDLak 2D modeloaren zelula apartsuak dituzte itu gisa eta
miRNAk a sistema endosomikotik ihes egiteko eta RISC konplexuan
funtzionatzeko gai dira. Hori dela eta, DPPC:CE:LPC rHDL bidezko
antagomiR-33a-aren garraioak, zelula barneko miR-33a modu
eraginkorrean murrizten du, ABCAl1 eta ABCG1 garraiatzaileen

gainadierazpena eraginez.

Nanopartikulen administrazio sekuentzialak (lehena, antagomiR-33a-aren
garraioa DPPC:CE:LPC rHDL bidez eta bigarrena, DPPC rHDL bidez) zelula

apartsuetatik kolesterol kanporaketa indartsua eragiten du.

AntagomiR-33a-az kargatutako rHDL eta DPPC rHDLen administrazio
sekuentzialak kolesterolaren alderantzizko garraio sinergikoa sustatzeko
eta ateroma plaka murrizten laguntzeko estrategia potentzial bat da.
Etorkizuneko animalia-ereduetako in vivo azterketek, dosiak, infusioen
arteko denbora tartea eta efektu antiaterogenikoak zehazteko beharrezko

informazioa emango dute.
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ANNEX I: Functional characterization of LDLR
and PCSK9 variants

The results presented in this section have been published at:
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1. Familial Hypercholesterolemia (FH)

Familial hypercholesterolemia (FH) is one of the most frequent dyslipidaemias
characterized by high concentrations of total and LDL cholesterol (LDL-c) leading to
accelerated atherosclerosis and premature coronary heart disease (CHD)2. FH is
an autosomal monogenic disorder and, with a frequency estimated between
1:200-1:250, constitutes one of the most serious commonly inherited metabolic
diseases. Despite its high prevalence, FH is still severely underdiagnosed and
undertreated. Autosomal dominant mutations in LDLR (encoding the LDL
receptor), APOB (encoding apolipoprotein B100 (apoB100)), and PCSK9 (encoding
proprotein convertase subtilisin/kexin type 9) genes account for most cases of FH3"
®, Most individuals with FH are heterozygous for mutations in one of these genes
and, therefore, have heterozygous FH. Being its penetrance almost 100%, half of
the offspring (mean prevalence) of an affected parent have a severely increased
plasma cholesterol level from birth onwards. Mutations in LDLR are the main
genetic cause of FH”® constituting more than 90% of the mutations found in FH
patients, with more than 2000 LDLR genetic variants submitted so far to the Human

Gene Mutation Database (HGMD).

1.1. Genetics of FH

Cholesterol metabolism and its distribution is a complex system in which many
proteins and pathways are involved. LDL catabolism is one of the key points in this
process and any defect in its function by any of the proteins taking part on it can
generate FH. The major determinants in that system are LDLR, accounting for 80—
85% of FH cases, apoB100, causing 5—10% of the cases, PCSK9 2% of the cases
and LDL receptor adaptor protein 1 (LDLRAP1) accounting for less than 1% of the

cases (Figure 1)°. Mutations in APOE™, signal transducing adaptor family member
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1 (STAP1)Y, lysosomal acid lipase (LIPA)*?, ABCG5 or ABCG8™ genes can also

generate a FH like phenotype, but its frequency is very low in all of the cases.

Figure 1: Most frequent LDL catabolism defects. (A) physiological LDL uptake
process by LDLR; (B) defective LDLR derived impaired LDL uptake; (C)
defective ApoB100 derived impaired LDL uptake; (D) GOF PCSK9-mediated ,

impaired LDL uptake.

1.2. LDLR

LDLR with more than 3000 variants already reported (Clin Var database?) is one of
the key genes responsible of FH development®®. LDLR removes LDL from plasma
circulation (Figure 2A) and malfunctioning of LDLR is commonly associated with
high levels of circulating LDL-C. Many different LDLR variants have been described
as pathogenic, including large-scale DNA copy number variation (CNV), insertion
and deletions, nonsense and missense mutations and splicing mutations®'>1¢, CNV,

nonsense and splicing mutations are commonly associated with higher LDL-C levels
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than missense mutations. LDLR mutations can affect at different steps of the LDL
uptake system and thus can be classified depending on their phenotypic behavior
as: Class 1 mutants are characterized by a null protein synthesis; class 2 mutants
are partially or completely retained in the endoplasmic reticulum (Figure 2B); class
3 mutants have a binding defect and are not able to properly interact with apoB
apolipoprotein (Figure 2C); class 4 mutants have an impaired endocytosis (Figure
2D) and finally class 5 mutants affect the recycle mechanism and LDLR cannot be

recycle back to the membrane (Figure 2E).

1.3 APOB

Mutations in APOB are a second cause of FH with a phenotype known as familial
defective APOB®. Mutations in APOB gene were first detected in the highly
conserved receptor binding-site (exons 26 and 29)'’ leading to deficient binding to
LDLR. Recently some studies have also described new variants out from the
consensus binding site of the APOB®, these variants have been functionally
characterized and classified as pathogenic indicating that LDLR-LDL binding could
be more dynamic than expected . APOB pathogenic variants are associated with

lower LDL-C levels than those observed with LDLR pathogenic variants (Figure 2F).

1.4. PCSK9

PCSK9 variants started to be described in the early 2000s when PCSK9 locus was
mapped?®. These variants can either be loss of function (LOF) variants, generating
less functional proteins or gain of function variants (GOF) producing more active
proteins?®. GOF variants are associated with increased LDL-C levels as they
enhances degradation of LDLR extracellularly, due to increased affinity (Figure 2G)
or intracellularly while it is been transported to the membrane?!. Both mechanisms

lead to a reduced expression of LDLR resulting in plasma LDL accumulation. To date,
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more than 30 GOF PCSK9 variants have been reported; most of them missense
mutations located all around the 3 domains of PCSK9%. Different mechanisms
underlying the increased activity, including increased transcription, altered
autocatalysis or enhanced binding ability for the receptor have been described?
LOF mutations are less common than GOF mutations and are associated with lower

LDL-C levels and reduced cardiovascular disease??.
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Figure 2. Most frequent LDL catabolism defects. (A) LDL uptake process by
LDLR; (B) class 2 LDLR mutants, LDLR retention in the endoplasmic reticulum;
(C) Class 3 mutants, no LDL-LDLR binding; (D) class 4 mutants, impaired LDL-
LDLR complex internalization; (E) class 5 mutants, recycling defect; (F)
defective ApoB-100 derived impaired LDL-LDLR binding; (G) PCSK9 gain of
function.

2. Determining the Pathogenicity of LDLr Variants

The majority of FH patients with positive genetic testing results have rare
pathogenic variants in LDLr [45], which comprise 60% of the ~2000 LDLr genetic
variants that have been submitted to the HGMD. Determining pathogenicity of LDLr
is a key challenge in genomic medicine; Functional assays are a direct method to
determine whether the activity of a mutant protein is altered by taking into account
all the involved biological mechanisms. To date, functional studies of LDLr variants
have been conducted using two major approaches: 1. ex vivo methods, using cells
from FH patients; 2. in vitro methods using cell lines transfected with the LDLR

mutant (Figure 3).
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Figure 3. Flowchart of the used methodologies to functionally characterize LDLr variants
ex vivo and in vitro. Functional studies of LDLr variants are mainly conducted using two
major approaches: 1. ex vivo methods, using cells from Familial Hypercholesterolemia (FH)
patients (left-hand panel); 2. in vitro methods using cell lines transfected with the LDLr
variant (right-hand panel). LDLr activity determination is based in combination of different
methodologies: Western blot to analyse LDLr expression followed by fluorescence-activated
cell sorting (FACS) and Confocal Laser Scanning Microscopy (CLSM) that allow assessment
of Class type mutation. The ex vivo approach is adequate for Class 1, Class 2a and Class 3
LDLr variants. In vitro characterization allows identification of Class 2b mutations by
colocalizing the LDLr variants in the ER with calrgulin; using a solid-phase immunoassay it is
possible to determine LDLr-LDL ECso values for Class 3 mutations which is important to
understand mild pathogenic variants; Class 4 variants are classified by complementing CLSM
with a colocalization assay with clathrin and, identification of Class 5 mutants is performed
by absence of LDLr colocalization with calregulin, LDLr colocalization with a lysosome
marker complemented by a FACS analysis of LDL binding to LDLr at different pH (7.4-5.2).
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3. Determining the Pathogenicity PCSK9 Variants

PCSK9 GOF mutations are usually missense defects, located in any exon, except
exon 3%, Functional studies on human GOF variants show different mechanism to
achieve the enhanced degradation of LDLr. Some mutations affecting the
prodomain region result in an increase in internal and external LDLr
degradation??*, Variants that affect catalytic domain and prodomain share very
similar mechanisms and effects®. The best characterized PCSK9 GOF mutation is
p.(Asp374Tyr) which produces a ten-fold increase in LDLr degradation?® by
increasing the binding affinity of PCSK9 to the epidermal growth factor-like domain
of LDLr?"2%8,

4. Materials and Methods
4.1. LDLR variant selection

In order to select variants in the EGF-precursor homology domain of the LDLR that
could have an impact in the activity of the receptor, we used the ClinVar database
(https://clinvarminer.genetics.utah.edu) and selected the following ones:
p.(Cys46Gly), p.(Asp47Asn),p.(Thr62Met). p.(Trp305Ser), p.(Leu371Pro),
p.(Gly373Ala), p.(GIn378Pro), p.(Ala399Thr), p.(Thrd1l3Met), p.(lled73Asn),
p.(Val578lle), p.(Ala606Ser), p.(Met652Thr), p.(Asp638His), p.His656Asn) and
p.(Thr659Asn). These LDLR variants were selected because they have been
described in FH patients, their clinical interpretation was not previously assessed
and we did not find any study that had functionally characterized them. All these
variants have also been found by the LIPOchip® platform and/or by the SEQPRO
LIPO S® platform from Progenika Biopharma (Derio, Spain), both having the CE

mark.
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4.2. Construction of LDLR variants carrying plasmids

Plasmids containing the LDLR variants were designed by Innoprot (Derio, Spain).
Using the QuickChange Lightning mutagenesis kit (Agilent). The mammalian
expression vector pcDNA3 was used to introduce the variants into the human LDLR
cDNA (NM_000527.4) under control of a SV40 promoter by oligonucleotide site-
directed mutagenesis and according to manufacturer’s instructions. In order to
generate the plasmids carrying the LDLR variants, oligonucleotides were
synthesized in vitro and subcloned using Sacll and EcoRlI restriction enzymes. The
presence of the desired nucleotide alteration was confirmed by PCR and restriction
enzyme digestion of the appropriate fragments, while direct sequence analysis was

used to verify the integrity of the remaining LDLR cDNA sequence of the construct.

4.3. LDL isolation and labelling

Blood plasma was collected from healthy individuals after 30 min centrifugation at
2,000xg at 4°C. In order to isolate LDL (1.019-1.050g/mL) by a sequential
ultracentrifugation, plasma density was adjusted to 1.21g/mL adding KBr.
Afterwards, a second ice-cold PBS buffer was slowly added at the top of the solution
generating a two phase gradient. Ultracentrifugation was carried out in a SW28.1
rotor (Beckman Coulter, USA) at 27,000 rpm for 22 h at 4 °C. Then, the band
corresponding to LDL was collected and stored at 4 °C. LDL was used within 2—3
days after purification. LDL was fluorescently labelled with fluorescein
isothiocyanate (FITC) as described previously24. Briefly, LDL was incubated with
10 uL/mL FITC in 0.1 M NaHCO3 (pH 9.0) at room temperature under slight
agitation for 2 h. Once incubation was completed, the non-bounded FITC was
removed by washing the lipoprotein solution in a previously PBS EDTA-free
balanced Sephadex G-25 column. Protein concentration was determined in all

fractions using BSA as standard (Pierce BCA protein assay, Pierce). This study was
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approved by the Research Ethics Committee of the University of the Basque
Country (Comité de Etica en la investigacidn y la practica docente de la Universidad
del Pais Vasco/Euskal Herriko Unibertsitatea; CEIAB/186/2014/MARTIN PLAGARO).
Methods were carried out according to the approved guidelines. All participants
signed the written informed consent. All experiments were carried out according

to relevant guidelines and regulations.

4.4. Analysis of LDLR expression by FACS

LDLR expression at the cell membrane was assessed in a FACScalibur using Mouse
anti-human-LDLR (1:100; 2.5 mg/L; Progen Biotechnik GmbH) and Alexa Fluor 488-
conjugated goat anti-mouse IgG (1:100; Molecular Probes) primary and secondary
antibodies, respectively. Inmunostaining was performed as previously described25.
Each sample was performed in triplicate and 10,000 events were acquired for data

analysis.

4.5. Analysis of LDLR activity by FACS

Cells were transfected as described above and, 48 h after transfection, FITC-LDL
(20 pg/mL) was added to the cell culture medium. Cells were incubated during 2 h
at 4°Cor 4 h at 37 °Cin order to determine LDL binding and uptake, respectively.
Then, cells were washed out with PBS-1% BSA, fixed in 4% paraformaldehyde for
10 minutes at room temperature and rinsed again to eliminate the surplus fixative.
Trypan blue solution (0.2% final concentration, Sigma-Aldrich, Steinheim, Germany)
was added to the samples to determine LDL uptake, allowing the quenching of the
extracellular FITC signal coming from the non-internalized LDL-LDLR complexes.
Geometric mean fluorescence intensity (GMFI) of each sample was determined in

a FACScalibur Flow cytometer following the manufacturer’s instructions. GMFI of
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10,000 events was obtained for each sample and every assay determination was

performed at least three times.

4.6. Analysis of PCSK9-LDLR EC50 by Solid-Phase Immunoassay

Purified ED-LDLR diluted in working buffer (10 mM Tris-HCl, pH 7.4, 50 mM NacCl, 2
mM CaCl2) was used to coat 96-well microtiter plates at a fixed concentration by
incubation overnight at 4 °C. Plates were blocked and incubated with a serial
dilution of each of the PCSK9 variants diluted in working buffer (pH 7.4) for 2 h at
room temperature. Plates were washed thoroughly with working buffer containing
0.1% Tween 20 (Merck, Sigma-Aldrich, Steinheim am Albuch, Germany). Rat
monoclonal anti-DYKDDDDK tag (clone L5) (Cat. No.: MA1-142; Thermo Fisher
Scientific, Carlsbad, CA, USA) and peroxidase-conjugated goat anti-rat (Cat. No.:
7077S; Cell Signalling Technology® Inc., Danvers, MA, USA) antibodies were used
for detection [21]. 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) substrate
solution (Merck, Sigma-Aldrich, Steinheim am Albuch, Germany) was used as a
substrate, and absorbance was determined at 405 nm. All absorbance values were
corrected for unspecific binding relative to maximum absorbance, and EC50 values
were extracted from curves after fitting the data to 5-parameter logistic (5-PL)

equation (SigmaPlot 13.0, Systat Software Inc., San Jose, CA, USA).

5. Results
5.1. Characterization of LDLr variants

Expression of the LDLR variants was analysed by flow cytometry in CHO-IdIA7
transfected cells as described in Materials and Methods. Two variants were used as
internal-method controls, p.(Trp87)* (a null allele mutant) and, Ex3_4del LDLR
variant that is expressed at similar extent than wt LDLR but it is a class 3 variant

with 100% impaired binding activity24. According to the obtained results,
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expression of the assessed variants can be classified into two categories, those with
similar activity than wt and those with lower activity than wt.. As shown in table 1,
activity of  p.(Asp47Asn),p.(Thr62Met). p.(Trp305Ser), p.(Leu371Pro),
p.(Gly373Ala), p.(GIn378Pro), p.(Ala399Thr), p.(Thr413Met), p.(Val578lle),
p.(Alab06Ser), p.(His656Asn) and p.(Thr659Asn) LDLR variants is similar than wt. On
the other hand p.(Cys46Gly), p.(lled73Asn), p.(Met652Thr) and p.(Asp638His)
showed reduced activity than wt LDLR thus can be consideres as pathogenic

variants.

Table 1. LDLR variants characterized by Flow Cytometry.

LDLR variant % LDLr expression | LDL uptake
wt 1005 100 £ 2
Ex3_4del 98+4 10+5
p.(Trp87%*) 55 55
p.(Cys46Gly) 100+ 3 60+ 7
p.(Aspd7Asn) 98+6 995
p.(Thr62Met) 97 +4 1036
p.(Trp305Ser) N.A. 65
p.(Leu371Pro) N.A. 9+5
p.(Gly373Ala) N.A. 25+10
p.(GIn378Pro) 101+4 81+4
p.(Ala399Thr) 97+3 92+6
p.(Thr413Met) 81+7 90+3

211



p.(lled73Asn) N.A. 27+9
p.(Val578lle) N.A. 105 + 15
p.(Ala606Ser) 99+5 8917
p.(Met652Thr) N.A. 40+9
p.(Asp638His) N.A. 155
p.His656Asn) 101+8 95+5
p.(Thr659Asn) 103 +3 1025

5.2. Characterization of PCSK9 variants

We assessed the affinity of PCSK9 variants toward the LDLR. Binding affinities were
determined by solid-phase immunoassay. As shown in table 2, p.(Argd99His), L8
(Leu23del) and L11 (Leu22_Leu23) PCSK9 variants showed similar affinity for the
LDLR than that of wild-type PCSK9.

Table 2. EC50 values representing the binding affinity of PCSK9 variants to the LDLR

determined by solid-phase immunoassay at pH 7.4.

PCSK9 variant ECso(mean £S.D.)
wt 112.2+17
p.(Asp374Tyr) 19.3+9.5
p.(Argd99His) 95+5
p.(Cys46Gly) 110.6 £ 33.5
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L8 (Leu23del) 84.9+59

L11 (Leu22_Leu23) 94.6 + 10.6
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ANNEX II: An atlas of O-linked glycosylation on

peptide hormones reveals diverse biological
roles

The results presented in this section have been published at:

e An atlas of O-linked glycosylation on peptide hormones reveals diverse
biological roles. Madsen TD, Hansen LH, Hintze J, Ye Z, Jebari S, Andersen
DB, Joshi HJ, Ju T, Goetze JP, Martin C, Rosenkilde MM, Holst JJ, Kuhre RE,
Goth CK, Vakhrushev SY, Schjoldager KT. Nat Commun. 2020 Aug
20;11(1):4033. doi: 10.1038/s41467-020-17473-1.
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1. Introduction

In this work it is shown that O-glycans positioned within the receptor binding motifs
of members of the neuropeptide Y (NPY) family modulate receptor activation
properties and substantially extend peptide half-lives®. The alpha-helix is important
for receptor recognition and activation, and specifically for NPY, the alpha-helix is
suggested to play a crucial role in prompting a two-step receptor-binding
mechanism?3. To explore the potential structural impact of O-glycans on NPY, we
measured mature NPY in solution without and with O-glycans at Thr32: NPY Tn,

NPY T and NPY ST which contains one, two or three sugars, respectively.

2. Methods

Circular dichroism was used to analyse the effect of sugars in the structure of NPY.
CD spectra of 20 uM NPY or NPY glycovariants were obtained in 15 mM sodium
phosphate buffer (pH 7) at 25 °C between 200 and 260 nm at a scan rate of 50
nm/min. Each spectrum was obtained as an average of 15 accumulations corrected
by subtracting the measurements in 15 mM phosphate buffer alone.
Measurements were performed in a Jasco-810 spectropolarimeter equipped with
Peltier temperature control, using a quartz cuvette of 0.1 cm path length. Alpha-
helical content was calculated by the mean residue molar ellipticity at 222 nm as

[(-[6]222+3000)/(36,000+3000)] x 100*.

3. Results

As shown in Figure 1, NPY present a typical spectra of alpha helix (negative bands
at 208 and 222 nm). NPY showed 33% alpha-helical content in line with previous

studies, whereas. NPY Thr32 glycovariants with O-glycans in the alpha-helical
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interface decreased the alpha-helical content to 23-26%, seen as an increase in

ellipticity at 222 nm.

NPY
NPY Tn
NPY T
NPY ST

Mean Residue Elipticity
6, (deg*cm®*dmol’)*10"

-20000

200 220 240 260
A (nm)

Figure 1. CD spectroscopy of NPY or different glycovariants of NPY at
25°C pH 7 in aqueous solution. The rise in ellipticity at 222 nm reflect
disruption of the alpha-helix. Ellipticity is expressed as the mean-
residue molar elipticity. Mean +/- S.E.M. is shown (n=4 for non-glyc., T

and ST; n=3 for Tn).
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ANNEX III: Design and Validation of a Process
Based on Cationic Niosomes for Gene Delivery

into Novel Urine-Derived Mesenchymal Stem
Cells

The results presented in this section have been published at:

e Design and Validation of a Process Based on Cationic Niosomes for Gene
Delivery into Novel Urine-Derived Mesenchymal Stem Cells. Vado Y, Puras
G, Rosique M, Martin C, Pedraz JL, Jebari-Benslaiman S, de Pancorbo MM,
Zarate J, Perez de Nanclares G. Pharmaceutics. 2021 May 11;13(5):696. doi:
10.3390/pharmaceutics13050696.
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4. Introduction

Mesenchymal stem cells (MSCs) are a pool of multipotent adult stem cells present
in a variety of niches that can differentiate into mesoderm-derived cells, such as
osteocytes or adipocytes!. Several studies have shown that MSCs can also
differentiate into cells of endodermal or ectodermal origin®. In addition to in vitro
differentiation into osteocytes, adipocytes, and chondrocytes, MSCs in culture can
attach to plastic and grow under standard culture conditions. Moreover, these cells
must present CD73, CD90, and CD105 surface antigens and lack expression of CD14,
CD34, and CD453. The isolation of urine-derived mesenchymal stem cells (hUSCs)
was recently described. hUSCs present additional benefits in the fact that they can
be easily obtained noninvasively. Regarding gene delivery, nonviral vectors based
on cationic niosomes have been used and are more stable and have lower
immunogenicity than viral vectors. However, their transfection efficiency is low and

in need of improvement.

5. Methods

| participated in the characterization of the hUSC cells. hUSCs were isolated from
urine and for cell characterization, cell surface markers were analyzed by flow
cytometry. Briefly, 50,000 cells were grown in 24-well culture plates. For this assay,
commercial mesenchymal stem cells (PCS-500-011™, ATCC, Manassas, VA, USA)

were used as a positive control while HEK293 cells (ATCC) were used as a negative
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control. When cell confluence was approximately 80%, cells were fixed with 200 pL
paraformaldehyde (PFA; PanReac AppliChem, Barcelona, Spain) for 10 min. Once
fixed, cells were scraped and centrifuged at 3000 rpm for 5 min. The supernatant
was discarded, and the pellet was resuspended in 50 pL blocking solution, PBS with
5% of inactive FBS (Gibco-Thermo Fisher Scientific, Waltham, MA, USA). Cells were
kept in this solution for 30 min at room temperature. Then, fluorescent antibodies
were added at a final dilution of 1/100, and cells were incubated for 45 min at room
temperature in the dark. The antibodies and their fluorophores are listed below, all

of which were acquired from Sigma- Aldrich (Saint Louis, MO, USA):

e Surface markers specific for mesenchymal stem cells: antiCD73-
AlexaFluor488, antiCD90-APC, and antiCD105-PE;
e Surface markers that are absent in mesenchymal stem cells: antiCD14-FITC,
antiCD34-APC, and antiCD45-PE.
For verifying the binding specificity of the antibodies, isotype controls for each
fluorophore
were also used. As the isotypes do not recognize any protein, every signal obtained
from them would be due to unspecific binding. This way, background staining levels
can be determined®. Once the incubation was completed, unbound antibody was
removed by centrifugation of cells at 3000 rpm for 5 min, and the supernatant was
discarded. The pellet was resuspended in 200 pL of PBS and the sample was
introduced to a CytoFLEX (Beckman Coulter, Brea, CA, USA) flow cytometer. The
results were analysed using CytExpert software (Beckman Coulter, v. 2.3.0.84, Brea,
CA, USA). These cells were then used to analyse transfection efficiency of cationic

niosomes.

6. Results
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Cell populations analyzed by flow cytometry showed the surface antigen expression
pattern described in Table 1. On the one hand, for the three markers that should
be present (CD73, CD90, and CD105), cells showed high fluorescence levels. On the
other hand, for those that should be absent (CD14, CD34, and CD105), there was
no observable signal due to the corresponding antibodies. It must be highlighted
that the antiCD45-PE antibody displayed more fluorescence than expected.
Nevertheless, it did not reach the values of the positive antigens. As suspected,
HEK293 cells were not positive for MSC markers. Compared to the reference values
proposed by the International Society for Cellular Therapy (ISCT)3, this culture did
not fulfil the hallmarks. However, this is not surprising as, in the literature, it has
been demonstrated that conclusive characterization of this cell type requires more
in-depth analysis. Moreover, results obtained from different groups are not
concordant, and the expression levels established by the ISCT are not always
obtained®. Moreover, commercial cells, which are supposed to meet quality
criteria, did not reach the minimum required either, and their percentages were

similar to those of hUSCs.

Table 1. Percentage of positive cells for each cell surface marker studied by flow

cytometry.
Cell Type CD73-AlexaFluor4ss CD90-APC CD105-PE CD14-FITC ~ CD34-APC CD45-PE
Commercial mesenchymal stem cells 63.4% 81.7% 70.1% 0.8% 1.3% 20.5%
hUSCs 78.6% 86.4% 66.1% 6.8% 13.4% 52.4%
HEK293 36.5% 0.9% 3.5% 2.8% 0.8% 11.3%

CD73, CD90, and CD105 correspond to antigens that are present specifically in mesenchymal stem
cells. However, CD14, CD34, and CD45 are absent in MSCs. The different fluorophores used were
FITC, APC, PE, and AlexaFluor488
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ANNEX 1IV: Statin-induced type 2 diabetes
mellitus by upregulation of mir-27b

The results presented in this section have been published at:

e Pathophysiology of Type 2 Diabetes Mellitus. Galicia-Garcia U, Benito-
Vicente A, Jebari S, Larrea-Sebal A, Siddigi H, Uribe KB, Ostolaza H, Martin
C. Int J Mol Sci. 2020 Aug 30;21(17):6275. doi: 10.3390/ijms21176275.

e Statin Treatment-Induced Development of Type 2 Diabetes: From Clinical
Evidence to Mechanistic Insights. Galicia-Garcia U, Jebari S, Larrea-Sebal
A, Uribe KB, Siddiqi H, Ostolaza H, Benito-Vicente A, Martin C. Int ] Mol
Sci. 2020 Jul 2;21(13):4725. doi: 10.3390/ijms21134725.

e miR-27b Modulates Insulin Signaling in Hepatocytes by Regulating Insulin
Receptor Expression. Benito-Vicente A, Uribe KB, Rotllan N, Ramirez CM,
Jebari-Benslaiman S, Goedeke L, Canfran-Duque A, Galicia-Garcia U, Saenz
De Urturi D, Aspichueta P, Suarez Y, Fernandez-Hernando C, Martin C. Int J
Mol Sci. 2020 Nov 17;21(22):8675. doi: 10.3390/ijms21228675.

® Molecular mechanisms of lipotoxicity-induced pancreatic B-cell
dysfunction. Benito-Vicente A, Jebari-Benslaiman S, Galicia-Garcia U,
Larrea-Sebal A, Uribe KB, Martin C. Int Rev Cell Mol Biol. 2021;359:357-
402. doi: 10.1016/bs.ircmb.2021.02.013.
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1. Type 2 Diabetes Mellitus and liver

Type 2 Diabetes Mellitus (T2DM) is one of the most common metabolic disorders
worldwide and its development is primarily caused by a combination of two main
factors: defective insulin secretion by pancreatic B-cells and the inability of insulin-
sensitive tissues to respond to insulin’. Insulin release and action have to precisely
meet the metabolic demand; hence, the molecular mechanisms involved in the
synthesis and release of insulin, as well as the insulin response in tissues must be
tightly regulated. Therefore, defects in any of the mechanisms involved can lead to

a metabolic imbalance that leads to the pathogenesis of T2DM.

In the liver, insulin does not only regulate glucose production/utilization but also
affects lipid metabolism more broadly. When circulating glucose levels increase and
insulin is secreted by pancreatic B-cells, insulin binding to liver INSR induces
autophosphorylation of the receptor. Consequently, insulin receptor substrates
(IRSs) are recruited and phosphorylated. In turn, IRSs activate PI3K, which
phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2), generating
phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 then activates PDK1, which
phosphorylates AKT. In addition, AKT is phosphorylated by mTORC2. Once AKT is
fully activated, it participates in several downstream pathways that regulate
multiple metabolic processes including glycogen synthesis, gluconeogenesis,
glycolysis and lipid synthesis2.
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In physiological states, the combined action of glucagon and insulin allows the
precise regulation of hepatic glucose output. While glucagon induces hepatic
glucose production, insulin acts as a potent inhibitor of glucose production when
its concentration in the blood is elevated?. The effect of insulin on hepatic glucose
production is due to both direct and indirect mechanisms. However, the relative

importance of each of these mechanisms remains unclear®.

In addition to inducing glycogen synthesis, insulin also inhibits hepatic glucose
production by activating FOXO1, resulting in a reduction of hepatic glucose release.
FOXO1 is a transcription factor that belongs to a subclass of the forkhead family of
transcription factors that possess a forkhead box-type DNA binding domain. FOXO1
recognizes a specific regulatory element termed the insulin response element (IRE)
on the promoters of glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK) genes, both of which play important roles in maintaining
glucose level in states of starvation®”. Thus, through inhibition of FOXO1, insulin
promotes glucose storage as glycogen and inhibits glucose synthesis and hepatic

glucose output?® (Figure 1).
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Figure 1. Signaling pathways involved in insulin signaling in hepatocytes.
Binding of insulin to INSR induces IRSs recruitment and phosphorylation.
Phosphorylated IRSs activate PI3K, generating PIP3 which activates PDK
resulting in AKT phosphorylation. AKT is fully activated by further mTORC2
phosphorylation and participates in several downstream pathways that
regulate multiple metabolic processes including glycogen synthesis,
gluconeogenesis, glycolysis and lipid synthesis. INSR: insulin receptor; PIP2:
inositol 1,3-bisphosphate; PIP3: inositol 1,4,5-trisphosphate; IRS1: insulin
receptor substrate 1; PI3K: phosphoinositide 3 kinase; mTORC2: mammalian
target of rapamycin complex 2; PDK1: Phosphoinositide-dependent kinase-1;
AKT: protein kinase B; AS160: Akt substrate of 160 kDa; GLUT4: glucose
transporter 4; GSk3B: Glycogen Synthase Kinase 3 Beta; GS: Glycogen
synthase; FOXO1: Forkhead box protein O1; G6pc:Glucose 6 phosphate; Pck1:
Phosphoenolpyruvate Carboxykinase 1.

2. Statin Treatment-Induced Development of Type 2 Diabetes

Statins are a guideline-directed, first line therapy for prevention of primary
and secondary cardiovascular disease (CVD), which is the leading cause of mortality
worldwide®, Although the principal mechanism of the action of statins is
inhibition of 3-hydroxy-3-methyl-glutaryl coenzyme-A (HMG-CoA) reductase,
statins have been implicated in several other beneficial pleiotropic effects including
improving endothelial function, stabilization of atherosclerotic plaques and anti-

inflammatory activities!!. Despite the safety and relative tolerability of statins,

12-14 17—

observational studies!®™4, clinical trials’*® and meta-analysesagar'’~'° have found
that statins can increase the risk of new-onset type 2 diabetes mellitus (T2DM).
These studies implicated statins in negatively impacting insulin sensitivity,
decreasing secretion by pancreatic B-cells and increasing insulin resistance?®??,
While the lipid-lowering mechanism of statins is relatively well understood, the
mechanisms underlying statin-induced T2DM development seem to be
multifactorial and remain unclear. Among experimental studies, multiple works

have indicated that statins diminish pancreatic B-cell function via Ca?" signaling
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pathways impairment???3, compromise insulin signaling and down-regulate the
insulin-responsive glucose transporter 4 (GLUT-4)2*%, In addition, it has also been
described that statins impact on epigenetics may also contribute to statin-induced

T2DM via differential expression of microRNAs?®.
2.1.  Primary Action of Statins: Cholesterol Biosynthetic Pathway

Statins are reversible and competitive inhibitors of HMG-CoA reductase, which is
the rate-determining enzyme in the cholesterol biosynthetic pathway?’. The HMG-
like portion of statins, which is a modified 3,5-dihydroxyglutaric acid moiety, is
structurally similar to HMG-CoA and causes the inhibition of HMG-CoA reduction
reactions®. Through this mechanism, the mevalonate pathway is inhibited along
with a consequent decrease in downstream products and cholesterol synthesis
(Figure 2A). In addition, this statin-mediated decrease in intracellular cholesterol
content leads to up-regulation of the LDL receptor (LDLR) in the liver and peripheral
tissues, resulting in decreased blood LDL cholesterol (LDL-C)%. LDLR is the primary
route by which LDL-C is removed from circulation, and its synthesis has been shown
to be inversely correlated to the amount of cholesterol synthesized by a cell®.
Through the action of statins, the cellular cholesterol concentration decreases,
stimulating production of more LDLR and promoting LDL-C removal from the

bloodstream, ultimately reducing CVD risk®.
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Figure 2. Statin-induced inhibition of the mevalonate pathway and structure
of statins. (A) Inhibition of HMG-CoA reductase significantly blocks the
production of mevalonate, a necessary precursor for cholesterol synthesis.
Mevalonate is the building block for a variety of other compounds. (B)
Structural formulas of statins and HMG-CoA. The HMG-like moiety (in red) is
conserved in all statins. The polar substituents responsible of pravastatin and
rosuvastatin are colored in green.

Statins are classified according to their hydrophobicity into hydrophilic statins
(pravastatin and rosuvastatin) and lipophilic statins (atorvastatin, cerivastatin,
fluvastatin, lovastatin, pitavastatin and simvastatin)3**2. The solubility and
pharmacological properties of statins are determined by the substituents on the
ring attached to the active moiety®’.. Hydrophilicity originates from polar
substituents added to the active site while the addition of nonpolar substituents
leads to lipophilicity?®3? (Figure 2B). Although the target of both types of statins is
HMG-CoA reductase, the inhibitory mechanisms are distinct. Hydrophilic statins
target the liver more efficiently because their uptake is carrier-mediated, while
lipophilic statins passively diffuse through the hepatocellular membrane and
similarly are also able to diffuse in extrahepatic tissues, thus showing reduced
hepatoselectivity3?33, Their diffuse influence on extrahepatic tissues may explain

the higher incidence of adverse effects observed with lipophilic statins. The notable
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exception to this is rosuvastatin, which is a hydrophilic statin but has a similar

activity profile to lipophilic statins34.

2.2.  MicroRNAs and Impact of Statin Therapy on microRNA
Expression Profile

MicroRNAs (miRs) are small (22 nucleotide) noncoding regulatory RNAs, which act
as post-transcriptional regulators of gene expression3>¢. miRs usually silence gene
expression through mRNA degradation or sequestration of the target mRNA from
translation machinery®’. It has been shown that miRs are involved in many
biological processes including insulin expression, skeletal muscle adaptation to
elevated glucose, insulin sensitivity and glucose stimulated insulin secretion
(GSIS)8. It has been shown that miRs likely mediate the pleiotropic effects of statins
via modulation of lipid metabolism, enhancement of endothelial function,
inhibition of inflammation, improvement of plaque stability and immune
regulation. More specifically, miRs appear to regulate the fine-tuning of cellular

phenotypes rather than serving as molecular on—off switches®.

Statin therapy has been found to affect the expression of several miRs, which play
a central role in the regulation of lipid and glucose metabolism*® and that are
associated with development of T2DM. Recently, the miR-27 family (miR-27a and
miR-27b) has emerged as a new key regulator of cholesterol and lipid

homeostasis* .

Interestingly, the miR-27 family has been shown to be
upregulated in a dose-dependent manner by simvastatin in HepG2 cells. Alvarez et
al. demonstrated that miR-27a directly decreases both LDLR RNA and protein levels

by binding to the 3'UTR of the LDLR mRNA*,
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3. MiR-27b modulates insulin signaling in hepatocytes

With more than 1.9 billion overweight adults and 650 million obese people in 2016,
obesity has become a global epidemic that has nearly tripled since 1975. Obesity is
associated with increased risk for cardiovascular disease, type 2 diabetes mellitus
(T2DM), hypertension and coronary heart disease. In particular, obesity-related
T2DM is expected to double in prevalence to 300 million by 2025%. Although the
molecular mechanisms leading to obesity-related T2DM remain unclear, common
features in obese individuals with T2DM include elevation of triglycerides (TG),
reduction in high-density lipoprotein (HDL)-C, increased concentration of ApoB-

100, small dense low-density lipoprotein (LDL) and HDL.

Obesity leads to increased circulating lipids (cholesterol and TG) that may promote
excess lipid deposition in the heart, muscle, pancreas or liver®. In the liver, the
imbalance among lipid synthesis, uptake, secretion and oxidation results in
deleterious lipid accumulation, which results in non-alcoholic fatty liver disease
(NAFLD)¥. Hepatocyte lipotoxicity can activate cell death and endoplasmic
reticulum stress response pathway, thereby inducing activation of Kupffer cells and
recruitment of extra-hepatic monocytes/macrophages, leading to hepatic
inflammation. Eventually, liver lipid overload and increased inflammation promote
liver insulin resistance (IR)*, characterized by impaired insulin signaling. Under
these circumstances, insulin exerts a lower biological effect than the expected*® and
consequently IR constitutes one of the major factors for developing T2DM.
Furthermore, IR is commonly associated with NAFLD or cardiovascular disease
(CVD)*, which in turn have been associated with changes in lipid and lipoprotein

metabolism that could promote both pathogenic situations®.

To date, multiple key processes underlying the molecular mechanism leading to IR,

which include polymorphisms in insulin cascade-related genes, have been
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identified®!. However, post-transcriptional mechanisms and their role in IR
pathogenesis remain less well characterized. Recently, a major focus of interest has
emerged on the role of microRNAs (miRNAs) as regulators of the pathophysiology
of multiple cardiometabolic pathologies, including obesity, IR, atherosclerosis and

52—

heart failure®®>4, There is evidence that the coordinated action of multiple miRNAs

regulates multiple pathways that may converge to promote development of IR%5,
T2DM and CVD*”*8. Therefore, gaining insight into miRNA-mediated IR
development may provide enormous potential in the prevention and early
diagnosis of disease. Upregulation of several miRNAs has been associated with both
obesity and IR, including miR-27b which has been shown to be overexpressed in the
liver of obese people®®®°. miR-27b controls the expression of genes regulating
hepatic lipid metabolism including angiopoietin-like 3 (ANGPTL3) and glycerol-3-
phosphate acyltransferase 1, mitochondrial (GPAM)*+>°, While the role of miR-27b
in lipid metabolism is well established, its contribution in regulating insulin signaling
in hepatocytes is not known. The high expression levels of miR-27b in the liver, its
role in regulation of lipid metabolism and its ~3-fold upregulation determined in
liver of mice on a high-fat diet®® highlight the importance of determining the impact
of miR-27b on development IR through hepatic tissue. In addition, given that lipid
metabolism alteration is closely related to IR, studying the role of miR-27b in
hepatocytes is particularly relevant. In this study, we elucidated how miR-27
expression affects insulin signaling in the liver and its contribution to the
development of hepatic insulin resistance in high lipid concentration environments.
Notably, we found that miR-27b levels in human hepatoma cell, Huh7, influence
the expression of numerous components of the insulin signaling pathways including
the INSR and insulin receptor substrate 1 (IRS1). These results were further
confirmed in vivo showing that overexpression and inhibition of hepatic miR-27
enhances and suppresses INSR expression in the liver, respectively. Together, this

study identified a novel role for miR-27 in regulating insulin signaling and these
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findings suggest that targeting of miR-27 may be a potential approach to increase

insulin sensitivity in obese people in prediabetes stage.

3.1.  MiR-27b Controls the Expression INSR and IRS1 Expression

To assess the role of miR-27b in regulating INSR, AKT2, FOXO1 IRS1 and GSK3B
expression in hepatocytes, we overexpressed or inhibited miR-27 levels in Huh7
cells using miRNA mimics and inhibitors, respectively. Transfection of Huh7 cells
with miR-27b mimic and inhibitor markedly increased and decreased miR-27b
levels, respectively (Figure 3A,B). Overexpression of miR-27b reduced INSR and
IRS1 mRNA levels (Figure 3C). Conversely, miR-27b inhibition enhanced the
expression of INRS and IRS (Figure 3D), indicating a physiological role of miR-27
expression levels in regulating components of insulin signaling pathway. As
expected by our previous results, ATP-binding cassette transporter ABCA1 (ABCA1)
expression was suppressed and upregulated in Huh7 cells transfected with miR-27b
mimics and inhibitors, respectively (Figure 3C). Other predicted target genes
associated to insulin signaling such as AKT2, FOXO1 or GSK3B were not affected by
miR-27b mimic or inhibitor transfection, suggesting that, in these conditions, they

are not regulated by miR-27b in Huh7 cells (Figure 3C).
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Figure 3. miR-27b modulation affects insulin signaling in Huh7 cell line: (A,B)
miR-27b levels in Huh7 cells transfected with (A) 40 nM control mimic and
mimic miR-27b or (B) 40 nM control inhibitor and inhibitor miR-27b; (C,D)
mMRNA expression of ABCA1, INSR, IRS1, AKT2, FOXO1 and GSK38 in Huh7 cells
transfected with (C) 40 nM control mimic and mimic miR-27b or (D) 40 nM
control inhibitor and inhibitor miR-27b.

4. Molecular mechanisms of lipotoxicity-induced pancreatic B-cell
dysfunction

In this book chapter different molecular mechanisms of lipotoxicity that induce
pancreatic B-cell dysfunction were exposed. Among these mechanisms Lipid
signaling pathways involved in the free fatty acid modulation of glucose-stimulated

insulin secretion (GSIS) were explained, like GPR 40-mediated GSIS potentiation.

Several reports have shown the involvement of different pathways in GPR40-
mediated GSIS potentiation. GPR40 is activated by mediumand long-chain FFAs
(especially, eicosatrienoic acid (C20:3)) and facilitates GSIS in pancreatic B-cells®5!
presumably to promote uptake of carbohydrate- and fat-derived-energy-rich
molecules after a meal by liver and adipose tissue. Ligand binding to GPR40
activates Ga subunit by GDP/GTP exchange and thus dissociates from the trimeric
G-protein. As a result, phospholipase C (PLC) is activated, and thereby the
intracellular concentration of inositol triphosphate (IP3) and diacylglycerol (DAG)
increases with the consequent hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2)8962784 |t has been demonstrated that DAG activates protein kinase D (PKD) 1
and promotes actin depolymerization, which subsequently increases insulin
secretion ® (Figure 4). Simultaneously, the increased IP3 levels promote the release
of Ca2+ from the endoplasmic reticulum (ER) and potentiate GSIS in MING cells®,

However, the mechanism by which ER Ca2+ release leads to GSIS potentiation

remains unknown.
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Figure 4. Involvement of long-chain FA in GPR40-mediated insulin release in
physiological and detrimental condition. (A) Physiological conditions: ligand
binding to GPR40 activates Ga subunit and dissociates from the trimeric G-
protein activating PLC. As a consequence intracellular concentration of IP3
and DAG increases with the consequent hydrolysis of PIP2. DAG activates
PKD1 and promotes actin depolymerization leading to insulin secretion.
Simultaneously, IP3 promotes Ca2+ release from the ER and potentiate GSIS.
(B) Detrimental conditions: long-term exposure to LC-FFA inhibits autophagy,
GSIS response and insulin content. On the other hand, ceramide formation is
increased, Cytochrome c release and ER stress are induced, PCK and calpain-
10 are activated, ROS are produced and proapoptotic gene expression is
upregulated.
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