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ABSTRACT

Background:

Atherosclerosis, a global health issue and first leading cause of myocardial infarc-

tion and strokes, is an immunity-related disease. Recent data indicate that neural

guidance molecules including Semaphorin-3A (Sema-3A) have immune regulation

function. It has been shown that in some inflammatory diseases such as rheumatoid

arthritis, the serum levels of Sema-3A is lower in patients [19, 121], and administra-

tion of Sema-3A in animal models of these diseases showed a protective effect in the

progress of diseases [19]. Both Sema-3A and its receptors are expressed by most of

the immune cells involved in atherosclerosis such as monocytes, macrophages, and

T cells and regulate the function of these cells [62, 135, 97]. However, the effect of

Sema-3A on atherosclerotic plaque progression is not known. We hypothesize that

Sema-3A may have atheroprotective effects by regulating macrophage function and

inflammation resolution.

Methods:

In vivo: ApoE-/- mice were electroporated with Sema-3A or control plasmid to over-

express the protein (plasma Sema-3A increased levels were verified by ELISA), and

kept on high fat diet for 9 and 13 weeks. Plaque size was determined with oil red O

staining in aortic sinus, brachiocephalic artery (BCA), and aorta. Plaque character-

ization was performed by immunostaining. To investigate the effect of Sema-3A on

acute inflammation C57BL/6 mice were treated with Sema-3A or control plasmids.

xvii



Five days later LPS or VEH were injected into the skin of the ears. LPS-induced-

inflammation was studied 48 hours later.

In vitro: Bone-marrow-derived monocytes were obtained from C57BL/6 mice and

differentiated into macrophages by M-CSF. Macrophages were polarized to M1 or

M2 types using IFN-γ or IL-4 respectively. Western blotting was performed to deter-

mine the expression of Sema-3A receptors on macrophages. M1 and M2 macrophage

migration was assessed by boyden chambers assay. mRNA levels of integrins was

performed by qRT-PCR and activation of some integrins were measured on human

PBMCs derived from healthy donors, by flow cytometry.

Results:

Our findings show that atherosclerotic plaque is significantly smaller in Sema-3A

overexpressing as compared to control mice in BCA, aortic sinus, and aorta. The

plaque stability was comparable in both groups. However, plaque macrophage con-

tent was two-fold lower in Sema-3A overexpressing mice. This was associated with

less circulating monocytes in this group. Moreover, we found that even though

the monocyte recruitment to the plaque was not influenced by Sema-3A in vitro,

M2 macrophage migration was increased by Sema-3A, which could explain lower

macrophage content in the plaques of these mice. Further analysis showed that

increased M2 macrophage migration by Sema-3A was associated with higher acti-

vation of β1-integrins and phosphorylation of focal adhesion kinase in these cells.

The negative immuno-regulatory effect of Sema-3A was also confirmed by decreased

xviii



LPS-induced acute inflammation by Sema-3A. LPS-induced ear thickening was signif-

icantly decreased in Sema-3A overexpressing as compared to control mice. Our pre-

liminarily data showed that Sema-3A prevented LPS-induced infiltration of macrophages

and T cells in the ears.

Conclusion:

Our data show that Sema-3A reduces inflammation by regulating immune cell func-

tion. In a chronic inflammatory disease, such as atherosclerosis Sema-3A prevents

plaque development possibly by increasing M2 macrophage mobility through regu-

lation of β1-integrins. And in the acute inflammation model, Sema-3A protective

effect seems to be due to the regulation of macrophages and T cells.
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RÉSUMÉ

Contexte:

L’athérosclérose est un problème de santé mondial et est la première cause de l’infarctus

du myocarde, une pathologie impliquant l’immunité. Des données récentes indiquent

que des molécules guides des neurones telle que la Semaphorin-3A, ont une fonction

de régulation du système immunitaire. Il a été démontré que, dans certaines maladies

inflammatoires telles que la polyarthrite rhumatöıde, les niveaux de Sema-3A plasma-

tiques sont inférieures chez les patients [19, 121] et l’administration de Sema-3A dans

des modèles animaux a démontré un effet protecteur dans la progression de ces mal-

adies [19]. Sema-3A et ses récepteurs sont exprimés par la plupart des cellules immu-

nitaires impliquées dans l’athérosclérose telles que les monocytes, macrophages, lym-

phocytes T et Sema-3A peut réguler la fonction de ces cellules [62, 135, 97]. Cepen-

dant, l’effet de Sema-3A sur la progression de la plaque d’athérosclérose n’est pas

connu. Nous faisons l’hypothèse que Sema-3A peut avoir un effet athéroprotecteur

en régulant la fonction des macrophages et en diminuant l’inflammation.

Méthodes:

In vivo: Des souris ApoE-/- ont été électroporées avec un plasmide Sema-3A ou

contrôle afin de surexprimer la protéine (l’augmentation des niveaux plasmatiques

a été vérifiée par ELISA). Les souris ont été maintenues sous un régime riche en

cholestérol pendant 9 et 13 semaines. La taille des plaques d’athérosclérose a été

évaluée avec coloration à l’huile rouge dans le sinus aortique, le TABC et l’aorte.

La caractérisation des plaques a été réalisée par immunohistochimie. Afin d’étudier

xx



l’effet de Sema-3A sur l’inflammation aiguë, des souris C57BL/6 ont été traitées avec

le plasmide Sema-3A ou contrôle, et cinq jours plus tard du lipopolysacharide (LPS)

ou du PBS ont été injectés dans la peau des oreilles. L’inflammation induite par le

LPS a été étudiée 48 heures plus tard.

In vitro: Des cellules monocytiques extraites de la moelle osseuse ont été obtenues à

partir de souris C57BL/6 et différenciées en macrophages par M-CSF. Les macrophages

ont été polarisés afin d’obtenir des types M1 ou M2 en utilisant l’IFN-γ ou l’IL-4,

respectivement. L’expression des récepteurs de Sema-3A sur les macrophages a été

déterminée par immunobuvardage. La migration des macrophages M1 et M2 a été

évaluée dans des chambres de Boyden. L’expression génique des intégrines a été

mesurée par qRT-PCR et la cytométrie de flux a été utilisée pour mesurer l’activation

de certaines intégrines exprimées par des PBMC humaines provenant de donneurs

sains.

Résultats:

Nos résultats indiquent que les plaques d’athérome étaient significativement plus

petites chez les souris surexprimant Sema-3A par rapport aux souris témoins dans

le sinus aortique, le TABC et l’aorte. La stabilité des plaques était comparable

chez les deux groupes. Cependant, le contenu des plaques en macrophages était

diminué de deux fois chez les souris surexprimant Sema-3A. Ceci était associé à une

diminution des monocytes circulants dans ce groupe. De plus, nous avons constaté

que bien que le recrutement des monocytes était identique chez les deux groupes de

souris, Sema-3A augmentait la migration des macrophages M2 in vitro. Ceci pour-

rait expliquer la diminution du contenu en macrophages des plaques chez ces souris.
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Nous avons également montré une augmentation de l’activation des intégrines-β1ainsi

que la phosphorylation de la kinase impliquée dans les adhérences focales. Le rôle

immuno-regulateur negatif de Sema-3A a été également confirmé par la diminution de

l’inflammation aiguë induite par le LPS avec Sema-3A. L’épaississement des oreilles

induit par le LPS était significativement diminué chez les souris surexprimant Sema-

3A vs les contrôles. Nos résultats préliminaires ont montré que Sema-3A empêche

l’infiltration des macrophages et des cellules T dans les oreilles injectées avec LPS.

Conclusion:

Nos résultats montrent que Sema-3A réduit l’inflammation en régulant la fonction

des cellules immunitaires. Dans l’athérosclérose qui est une maladie inflammatoire

chronique, Sema-3A empêche le développement de la plaque, en augmentant la

mobilité des macrophages de type M2, via la régulation des intégrines β1. Lors

d’inflammation aiguë l’effet protecteur de Sema-3A semble être dû à la régulation

des macrophages et des cellules T.
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CHAPTER 1
Literature Review

1.1 The vasculature

The human cardiovascular system is composed of the heart and blood vessels.

The earliest known writing on the cardiovascular system was found in the Ebers

Papyrus, 1500 B.C. The ancient Egyptian medical papyrus is 20 meters long and 30

centimeters wide containing over 700 prescriptions and remedies, both physical and

spiritual. Interestingly the anatomical-physiological section of this document begins

with this phrase: “The beginning of the physician’s secret: knowledge of the heart’s

movement and knowledge of the heart” and the Egyptians continued by acknowledg-

ing the connection of the heart to the arteries. The Egyptians thought air came in

through the mouth and into the lungs and heart. From the heart, the air travelled to

everywhere through the arteries. Although this concept of the cardiovascular system

is only partially correct, it represents one of the earliest accounts of scientific thought

[42, 25].

The large blood vessels (that are the focus of this thesis) consist of three layers.

The most innermost layer is called tunica intima, a single layer of squamous endothe-

lial cells (ECs) facing the lumen and covering the vessel. This layer plays a unique

role in vascular biology and its dysfunction gives rise to cardiovascular disease. Un-

derlying this layer is the basal lamina and the internal elastic lamina which support

the ECs. The second layer (the thickest layer in arteries) is the tunica media, which
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mainly contains vascular smooth muscle cells (VSMCs) that control the caliber of

the vessel. This layer is usually surrounded by, the external elastic lamina which

separates it from the third layer, the tunica advantitia (the thickest layer in veins).

This outermost layer is entirely made of connective tissue, fibroblasts, and immune

cells. It also contains nerves and capillaries, called vasa vasora, which supply the

large vessels.
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Figure 1–1: Structure of the wall of artery. The large blood vessels consist of three
layers: tunica intima, tunica media, and tunica adventitia. (Modified from picture by
Bruce Blaus.)

Blood vessels are involved in almost every medical condition from simple in-

flammation to cancer. In the present study we focus on one of the most common

diseases of the blood vessel wall, cardiovascular disease specifically atherosclerosis.

1.2 Atherosclerosis

Cardiovascular disease (CVD) is a category of diseases including atherosclerosis,

stroke, hypertension, venous thrombosis, and cardiomyopathy. These all involve the

heart and/or blood vessels. It is a world-wide disease no longer limited to developed

countries. CVDs are reported to be the leading cause of death in north America.

In the past, CVDs were considered to be an older adult disease. However, now

according to American Heart Association (AHA) reports, more than 40% of patients

are between 45-69 years old [59, 67]. There are many risk factors associated with

CVDs such as life style, diet, physical inactivity, gender, age, and socioeconomical

factors. Some of these factors could be changeable, but there are numerous involved

factors that are not under control [84].

In this study we focused on atherosclerosis at the cellular and molecular level.

Although it has been extensively studied, failure of risk factor management and

therapeutic approaches and strategies to effectively abrogate the atherosclerosis risk

makes it a necessity to find new clinical targets.
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Atherosclerosis is a chronic inflammatory disease in which plaque forms at the

sites of disturbed laminar flow, particularly, arterial branch points and bifurcations.

It is a very dynamic and complex process that its accompanied by inflammation and

goes through different stages.

In 1829, Jean Lobstein introduced the term atherosclerosis for the first time.

A few years later two theories were postulated by two pathologists called Rudolf

Virchow and Carl Von Rokitansky. Virchow emphasized cellular pathology as a

critical point in atherosclerotic plaque formation, while Von Rokitansky believed that

mechanical injury and toxins led to endothelial dysfunction and further inflammation.

200 years later Mayerl et al. analyzed human samples in Von Rokitansky’s collections

and showed accumulation of T cells in early plaque [74].

There are many traditionally found risk factors associated with this disease such

as smoking, male gender, hypertension, diabetes, age, and the most important one,

hypercholesterolemia. High serum lipid levels especially the elevated level of low den-

sity lipoproteins (LDL) have been shown to be strongly related to the development of

atherosclerosis. It is generally accepted that the atherosclerotic lesions are initiated

by infiltration of LDL particles into the subendothelial space. However, there is a

growing body of evidence that shows that the immune system is the master regulator

of the atherogenic process. There are a variety of cells found in the subendothelial

space of an atherosclerotic artery such as macrophages, dendritic cells (DCs), foam

cells, lymphocytes and other inflammatory cells, and VSMCs. In addition, under

proatherogenic conditions nitric oxide (NO) production by ECs is decreased and the

burden reactive oxygen species (ROS) and advanced glycation end (AGE) products
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are increased [32]. So these features of atherosclorosis show that it is a complex

disease and that many components of the vascular, metabolic, and immune systems

are involved in this process (Figure 1–2).
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Figure 1–2: Atherosclerosis is an inflammatory disease. Many types of immune cells like
vascular dendritic cells, macrophages, and T cells accumulate in the subendothelial space.
As plaque formation progresses macrophage and DCs invade the tunica media in the lesion
area. In a healthy vessel, the adventitia contains sparse T cells, B cells, and DCs, but in
the lesion area the lymphocytes populate the lesion site [32]. (No permission required from
publisher)

1.2.1 Mouse models of atherosclerosis

A diverse range of small and large animal models have been used to study the

atherogenic process. No model is ideal as each has its own advantages and lim-

itations with respect to manipulation and modeling of the human atherosclerosis

process. Useful large animal models include pigs, rabbits, dogs, and nonhuman pri-

mates. Due in large part to the relative ease of genetic manipulation and breeding,

low cost of maintenance, and the relatively short time frame for the development

of atherosclerosis, murine models are currently the most extensively used. The two

most frequently used murine models of atherosclerosis are the apoE-/- model and the

LDLR-/- model. ApoE, primarily synthesized in liver, is one of the apolipoproteins

that coats the surface of lipoprotein particles and serves as a ligand for receptor-

mediated removal of lipoproteins from plasma, so lacking apoE results in elevated

cholesterol level and atherosclerosis. In human and mice, mutations in the LDL

receptor causes markedly increased total and LDL cholesterol levels [35, 102, 89].

Although not all aspects of murine atherosclerosis are identical to humans, studies

using murine have provided insight into the fundamental mechanisms driving early

atherosclerosis.
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1.2.2 Atherosclerotic plaque formation

Human and animal studies show that the key initiating step in the atheroscle-

rotic process is subendothelial accumulation of apolipoprotein B-containing lipopro-

teins (apoB-LPs). ApoB-LPs are made by liver and intestinal cells, and they con-

tain a core of neutral lipids, markedly cholesteryl fatty acyl esters and triglycerides,

covered by a layer of phospholipids and protein. When they enter into the circula-

tion these apoB-LPs are converted into atherogenic compounds (LDL and remnant

lipoproteins respectively) and upon entry into the subendothelial space, undergo

various modifications such as oxidation, enzymatic and non-enzymatic cleavage and

aggregations. On the one hand, this initiates the inflammatory response, resulting

in activation of overlying endothelial cells to secrete chemokines that promote direc-

tional migration of inflammatory cells [78]. On the other hand VSMCs which are

usually in a quiescent, contractile phenotype in a healthy vessel, change phenotype

to enter a proliferative state and migrate into the subintimal space. In the course of

normal inflammatory response, immune cells infiltrated into the lesion are expected

to leave the site after participating in inflammation resolution and healing process.

However, in the case of atherosclerosis these cells get trapped in the plaque and

undergo apoptosis. So loss of migratory capacity and inefficient inflammation reso-

lution are major factors contributing to atherosclerotic plaque formation [105]. The

resulting accumulation of LDL particles, cell debris, and continuous inflammation

drive the activation of adaptive immunity in response to chronic inflammation [70].
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1.2.3 Monocytes

Monocytes are one of the first immune cells present in lesion sites in response

to activated ECs. They play an essential role in plaque initiation and progression.

They can originate from bone marrow or spleen, but the mechanism of rolling and

entering the subintimal space is independent of their origin.

Different references list different steps for the leukocyte adhesion cascade, but

the main steps are capture, rolling, firm adhesion, and transmigration as shown in

figure 1–3. Monocytes are attracted by chemokines like CCL5 and CXCL1 immo-

bilized on endothelial glycosaminoglycans and then roll on P-selectin expressed at

the luminal surface of activated endothelial cells. The next step is to strengthen the

adhesion which is done by firm interaction between integrins on monocytes (VLA4

and LFA1) and the adhesion molecules on ECs (VCAM-1 and ICAM-1 respectively).

Upon adhesion, monocytes spread and crawl to transmigrate into the vessel wall

in response to chemokines released by ECs and VSMCs. It has been shown that the

principal chemokines and their counterpart ligands in this step are CX3CR1/CX3CL1,

CCR2/CCL2, and CCR5/CCL5. Also it has been reported that these chemokines

play crucial role in recruitment of monocytes from bone marrow (CCL2) and survival

of these cells (CX3CR1). Elimination of these proinflammatory molecules reduced

the plaque size in apoE-/- mice by 90% [77]. In addition to the above mentioned

chemoattractants, recent data show that neuronal guidance cues like semaphorins,

netrins, and ephrins, independent of other chemokines, act as chemoattractants or

chemorepellents on immune cells. This will be discussed more in detail later.
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Figure 1–3: Schematic view of mechanism of monocyte recruitment into the atheroscle-
rotic plaque: Activated ECs express adhesion molecules such as ICAM-1, VCAM-1, PSGL-
1 and chemokines that interact with monocytic ligands and mediate the different steps of
the adhesion cascade. Reprinted from reference [34] with permission from the Oxford
University Press.

The role of different monocyte subsets in the atherosclerotic process has recently

become a topic of interest. In ApoE-/- mice on a high fat diet, the number of inflam-

matory monocytes referred to as Ly6chi is increased. This subset of monocytes is

shown to be involved in acute inflammatory responses and to produce higher levels of

P-selectin glycoprotein ligand-1 (PSGL-1), which contributes to their homing to and

rolling on ECs. The other subtype of monocytes , patrolling monocytes or Ly6clo, is

associated with inflammation resolution [78, 6]. Although human monocytes don’t

express Ly6c, there is a proinflammatory monocyte population in humans that have
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high expression of PSGL-1 [6].

1.2.4 Macrophages

Macrophages are innate immunity cells involved in primary response to pathogens.

However, they have well-established role in tissue homeostasis, coordination of the

adaptive immune response, inflammation resolution and repair. So it is not sur-

prising that they are also the main contributor in atherosclerotic lesion formation,

progression, and vulnerability. Although macrophage clearance of lipoproteins and

apoptotic cells is beneficial in terms of plaque formation, diminished capacity of

macrophage migration contributes to their failure to resolve inflammation and to

progression of advanced plaques. Even in the advanced plaque, macrophages con-

tinue to be the major sponsor for the inflammatory response through secretion of

proinflammatory mediators such as chemokines, cytokines, ROS, NO, Matrix Metal-

loproteases (MMPs), and even through their apoptosis. Notably, dying macrophages

release their lipid content and tissue factors which form the prothrombotic necrotic

core, characteristic of an unstable vulnerable plaque [77].

1.2.4.1 Macrophage polarization

Macrophage function is strongly influenced by exposure to cytokines which

determine their phenotype. Conversely both the quantity and the phenotype of

macrophages influence the inflammatory state of plaques. Macrophages show high

plasticity and heterogeneity, and as the stimuli from the micro-environment change,
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they can switch their phenotype. For instance Lee et al. using an ischemia-reperfusion-

induced kidney injury model, showed that at early phase of injury pro-inflammatory

macrophages were recruited to the site of lesion, but later on more reparative macrophages

were detected. Using cell-tracing methods, they showed that rather than recruit-

ing reparative macrophages, proinflammatory macrophages switched their phenotype

due to change in the environment [61].

Upon entry of monocytes into the atherosclerotic lesion, the majority of them

become dendritic cell-like and/or macrophages. Macrophages exhibit a plasticity in

phenotype, ranging from macrophages involved in inflammatory processes (M1) to

macrophages involved in healing processes (M2, M2a, M2C) (refer to figure1–4) [78]
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Figure 1–4: Macrophages heterogeneity in atherosclerosis: Depending on various stimuli
from the microenvironment, macrophages can polarize towards different phenotypes from
inflammatory M1 to reparative M2. This polarization could be in response to differentiation
factors such as MCSF or T cell derived cytokines like IFN-γ, IL-10, IL-4/IL-13. Reprinted
from reference [128] with permission from the publisher Schattauer GmbH.

1.2.4.2 M1 vs. M2 macrophages

Found in the 1970s, the classically known macrophage activation (M1) is induced

by IFN-γ produced by CD4+T cells, CD8+T cells, and natural killer (NK) cells. IFN-

γ gives M1 cells increased antigen capacity, increased synthesis of proinflammatory

cytokines, toxic mediators, and amplified phagocytic capability.

Soon after M1 macrophage classification, in 1982, the immunological counterpart

of IFN-γ, interleukin (IL)-4 was identified. However, it took 10 years of investiga-

tions until the concept of alternative activation was proposed. Several independent,

parallel studies showed that macrophages also undergo alternative activation by IL-4

and IL-13, which trigger a different phenotype resulting in upregulation of mannose

receptor, induction of major histocompatibility complex (MHC) class II antigens,

inhibition of NO production, and increased arginase activity [73]. There are two

isoforms of arginase, arginase I and II (ArgI/II). They both catalyze L-arginine to

L-ornithine which is a precursor of polyamines (involved in cell growth, proliferation,

and differentiation) and proline (the key component of collagen). Since the expression

of ArgI is higher in M2 macrophages than M1, M2 cells are classified as reparative

or healing macrophages. The expression of inducible NO synthase (iNOS) is higher

in M1 macrophages. It catalyses L-arginine and produces NO. Macrophage NO up-

regulates VSMC cell surface Fas priming them for apoptosis. Since VSMCs promote
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plaque stability, VSMC apoptosis may increase plaque rupture, so M1 macrophages

are considered to be inflammatory macrophages [51, 10].

Recent evidence designates an essential role for cellular metabolism in macrophage

activation. In particular, M1 and M2 macrophages use different metabolic pathways

to fuel their functions. M1 macrophages use aerobic glycolysis to quickly supply

energy needed for intense proinflammatory responses, whereas M2 macrophages use

a more efficient ATP-generating program of fatty acid oxidation (FAO), capable of

being conserved for longer periods of time [85].

The presence of M1 and M2 macrophages is documented in both human and

murine atherosclerotic plaques. Khallou-Laschet et al. showed that in early atheroscle-

rotic plaques, M2 macrophages are more predominant and are associated with smaller

plaques. As the plaques progress, M1 macrophages over take the M2 population [51].

Studies in mouse models of atherosclerosis have shown that conditions that increase

macrophage polarization toward an M1 phenotype [12] or diminish polarization to-

ward M2 [64] promote atherosclerotic plaque formation [105], whereas provision of

the M2-polarizing factor inhibits disease progression [13] and even promotes plaque

regression [120].

1.2.4.3 Foam cells

LDL is the main source of excess cholesterol deposited in plaques. Native LDL

uptake is subject to negative feedback regulation, so it undergoes some modification.

Imbalance of modified LDL influx and efflux leads to lipid-laden macrophages or foam

cells. Macrophages express several scavenger receptors including scavenger receptor
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A and B, CD36, CD68, and scavenger receptor for phosphatidylserine and oxidized

lipoproteins responsible to uptake ox-LDL. Cholesterol up taken by these receptors

is delivered to lysosomes, where it is hydrolyzed to free cholesterol and fatty acids.

As intracellular cholesterol level increases, endogenous cholesterol biosynthesis

and LDLR expression are suppressed. However in the condition of continued choles-

terol uptake by scavenger receptors, this inhibitory mechanism is not sufficient to

protect the cell from excess cholesterol. Therefore excess cholesterol must be ex-

ported to extracellular acceptors to be transported to the liver [63].

ATP-binding cassette A1 and G1, membrane-bound proteins, are major choles-

terol efflux regulatory proteins that initiate reverse cholesterol transport in macrophages.

Deficiency of these two transporter proteins causes foam cell formation [32].

In addition, modified LDL induces cell death due to cytotoxicity and it stimu-

lates ECs to recruit more inflammatory cells. It also modulates gene expression in

macrophage-derived foam cells, upregulating proinflammatory IL-8 and ROS, and

downregulating tissue inhibitors of metalloproteinases (TIMPs). This shifts stable

plaques toward a more vulnerable phenotype. Macrophage-derived foam cells also

stimulate SMC migration from the media into the intima. These SMCs highly express

LRP1 (LDL Receptor-Related protein 1) due to hypercholesterolimia and contribute

to LDL uptake, becoming foam cells themselves [100].

1.2.4.4 Efferocytosis

Successful resolution of the inflammatory disease process requires a diverse se-

ries of processes including inhibition of inflammatory cell recruitment, promotion of

14



inflammatory cell egress, and clearance of apoptotic cells by phagocytes. This latter

process is known as efferocytosis [105]. Efficient efferocytosis has important conse-

quences on plaque regression. For example, it has been found that efferocytosis leads

to TGF-β secretion, which in turn can inhibit monocyte recruitment into the lesion

[38].

It has been shown that efferocytosis is impaired in atherosclerosis, and in com-

bination with apoptosis of advanced lesional macrophages it leads to necrotic core

formation [78]. Understanding the principals behind defective efferocytosis is im-

portant and may help to find a suitable therapeutic solution. So far several pos-

sible mechanisms have been proposed in this regard. A) Oxidative stress exerted

by ROS inhibits efferocytosis by macrophages. B) Ox-LDL is immunogenic and

anti-ox-LDL autoantibody has been found in plaques. Upon binding of antibody,

it prevents recognition of apoptotic cells by macrophages. C) Both ox-LDL and

ox-RBC (Red blood cells) compete with apoptotic cells for the same epitopes on

the surface of macrophages. D) Free cholesterol loading in foam cells downregulates

proteins that facilitates efferocytosis. E) Accumulation of lipid droplets in foam cells

causes macrophage stiffening preventing pseudopodia formation thereby decreasing

efferocytosis [100].

Right now, finding a golden solution to overcome these defectives is a big chal-

lenge in the atherosclerosis regression studies. It seems that M2 macrophages are

more likely to degrade phagocytic cargo in an attempt to maintain homeostasis. So

increasing M2 macrophage activity looks like a promising path to follow.
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1.2.5 Dendritic cells

Dendritic cells are another bone-marrow derived cells that are present in athero-

prone regions before plaque formation and in established atheromata [88]. However,

the exact origins of residential DCs and lesional DCs are disputed. They could re-

sult from local proliferation, recruitment from bone marrow, or both. A study in

C57BL/6 mice show that the residential DCs are derived predominantly from the

bone marrow [49]. Tacke et al. studied the origin of lesional DCs in ApoE-/- mice un-

der high fat diet and found that lesional DCs originate from Ly6Clo monocytes [106].

DCs have multiple roles in plaques. These cells secrete chemokines like CCL19 and

CCL21 that might accelerate naive lymphocyte recruitment into the plaque. Also

they may present possible atherosclerosis antigens like ox-LDL to the T cells and

promote T cell differentiation and proliferation.

1.2.6 T lymphocytes

T lymphocytes play a crucial role in the inflammatory process of atherosclerosis.

They enter the intima by binding to VCAM-1 and in response to the IFN-γ-inducible

chemokines that binds to CXCR3 receptor on T cells [65]. The CD4+ T cells are

the most prominent T cell population in both human and mouse lesions [94]. When

activated they differentiate into several subtypes including effector Th1 and Th2 cells.

Th1 cells produce proinflammatory cytokines such as IFN-γ, IL-12, IL-15, IL-18, and

TNF, leading to M1 macrophage polarization, production of MMPs and tissue factors

(TF) by macrophages, thereby increasing vulnerability and thrombogenicity of the
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plaque lipid core. Th2 cells release cytokines like IL-10 to suppress inflammation

and promote M2 macrophage polarization [6, 94, 73].

Study of early atherosclerotic lesions show a Th1 response [41, 11] which may be

counterbalanced by Th2 response [75], so timely negative regulation of the immune

system is critical to allow it to perform its duty while maintaining it under tight

control to avoid overactivation.

The balance between Th1 and Th2 response is highly regulated by regulatory T

cells (Tregs, CD4+CD25+). Tregs suppress effector T cell proliferation via secretion

of inhibitory cytokines like IL-10 and TGF-β. In addition to regulating effector T

cell functions, Tregs also induce M2 macrophages, inhibit foam cell formation, and

influence cholesterol metabolism (figure 1–5) [29]. It has been shown that Tregs are

decreased in the peripheral blood of all patients with autoimmune diseases including

rheumatoid artheritis, type I diabetes, multiple sclerosis, systemic lupus erythmato-

sus, and acute coronary disease [27, 57, 125, 23, 96].
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Figure 1–5: Mechanism of action of Tregs in atherosclerosis: Tregs have a key role in
modulating immune cell function to suppress inflammation in atherosclerosis. They inhibit
proatherogenic T cells either via direct cell-cell contact or via secreting cytokines. They
also suppress DC and EC activation, foam cell formation, and promote M2 macrophage po-
larization. Reprinted from reference [29] with permission from the Wolters Kluwer Health,
Inc.
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In healthy vessels T cells and Tregs are virtually absent. However, they are

present in all stages of atherosclerotic lesion, both in the intima and the adventitia.

Compared with other inflammatory disease, the frequency of Tregs is significantly

lower in atherosclerosis [24], which could be due to inhibition of FoxP3 expression

by ox-LDL. FoxP3 is a transcription factor responsible for genes involved in Treg

function[79]. When CD4+CD25+ Treg cells were transferred to mice susceptible to

atherosclerosis, smaller plaques, less infiltration of T cells and macrophages, and in-

creased collagen content were observed, showing that Treg play an essential role in

controlling the inflammatory responses [3]. Thus restoration of this balance between

effector T cells and Tregs may have a great therapeutic potential to prevent cardio-

vascular disease.

1.3 Neuronal guidance molecules & immune system

It has been very well established that similar molecular events govern cell-cell

contacts in different cell types. Recent reports describing cellular interactions be-

tween immune cells such as T cells and DCs show similarities in processes that occur

during synapse formation in the nervous system. Semaphorins, netrins, slits, and

ephrins are four major guidance cues that regulate neural development and play

roles in directional cell migration [108]. However, accumulating data support new

roles for these proteins beyond the nervous system and axon guidance, and show

their roles in vasculogenesis and angiogenesis, immune cell regulation, and tumor

progression [123]. Now it becomes clear that several semaphorins, called “immune

semaphorins” play crucial roles during immune responses.
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1.4 Semaphorins

The word semaphorin consists of ”semaphore + in”. Semaphore means the

system of flags and lights used in rail and maritime communication to signal the

direction of movements (Merriam-Webster online dictionary) and that is exactly

what semaphorin proteins do.

So far eight classes of semaphorins have been discovered. Class 1 and 2 were

found in invertebrates, class 3-7 in vertebrates, and class V in viruses [56, 83]. Based

on biochemical structure there are three types of semaphorins: secreted, membrane

glycosylphosphatidylinositol (GPI) anchored, and transmembrane. Class 2, 3, and

V are secreted, but all others are membrane bound proteins [114]. All semaphorins

have a sema domain comprising of 400-1000 amino acids in the form of seven-blade

β−propeller fold similar to β−propeller structure of α integrins. The sema domain is

also found in other proteins such as plexins, and the receptor tyrosine kinases Met and

Ron. Another main domain that all semaphorins have is a PSI (plexin, semaphorin,

and integrins) domain, which is similar to sequences found in the extracellular domain

of β integrins [9]. Depending on the class of semaphorins they may also have an

immunoglobulin (Ig) like domain or thrombospondin domain or both (figure 1–6).
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Figure 1–6: Semaphorin family members: All semaphorins have a large amino-terminal
Sema domain that is essential for their signaling. There are 8 classes with a conserved PSI
domain at the C terminus that is homologous to the N-terminus of β intergrins. Sema-
3 family is the only secreted member in vertebrates. Reprinted from reference [83] with
permission from the Nature Publishing Group.

1.4.1 Semaphorin-3A

Semaphorin-3A (Sema-3A) is secreted as a 95kDa monomer, that could undergo

proteolytic cleavage through the removal of the 33kDa C-terminal domain and create

a 65kDa isoform [54]. The phenotype of mice carrying a null mutation of Sema-3A

is almost normal at birth, but they have axon guidance defects and develop multiple

skeletal defects and die shortly after birth due to the dilation of the right ventricle

and right atrium of the heart [8].

As it will be discussed more in detail later in this thesis, Sema-3A is secreted

by several immune cells including macrophages and T cells. Several studies suggest

that Sema-3A could be protective in the context of atherosclerosis. For example, in
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LDLR-/-mice after two weeks of high fat diet, expression of Sema-3A and netrin-1

were downregulated in endothelial cells in atheroprone regions. This suggested a

new role for these guidance cues in endothelial barrier function preventing monocyte

entry. Also, it was shown that expression of Sema-3A is highly downregulated in en-

dothelial cells exposed to proatherogenic conditions including low shear stress flow,

monocyte recruitment chemokines like MCP-1 and IL-8 or proinflammatory stimuli

like TNF-α and LPS [123]. The mechanism by which Sema-3A exerts its action will

be discussed later.

1.4.2 Semaphorin-3A receptors

The first receptors identified for semaphorins were neuropilins, but it soon

became clear that neuropilins alone can not transduce the signal. They make a

complex with another type of transmembrane receptor, plexins. The fact that

each semaphorin can interact with diverse receptor complexes and that plexins and

neuropilins may have different partners in the cell membrane made the study of

semaphorin function quite complex. Moreover, the biological response to semaphorin

strongly depends on the cellular context, meaning that it is not only modulated by

the amount of receptor expressed or the availability of intracellular transducers, but

also by the expression of coreceptors in the same cell.

1.4.2.1 Neuroplilin-1

Neuropilin, first named A5 neuron-specific cell surface antigen, was initially

found in Xenopus embryos in 1991. Simultaneously, another neuropilin- like gene was
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found in human and called neuropilin-2 (Nrp-2), so A5 neuron-specific cell surface

antigen was renamed as neuropilin-1 (Nrp-1). Nrp-1 is a direct receptor for Sema-3A

[81], for the 165-amino-acid isoform of vascular endothelial growth factor, VEGF

[83], and for transforming growth factor beta-1, TFG-β1 [36]. Nrp-2 was shown to

behave as a receptor for other members of the semaphorin-3 family [22].

Neuropilins are single pass transmembrane spanning proteins. As shown in

figure 1–7 they have two complement-binding domains (CUB domains) which ap-

parently serves as a semaphorin binding domain, and two coagulation factor V/VIII

binding homology domains, essential to define the profile of semaphorin specificity,

a MAM domain which is an adhesive domain and plays an important role in homo-

and hetero-dimerization of neuropilins, a transmembrane segment, and a short cyto-

plasmic domain. Both neuropilins have differently spliced isoforms, but interestingly

Nrp-2 has a variant with completely different transmembrane and intracellular do-

mains indicating a different function for this form [114]. Nakamura and colleagues

showed that the intracellular domain of Nrps is not essential for chemorepellent sig-

naling since deletion of this domain did not prevent semaphorin repulsive effect [81].

Also the same group used the spliced-soluble form of Nrp-1 to show that although the

soluble form of a receptor usually has an inhibitory effect on signaling by trapping

the ligand, in this case soluble Nrp-1 did not prevent semaphorin signaling, proving

the presence of a partner for neuropilins.

The biological function of neuropilins was basically first revealed by an in vitro

assay showing Sema-3A repels growing tips on neuropilin-1 expressing dorsal root

ganglion cell [69].
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Figure 1–7: Nrp receptor family: The two neuropilins are single-pass transmembrane
receptors. At the N terminus they both have two CUB domains which are semaphorin
binding sites. At the C terminus they contain a MAM domain playing a role in the
formation of the neuropilin complex, and in the middle there are two FV/FVIII coagulation
factor-like domains that are the VEGF binding site. Reprinted from reference [83] with
permission from the Nature Publishing Group.

The genetic knockout of Nrp-1 is embryonic lethal, but its deficiency alters vas-

cularization in the brain and causes different morphogenetic defects in the heart and

large vessels [114].
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1.4.2.2 Plexin-A1/A4

In humans there are at least nine different plexin genes grouped in 4 subfamilies

based on sequence similarities, classes A-D [114]. There are 4 members in class A,

3 members in class B, and one member in class C and D. As said before the main

characteristic of plexins is a sema domain. In addition there are 3 PSI domains and 3

IPT ( Ig like plexin and transcription factors) domains in the extracellular part of the

plexins. The intracellular segment is highly conserved and consists of two segmented

GAP (GTPase activating protein) domains with a linker domain of GTPase binding

region [56, 113] which control cytoskeletal dynamics and integrin function through

monomeric G proteins (figure 1–8) [116]. They can associate with different receptors

to respond differently to the same ligand. For example, in the development of a chick

embryo, plexin-A1 (Plx-A1) forms a complex with off-track (Otk) receptor and vas-

cular endothelial growth factor receptor 2 (VGEFR2) receptor, both tyrosine kinase

receptors, and mediates distinct biological activity in cardiac morphogenesis [104].

Plx-A1 knock-out mice show severe osteoprosis due to decreased bone resorption as

a result of defective osteoclastogenesis [111]. Plx-A4 knock-out mice have enhanced

T cell priming and T cell mediated immune responses, similarly to EAE (a murine

model of human multiple sclerosis) [135].
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Figure 1–8: Semaphorins and Plexins interaction: Both semaphorins and plexins contain
sema domain. Arrows indicate interacting partners and blue labels on arrows shows the
necessity for Nrp-1 (dark blue) or Nrp-2 (light blue). Reprinted from reference [56] with
permission from the Nature Publishing Group.
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1.4.3 Semaphorins & Adaptive Immunity

The immune and nervous systems have some similarities. The interface between

interacting antigen presenting cells (APCs), such as macrophages and DCs, and T

cells resemble the contact between pre- and post-synaptic neurons. A lot of molecules

first studied in neurobiology have been shown to play roles in adaptive immunity.

For instance, agrin, essential for neuromuscular junction formation, is expressed by

lymphocytes and is involved in formation of lipid raft clusters serving as a platform

for signal transduction [52]. Accumulating evidence indicates some of the semaphorin

family members are also found in both systems and have a role in the regulation of the

immune system. Some suppress immune cell activation and proliferation, whereas

the others stimulate immune-mediated responses. It has been shown that Sema-

4A expressed by DCs enhances T cell activation [58] or Sema-4D expressed by T

cells prolongs B cell activation through binding to B cell surface receptor CD72 and

preventing its inhibitory function [104, 53].

In general, Sema-3A negatively regulates immune responses [107]. For instance it

has been shown that down regulation of Sema-3A in the nasal epithelium contributes

to hypersensitivity in animal models of allergic rhinitis. When recombinant Sema-3A

protein was administrated intranasally to the mice, sneezing and nasal rubbing was

diminished [98]. In another research the role of Sema-3A in psoriasis was investigated.

Sema-3A expression was lower in skin biopsy specimens of patients compared to the

healthy individuals and its level was negatively correlated with itch intensity and

severity of the disease [122]. These examples as well as others indicate a potential

regulatory role of Sema-3A in the immune system.
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Sema-3A is not only expressed by immune cells, but coronary artery endothe-

lial cells also express it. Its expression is down-regulated by pro-atherogenic factors

including oscillatory shear stress and pro-inflammatory cytokines. It is well known

that this negative guidance cue protein inhibits migration of human monocytes di-

rected by chemokines and it has been shown that blocking the effect of Sema-3A and

netrin-1 by blocking peptides increases leukocyte adhesion to the endothelium [123].

It has been shown that all Sema-3A receptors are expressed on monocyte and

macrophages of human and mouse origin [129, 135], and the expression level of

Sema-3A receptors significantly increased upon polarization to M2 macrophages [46].

Considering these studies, many recent investigations have focused on the role of the

biological ligand Sema-3A in immunity.

1.4.3.1 Semaphorin-3A & T cells

Sema-3A is secreted by activated DCs and T cells at late time points of immune

response. It inhibits DC-induced proliferation of T cells through modulation of

actin polymerization and abrogation of T cell receptor (TCR) polarization and focal

adhesion kinase (FAK) phosphorylation [62].

In vivo and in vitro studies have identified a regulatory role for Sema-3A and

its receptors in immune responses, chemotaxis, and cytokine production of T cells

and DCs, as well [109]. Nrp-1 is expressed by DCs and T cells and has a critical role

in DC/T cell synapse formation [118]. Plx-A1 is expressed on DCs and it is required

for the efficient generation of antigen-specific T cells. Plx-A4 is expressed by T cells,

DCs but not B cells and NK cells [135], and PlX-A4-/- T cells show hyperproliferative
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responses to stimulation in vitro. The same response was also observed in both T

cells from Nrp-1 mutant mice and Sema-3A-deficient mice [135]. As reported by

Catalano et al., Sema-3A produced by DCs and several tumor cells is a negative

regulator for T cells. Sema-3A inhibits T cell receptor-mediated proliferation and

cytokine production via downregulation of mitogen activating protein (MAP) kinases

[20] resulting in tumor cells escape from detection and clearance by immune cells.

Also Garcia et al. have shown that Sema-3A inhibits CXCL12 chemokine-driven

migration of all types of CD4 and/or CD8 T cells through downregulation of its

receptor CXCR4 and FAK phosphorylation [33].

In addition Sema-3A induces Treg [20, 97], which as explained before suppress

effector T cells, secrete M2-polarizing cytokines, and are generally considered to be

atheroprotective [3]. For instance when ApoE-/- mice kept on high fat diet were

treated with measles virus which is a potent inducer of Sema-3A secretion, the

atherosclerotic plaque was smaller due to a significantly increased in Treg response

[2, 119].

1.4.4 Semaphorin-3A & Cell Migration

Cell migration is a multistep process that is essential in embryogenesis, and

throughout life. It contributes to tissue repair and regeneration, and is involved in

progression of many diseases like cancer, mental retardation, atherosclerosis, and

arthritis. Cell migration is not only an important process in humans, but also it

extends to plants and even single-celled organisms.

Migration is a highly orchestrated process. The first step is cell polarization

and extension of lamellipodia driven by polymerization of actin filaments toward
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the source of chemoattractant under control of Rho GTPases. Then weak nascent

adhesions are formed under these lamellipodia by binding the integrins to the ECM.

Afterward internal organelles are moved forward by the tension created by stress

fibers, and finally the cell retracts its rear edge by destablilizing and releasing fo-

cal adhesions. Growth-cone collapse upon contact with chemorepulsive cues like

semaphorins is well studied which includes retraction of filopodia and lamellipodia

and a localized rearrangement of the actin cytoskeleton suggesting that the intracel-

lular signaling of semaphorins in controlling directional cell migration [114] should

be the same as what has been found in growth cone collapse.

It is known that release of cell-substrate adhesion signals are normally required

to start cell migration, whereas constant inhibition of integrin function blocks cell

motility and passive retraction of pseudopodia. Considering this delicate balance,

although semaphorins have been mainly described as inhibitory signals because they

prevent cell migration and axon outgrowth, it has been shown that they could po-

tentially act as permissive cues for lamellipodia extension and cell migration [90].

Semaphorins have established functions in regulation of cell motility and mor-

phology through plexins. For instance, they control oligodendrocyte [103] and neural

crest cell [28] migration. Moreover, they modulate leukocyte migration [33] and have

crucial role in EC migration and angiogenesis as well [101]. Recently it was shown

by Casazza et al. that Sema-3A/Nrp-1 interaction increased macrophage motility in

hypoxic tumor area [18]. A recent imaging study has revealed that Sema-3A secreted

by lymphatic ECs guides DCs to enter into the afferent lymphatics [109]. PlxA1-/-
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DCs and DCs with mutant Nrp-1 show an impaired trafficking to lymphatics pointing

out a role for Sema-3A/Nrp-1/PlxA1 in DC transmigration [39].

As mentioned earlier, a landmark of atherosclerosis is the persistence of cholesterol-

laden macrophages in the plaque. Although defective egress has long been recognized

as a fundamental step in the progression of the plaque, the mechanisms that regu-

late this process are not well understood. Although there is no direct evidence of

the effect of Sema-3A on macrophage migration in the context of atherosclerosis,

the above mentioned studies show the effect of Sema-3A on cells closely related to

macrophages.

Emerging evidence suggests two mechanisms by which semaphorin-plexin sig-

naling influences these cellular functions. One is the regulation of the actin cy-

toskeleton through the Rho family GTPases and the other is the modulation of

integrin-mediated cell migration involving R-Ras- a Ras-family GTPase [104].

1.4.4.1 Integrins

Cell interaction with extracellular matrix (ECM) and neighbour cells elicits sev-

eral responses that have essential roles in the regulation of cell behavior. Regardless

of the type of cells this interaction shares two common features: they are mediated by

integrins and they interact with the actin cytoskeleton intracellularly. Integrins are

heterodimers of α and β subunits that binds to ECM through a large extracellular

domain, and inside the cells their intracellular domains interact with focal complex

proteins. Depending on their functional state, they have different affinity to ECM
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and a dynamic regulation is necessary to control this integrin plasticity throughout

life.

Several aspects of immune responses like transmigration of leukocytes through

ECs or macrophage egress from atherosclerotic plaque are profoundly dependent

on cytoskeletal dynamics and integrin activity. As discussed earlier in the mono-

cyte section ( section 1.2.3), two integrins, α4β1 (VLA) and αLβ2 (LFA) play vital

roles in adhesion and firm attachment of monocytes to the activated ECs in athero-

prone regions [31]. In addition leukocyte recruitment is not only via transmigration

through ECs, however, there is an alternative trafficking through vasa vasorum and

neovessels that form within the advanced plaque [130], and it has been shown that

αvβ3, αvβ5, and α5β1 are the main integrins involved in neovessel formation [47].

So integrins are involved from very early stages of plaque formation, and integrin

activity regulators may therefore be a good therapeutic target for atherosclerosis.

Since semaphorins play roles in angiogenesis and immune cell regulation, it is rea-

sonable to postulate that they may regulate integrins through their plexin receptors.

In an attempt to find molecules downstream of Sema-3A/Plx-A signaling, Serini et

al. showed that Sema-3A is colocalized with focal complexes in endothelial cells

spread on fibronectin, suggesting a dynamic transient association between Sema-3A

and integrin-containing focal complexes. This inhibits EC adhesion and migration

by inhibiting integrin function [101]. The molecular mechanism by which Sema-3A

regulates integrin function in different cell types, especially myeloid cells, is not fully

understood yet. Sema-3A signaling is well studied in neurons and it is likely that

binding of Sema-3A to Plx-A1 induces the intrinsic R-Ras GAP activity of Plx-A1
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thus resulting in switching GTP-bound R-Ras to GDP-bound R-Ras [95]. As R-Ras

is known to sustain integrin activation, the inactivation of R-Ras by Sema-3A/Plx-

A1 may lead to inactivation of integrins, thereby inhibiting integrin-mediated cell

adhesion [56] and increase migration in these cells (figure 1–9).

Figure 1–9: Proposed mechanism of regulation of integrin activity by Sema-3A in neurons:
In no ligand condition R-Ras is active and GTP-bound, resulting in integrin-mediated
attachment of cell to the ECM. Upon binding of Sema-3A to Nrp-1 and activation of Plx-
A1, R-Ras becomes inactive and GDP-bound leading to inactivation of integrins. Reprinted
from reference [56] with permission from the Nature Publishing Group.
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In addition Pan et al. investigated the mechanism of suppression of tumor cell

migration by Sema-3A, and found that in breast cancer cells, Sema-3A increases

both expression and activation of α2β1 integrin subunits. This stimulates tumor cell

adhesion to matrix and prevents migration [86].

Regardless of some studies showing the effect of Sema-3A on the biological

function of immune cells, the exact mechanism of these effects and how semaphorins

regulate integrins in the immune system are not known yet.

1.4.4.2 Focal Adhesion Complexes

Focal adhesions are flat, elongated structures with a surface area of several

square microns that often located at the cell periphery. This complex of proteins

convey information across the cell membrane to regulate extracellular-matrix assem-

bly, cell migration and morphogenesis, cell proliferation, differentiation, and death

[16]. These structures are dynamic and rapidly turned-over. They form at ECM-

integrin junctions to bring together cytoskeletal and signaling proteins during cell

function. For the cells to process different extracellular stimuli correctly, there are

essential intracellular signaling proteins that function as integrators which translate

extracellular input as signaling pathway output. One of these unique integrators is

focal adhesion kinase (FAK), a tyrosine kinase that plays a key role in cytokeletal

rearrangment [76].

FAK contains a central catalytic domain with large N- and C- terminal non-

catalytic domains. The C-terminus of FAK is rich in protein-protein interaction

sites that direct FAK to other focal adhesion proteins. This region is necessary for
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FAK signaling. FAK also has multiple serine/threonine phosphorylation sites which

are like a switch allowing it to signal to multiple downstream pathways leading to

different physiological outcomes [87].

The relation between Sema-3A signaling and FAK is extensively studied in the

nervous system. For example, Chacn et al. have shown that upon stimulation

of axons with Sema-3A, FAK was phosphorylated at tyrosine 925 which results in

disassembly of focal complex protein paxillin from FAK and growth cone collapse

[21]. In another study Schlomann and his team defined the molecular pathway

underlying the chemoattractant activity of Sema-3A on rat hippocampal dendrites,

and showed the engagement of β1 integrin in this pathway. Also they found that

FAK is phosphorylated downstream of activation of β1 integrin by Sema-3A/Plx-A1

[99].

By finding new roles for semaphorins and their receptors outside of the nervous

system, new efforts have begun to clarify the role of focal adhesion complexes in other

cells. Serini et al. have shown that at the cell periphery of ECs, Sema-3A either

colocalized with or surrounded focal complexes suggesting dynamic transient associ-

ation. Sorting between Sema-3A and integrin containing focal complexes resulted in

inhibition of ECM ligand recognition by EC integrins and prevented EC adhesion to

ECM [101]. More investigation is necessary to clarify how Sema-3A regulates FAK

outside the nervous system.
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1.4.4.3 Rho Kinases

In this subsection the focus is on a particular family of proteins that seems to

have a pivotal role in regulating the biochemical pathways relevant to cell migration,

the Rho GTPases.

Rho GTPases are a family of small signaling G proteins and a subfamily of

the Ras superfamily. They act as molecular switches to control signal transduction

pathways by cycling between a GDP-bound (inactive form) and a GTP-bound (active

form). So far 20 members have been found in mammals. The best characterized

function of these proteins is the regulation of actin dynamics. Three members of this

family have been extensively studied: Cdc42, Rac1, and RhoA. The in vitro studies of

a wide variety of cells demonstrated that Cdc42 and Rac1 regulate the polymerization

of actin filaments to form peripheral filopodia and lamellipodia, respectively, at the

front of the migrating cells. RhoA regulates the assembly of actin:myosin contractile

filaments at the back of the migrating cells. In addition, three regulatory proteins

promote the assembly of integrin-based, matrix adhesion complexes [92].

The role of Rho-family GTPases in response to guidance cue stimulations has

been well studied in terms of axon guidance, and it is well established that these

proteins are important components of Sema-3A/Plx-A axon guidance signaling [56].

As it has been shown in figure 1–8, Plx-A has a Rho GTPase binding domain (GAP)

in its cytoplasmic region suggesting a direct interaction with this family of proteins.

The first indication that Rho GTPases were involved in Sema-3A signaling came from

studies in chick dorsal root ganglions neurons (DRGs). When DRGs were treated

with the dominant negative form of Rac1 they did not respond to Sema-3A, whereas
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constitutively active Rac1 partially imitated Sema-3A-induced growth cone collapse.

This suggested that Rac1 mediates the F-actin reorganization induced by Sema-3A

[48]. In a study of local stimulation of the growth cone of a neuroblastoma cell with

Sema-3A, it was revealed that Sema-3A activates Cdc42 and RhoA at the leading

edge of this cell with different mechanisms and dynamics [92].

Sema-3A has an active role in the regulation of immune cell migration, and

probably it uses the same machinery as in the nervous system. Takamatsu and his

colleagues showed that during transmigration of DCs from the lymphatic endothelial

junctions, Sema-3A constantly acts on the rear side of DCs, where Plx-A1 is local-

ized. Sema-3A induces myosin light chain phosphorylation, resulting in actomyosin

contraction and morphological changes in DCs to pass the EC barrier [109]. Many

of the integrins that are involved in T-cell-mediated immunity have been found to

be regulated by R-Ras, another Rho GTPases family member. These include α1β1,

α2β1, α5β1, α6β1, and αMβ2 integrins [56]. Also in macrophages, the R-Ras GTPase

regulates activation of αMβ2 integrin and increases phagocytosis in macrophages [14].

So future studies are necessary to focus on how Sema-3A/Plx-A signaling implicates

its effects on integrins via R-Ras and Rho GTPases in immune cells.

1.5 Semaphorin-3A and Acute Inflammation

The innate immune system is the first line of defence involved in rapidly de-

tecting invading pathogens. Several recognition strategies have evolved to provide a

reliable detection system. The pattern recognition strategy is based on the detection

of a limited set of conserved molecular patterns that are unique to microbes and
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similar among the entire class of pathogens. These patterns are detected by pattern

recognition receptors (PRRs) that signal to the host defence system.

So far several classes of PRRs have been identified, but the best characterized

one is Toll-like receptors (TLRs), a mammalian homologue of drosophila Toll recep-

tor discovered in 1997. So far ten members of these receptors have been identified.

These receptors are activated by molecular patterns associated with a broad range

of pathogens including bacteria, viruses, fungi, and protozoa. In addition to ligand

specificity, the individual TLRs differ in their expression patterns and the signal

transduction pathways they activate. The intracellular signaling cascades elicited by

these receptors result in transcriptional expression of a variety of overlapping and

unique genes involved in the inflammatory and immune responses [5, 50, 112]. Acti-

vation of TLRs also leads to the development of antigen-specific adaptive immunity

[110].

Many pathogen-associated molecular patterns have been defined that interact

with particular TLRs. Thus TLRs are sensors that the innate immune system has

devised to decode the type of invading pathogens and elicit an appropriate effec-

tive immune response. In 1998 TLR4 was shown to be involved in the recognition

of lipopolysaccharide (LPS), a major cell wall component of Gram-negative bacte-

ria. However, to induce the proper response, TLR4 also needs the help of other

molecules. In the serum of the host, LPS binds to LPS binding protein and then

this complex is recognized by CD14, a GPI-anchored molecule expressed on mono-

cytes, macrophages, and neutrophils. The next step is association of CD14/LPS
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with TLR4. In addition, MD-2 molecule, associated with the extracellular region of

TLR4, increases TLR4 responsiveness to LPS [110].

Upon stimulation of myeloid cells with LPS, various signaling pathways includ-

ing MAPK pathways (ERK, JNK, and p38), and NF-κB are activated. These path-

ways directly or indirectly phosphorylate and activate different transcription factors

which induce expression of proinflammatory genes (figure 1–10).
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Figure 1–10: LPS stimulation of myeloid cells activates various signaling pathways and
transcription factors: In the serum LPS binds to LBP and then is transferred to CD14.
Interaction of LPS with TLR4 stimulates the activation of various signaling pathways
including ERK, JUNK, p38, and also NF-κB. Reprinted from reference [40] with permission
from Elsevier.
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Studies in MyD88 deficient mice revealed that there are two separate pathways

upon stimulation of macrophage TLR4 by LPS. The MyD88-dependent pathway

was shown to be responsible for proinflammatory cytokine production, whereas the

MyD88-independent pathway mediates the induction of Type I Interferons and in-

terferon inducible genes (figure 1–11) [68].
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Figure 1–11: TLR4 signaling pathways: Depending on combination of different adaptor
molecules downstream of TLR4 activation, the response is different. NF-κB is activated in
both MyD88-dependent and -independent pathways. However in the former, the response
is secretion of inflammatory cytokines and in the later, type I interferons are secreted.
Reprinted from reference [68] with permission from Elsevier.

Despite numerous studies showing the immuno-suppressive effect of Sema-3A in

the adaptive immune system, little is known about the role of Sema-3A in innate

immunity and acute inflammation. What has been shown so far is that Sema-3A/Plx-

A signaling has a complete opposite role in adaptive vs. innate immune system. In

two in vivo attempts to identify the role of Sema-3A in acute inflammation, it was

shown that it has proinflammatory function. In the first study, LPS was injected into

adult rat brains to induce focal acute inflammation. 24 hrs later microgila activation

was detected in response to acute inflammation. Further characterizations showed

significant increase in Plx-A1 and Nrp-1 colocalized with activated microglia in LPS-

mediated inflammatory lesions. Sema-3A expression was also upregulated compared

to control and induced apoptosis in adjacent microglia [71]. In the second, acute

kidney injury model, Ranganathan et al. showed that Sema-3A is upregulated in

both humans and mice after acute kidney injury, contributing to tissue damage,

increasing neutrophil infiltration, inducing epithelial cell apoptosis, and enhancing

TLR4 mediated inflammation [93].

The same pattern was also found in in vitro experiments. Ito and his colleagues

showed that in microglia cells treated with Plx-A1 siRNA, TLR-4-mediated genera-

tion of proinflammatory factors like iNOS, IL-8, and TNF-α were significantly lower

compared to control due to defect in NF-κB and ERK1/2 activation indicating that
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Plx-A1 is required for responsiveness of microglia cells to LPS stimulation. Also

they found that stimulation of these cells with LPS increased expression of Sema-3A

after 2 hours, and after 4 hours the proteolytic form of Sema-3A, 65 kDa fragment,

was detected in cultured media [44]. But still there are a lot of details missing in

the pathway of Sema-3A/Plx-A/TLR4 which needs more investigation to confirm

whether Sema-3A has an proinflammatory role in innate immunity.

1.5.1 NF-κB signaling

Many studies have demonstrated that one of the pathways activated by LPS

in leukocytes is NF-κB [45]. The NF-κB family of transcription factors has five

members: p65 (REL-A), REL-B, cytoplasmin (c) REL, p50, and p52, which function

as homo- and heterodimers. In the cytoplasm, NF-κB dimers are usually in an

inactive form bound to the inhibitor of NF-κB (IκB). Upon phosphorylation and

proteolysis of the IκB proteins, NF-κB is activated and translocates to the nucleus

and binds to DNA and starts the transcription process [4].

Stimulation of Plx-A4-/- peritoneal macrophages with LPS showed defective p65

and IκB phosphorylation compared to WT macrophages. However, there was no de-

fect in response to TNF, anti-CD40, and IFN-γ treatment indicating a specific role

of Plx-A4 in TLR activation. Since there was no defect in Akt phosphorylation in

response to TLR activation by LPS, Wen et al. concluded that Plx-A4 is involved

specifically in NF-κB and JNK activation [126]. The same study showed that in-

flammatory cytokine production, including TNF, IL-1β, IL-6, CCL2, and CCL3 was

reduced in response to LPS in Plx-A4 knock-out macrophages compared to control,
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through abolished LPS-induced Rac1 activation. Thus Rac1 serves as a signal trans-

ducer downstream of Plx-A4 to modulate NF-κB and JNK activation through TLRs.

In another experiment they showed that Sema-3A/Plx-A4 signaling is required to

amplify the TLR signaling upon activation by LPS [126]. Unfortunately there is no

evidence of the role of Nrp-1 and Plx-A1, the main receptors of Sema-3A in NF-κB

activation which deserves more attention of investigators.
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1.6 Rational and Objectives

Given the critical importance of the immune system in diseases such as atheroscle-

rosis, the goal of this thesis is to contribute to understanding the role of semaphorin-

3A in the regulation of the immune system. To find out the optimal treatment

for immune-related diseases, it is essential to know how immunity regulates these

diseases and find out new molecules that could be a target for future treatments.

Furthermore it is well known that semaphorin-3A has an anti-inflammatory role in

some diseases including rheumatoid arthritis and systemic lupus. However the role

of this protein in atherosclerosis and acute inflammatory diseases is unknown.

Therefore, the specific objectives of this thesis are:

1. To investigate the role of semaphorin-3A on atherosclerotic plaque formation

in a mouse model of atherosclerosis

2. To determine the impact of semaphorin-3A on innate immunity and acute

inflammatory disease
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Chapter II:First Paper



Hypothesis and Objectives

Although there is extensive knowledge of the mechanisms of plaque formation,

the failure of regular risk factor management to effectively eliminate the risk of

cardiovascular disease makes it a necessity to find new clinical targets. Still more

than half of the patients in controlled clinical trials have heart attacks or strokes

despite aggressive treatments.

The timing of treatment is crucial in the complex environment of the atheroscle-

rotic plaque. For example increasing apoptosis could be beneficial at the early stage

of plaque formation since efferocytosis is effective at eliminating debris. However,

in advanced plaques where efferocytosis is impaired, increasing apoptosis leads to

the release of inflammatory content of cells which creates a secondary necrotic core

and more complications. Increased macrophage egress is however, a process which

is beneficial in terms of plaque progression and regression whatever the stage of the

plaque.

The first question this research tries to address is whether Sema-3A, being pro-

tective in some immune-related disease, also has the potential to decrease atheroscle-

rotic plaque formation. So far Sema-3A has not been studied in terms of atheroscle-

rosis, and our novel research aims to address this issue.

We hypothesize that Sema-3A prevents atherosclerotic plaque formation by reg-

ulating macrophage function.

Specific objectives:

• To determine the effect of Sema-3A on plaque formation in vivo in a mouse

model of atherosclerosis
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• To determine the effect of Sema-3A on macrophage function in vitro
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2.1 Abstract

Recent data point to an important immunomodulatory role for neural guid-

ance molecules, including Sema-3A, in inflammatory diseases. Sema-3A is a se-

creted member of the Sema family and is produced by several immune cells including

macrophages. Nevertheless, the effect of Sema3A on atherosclerotic plaque forma-

tion has never been tested directly, and how Sema-3A may alter the function of

major plaque inflammatory constituents, macrophages, is unknown. To investigate

the role of Sema-3A in atherosclerosis, ApoE-/-mice were administered with a Sema-

3A overexpressing or a control plasmid and were fed a high fat diet for 9 or 13 weeks.

We found that Sema-3A receptors are expressed in macrophages and in atheroscle-

rotic plaques. Our results show that Sema-3A overexpressing mice had significantly

smaller atherosclerotic plaques than control mice in the aortic sinus (0.3 ± 0.02 vs.

0.4 ± 0.03 mm2), the BCA artery (0.04 ± 0.01 vs. 0.1 ± 0.01 mm2) and the aorta

(9.5 ± 1.4 vs 15.3 ± 2.9%), assessed by oil red O staining. No differences were ob-

served in plaque stability, measured by collagen and smooth muscle cell alpha-actin

staining. However, there was significantly less (2-fold) macrophage content in the

plaques of Sema-3A compared to control mice, associated with decreased circulating

monocyte number determined by flow cytometry as cd11b positive and Gr-1 nega-

tive cells (4.97 ± 0.74 vs. 7.2 ± 0.62%). To better define the involved mechanisms,

we investigated macrophage function in vitro and found that recombinant Sema-3A

increased by 4 fold migration of M2 but not M1 macrophages. mRNA levels of alpha

and beta subunits of integrins were unchanged in bone-marrow-derived macrophages.

In contrast, active beta-1 integrin expression was significantly enhanced (2-fold) by
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Sema-3A in human M2 macrophages. Importantly, Sema-3A induced a significant

increase (by 50%) of focal adhesion kinase phosphorylation. In conclusion, our data

show that Sema-3A prevents atherosclerotic plaque formation in ApoE-/- mice. This

may be due in part to enhanced motility and function of M2 macrophages through

regulation of beta-1 integrin.

2.2 Introduction

Atherosclerosis is a chronic inflammatory disease and a leading cause of myocar-

dial infarction and stroke, which account for the majority of morbidity and mortal-

ity in industrialized countries. Monocytes and macrophages are the most abundant

cells in the atherosclerotic plaque. Monocyte recruitment is a crucial first step in

atherosclerotic lesion formation, but retention of ensuing macrophages and foam

cells contributes most significantly to the developing plaque. Macrophage function

is strongly influenced by exposure to cytokines; this polarization process generates

2 macrophage subtypes broadly referred to as M1 and M2. M1 classically activated

macrophages are induced by IFN- and drive proinflammatory responses [37, 73]. M2

alternatively activated macrophages differentiate in the presence of IL-10, IL-4 or

IL-13 and express anti-inflammatory mediators [72], associated with wound healing.

The progression and exacerbation of atherosclerosis are propelled by gradual lesional

accumulation of M1 macrophages which secrete pro-inflammatory cytokines [105].

Conversely, the clearance of apoptotic cells by phagocytosis and plaque regression

are associated with M2 macrophage function [120, 132].

One of the most important questions in atherosclerosis is how to curb lesion

progression. Identifying new molecules which can enhance reparative macrophage
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function would have a real beneficial impact in modulating the atherosclerotic process

and answer this question. Semaphorins are a large family of secreted and membrane

bound proteins first found to regulate axon guidance and neural development [55, 69].

Known roles of semaphorins have since expanded well beyond the nervous system,

and include modulation of immune responses [115, 137]. At present, eight classes of

semaphorins have been identified, with over 20 known members in vertebrates. Class

3 semaphorins are the only secreted vertebrate semaphorins [54]. Sema-3A is secreted

by several immune cells including macrophages and T cells [19, 62, 126]. It exerts its

action through a receptor complex formed from Nrp-1 [22, 43] and an A-type plexin,

preferentially Plxn-A1 or Plxn-A4 [113]. Nrp-1 is the primary ligand binding site and

Plxn-A proteins are the signal transducing components [30, 56]. Both receptor types

are detected in monocytes and macrophages of human and murine origin [19, 133,

129, 46]. Although macrophages and T cells are abundant in atherosclerotic lesions,

no link had been made thus far between Nrp-1 or plexins and atherosclerosis.

Evidence of association of Sema-3A with human inflammatory diseases has re-

cently been uncovered. Sema-3A levels are abnormally low in patients with rheuma-

toid arthritis and systemic lupus erythematosus [121] and Sema-3A administration

has a potent anti-inflammatory and reparative effect in animal models of such dis-

eases [19]. Moreover, Sema-3A is a strong suppressor of T cells associated with

inflammatory processes [20, 97]. Several studies suggest that Sema-3A could be pro-

tective in the context of atherosclerosis. Sema-3A dramatically inhibits proliferation

of T cells and inflammatory cytokine production by effector T cells [20, 135], which
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secretes cytokines that skew macrophages towards an M1 phenotype. On the con-

trary, Sema-3A induces regulatory T cells [19, 97], which suppress effector T cells,

secrete M2-polarizing cytokines, and are generally considered to be the most active

cells against atherosclerosis [3, 7]. In hyperlipidemic ApoE-/- mice, administration of

measles virus promoted a strong regulatory T cell response and reduced the devel-

opment of plaques[2]. Measles virus has since been shown to be a potent inducer of

Sema-3A release [119]. Finally, Sema-3A is involved in dendritic cell transmigration

[109], an important step in plaque regression. Nevertheless, the effect of Sema-3A on

atherosclerotic plaque formation has never been tested directly, and how Sema-3A

may alter the function of major plaque inflammatory constituents, macrophages, is

unknown.

In the present study we treated ApoE-/- mice placed on a high fat diet with

Sema-3A, administered in the form of an electroporated plasmid. This well estab-

lished technique successfully increases serum levels of secreted proteins such as Sema-

3A [26, 127]. We demonstrate that Sema-3A has a protective effect on atherosclerotic

plaque formation through regulation of M2 macrophage mobility.

2.3 Material & Methods:

2.3.1 Animal Housing & diet

B6.129P2-Apoetm1Unc/J (ApoE/) male mice were obtained from Jackson lab-

oratory (Bar Harbor, ME) and mated in house. The McGill University animal use
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committee approved the experimental protocols and animals were handled in accor-

dance with institutional guidelines.

2.3.2 Electroporation

One hour before electroporation, hyaluronidase was injected in each thigh mus-

cle of 20 mice (30 ±lµl/thigh) to increase electroporation efficiency by 50% (1±lµl in

70±lµl of 0.9% NaCl) (Calbiochem) under isofluorane anesthesia. After one hour, the

mice were divided in tow groups, ten mice per group, and Sema-3A or GFP plasmid

was injected into each thigh (50 µg/thigh dissolved in 50 ±lµl of 0.9% NaCl) under

anesthesia. Thigh muscles were then lightly massaged and then immediately elec-

troporated using a previously described protocol [26]. Briefly, eight 10 millisecond

electrical pulses at 200 V/cm with a frequency of 1 Hz were applied. The pulses were

generated using an ECM 830 Square Wave Electroporator and administered using

electrodes (BTX Harvard Apparatus). Then the animals were fed a high fat diet

containing 15% fat (from cocoa butter) and 0.5% cholesterol (Harlan Laboratories)

for 9 weeks.

2.3.3 Physiological parameter measurement

Body weight was measured at the initiation of the HFD, and at sacrifice. Blood

was removed via a syringe from the Heart at the time of sacrifice and was collected

in heparin-coated tubes (Sarstedt) or EDTA coated tubes (Sarstedt). Blood cell

enumeration (white blood cells, lymphocytes, monocytes, granulocytes, red blood

cells, % hematocrit, hemoglobin and platelets) was performed with a hematology
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analyzer (scil vet abc animal blood counter, Vet Novations). Some of the blood was

used for flow cytometry analysis and the rest was centrifuged to collect plasma and

total cholesterol, high-density lipoprotein (HDL) was determined by using the HDL

and LDL/VLDL quantitation kit (Sigma-Aldrich).

2.3.4 Atherosclerotic lesion measurement and characterization

At sacrifice the vasculature was washed out with 2% heparin in PBS, and pe-

riadventitial tissue was removed. The heart and aortic branch were placed in 4%

paraformaldehyde overnight at 4 ◦C shaker and then rinsed with 1X PBS and changed

to 30% sucrose (in PBS) overnight at 4 ◦C on a shaker, and again rinsed with 1X

PBS. Aortic arches were stained with oil red O (Electron Microscopy Sciences) for 30

minutes and mounted using Immu-Mount (ThermoFisher Scientific) on VWR vista

vision unimark slides (VWR) and photographed using a Leica dissecting microscope

under bright light. Aortic sinus and BCA segments were embedded vertically in

Tissue-tek (Sakura), and serial 6µm thick sections at 60 µm intervals were cut us-

ing a cryostat (Leica CM 3050 S, Leica Microsystems). Sections of aortic sinus and

BCA were stained with oil red O for 45 minutes and mounted using Immu-Mount

on superfrost plus slides (VWR). Images were acquired using a Leica microscope.

Using ImageJ software (National Institute of Health) the lesion for the aortic sinus

and the BCA were determined as shown in figure 2.1 and the mean lesion areas

in mm2 were calculated using ImageJ . Smooth muscle cell content of the plaque

was evaluated by immunohistochemistry staining for smooth muscle cell α-actin (5%
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BSA block, 1/100 monoclonal anti-actin, α-smooth muscle alkaline phosphatase anti-

body, Sigma-Aldrich) for 1 hour and mounted using Immu-Mount. Collagen content

of the plaque was evaluated using the picrosirius red stain kit according to manufac-

tures protocol (Polysciences) and mounted using Eukitt mounting medium (Electron

Microscopy Sciences). Plaque macrophage content was determined by immunohisto-

chemistry staining for monocyte/macrophage marker (10% goate serum block, 1/50

polycolonal rat MOMA-2 antibody (abcam). Immunofluorescent and bright light

pictures were taken using Leica microscope. Percentage of plaque staining was cal-

culated using ImageJ.

2.3.5 Flow cytometry

Blood was collected at sacrifice and stained for the surface markers CD11b, Gr1,

Ly6C, F4/80 (eBioscience). Flow cytometry was performed on the BD LSR Fortessa

(BD Biosciences). Fluorescence minus one controls was used to remove the fluores-

cent background. Data analysis was performed using Flow Jo software (Tree Star

Inc.).

2.3.6 ELISA

The blood plasma level of Sema-3A was determined by using mouse Sema-3A

ELISA kit following the instruction protocol (MyBioSource Inc.)
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2.3.7 M0, M1, and M2 macrophage preparation

Macrophages were obtained by flushing the bone marrow of both femurs and

tibias of C57/BL6 mice at 3 months of age. Mice were anesthetized and killed by

CO2. Bones were flushed with RPMI 1640 and centrifuged, after which cells were

resuspended in RPMI with serum (10% FBS) (macrophage media), plated on a 10

cm petri dish and incubated at 37 ◦C. After 2 hours, cells were washed and differ-

entiated in the presence of macrophage media with recombinant mouse macrophage

colony stimulating factor (M-CSF) (50ng/ml, PeproTech) for 5 days. Macrophages

were then scraped and used as M0 macrophages or polarized for 24 hours at 37

◦C to M1 macrophages (Interfron-γ 50ng/ml) or M2 macrophages (IL-4 10ng/ml)

and then scraped and used. To check the expression of cell surface markers of M1

and M2 macrophages, total RNA of cells was extracted using a total RNA mini kit

(Geneaid) following instructed protocol. RNA was quantified using a spectropho-

tometer (NanoDrop ND-1000, Thermo Scientific). cDNA was synthesized from 0.4

g RNA by using qScript cDNA Supermix kit (Quanta Biosciences). The expression

level of M1 and M2 macrophage markers (NOS-2, TNF-α, IL-6 and Arg-1, Fizz1,

Ym-1 respectively) was assessed by quantitative real time polymerase chain reaction

(RT-qPCR) using 7500 Fast PCR (Applied Biosystems) under standard conditions

of 60 ◦C annealing temperature for 40 cycles. All primers (Table 2-1 ) were designed

using Primer 3 Plus software.3. SYBR -green chemistry (SensiFAST SYBR Lo-ROX

kit, BIOLINE) was used with specific primers (listed in Supplementary Table) for all

genes. Results were analyzed using the ∆∆Ct method as calibrator samples. The
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analyzed genes were expressed relative to the murine Rps16 housekeeping gene.

2.3.8 Macrophage polarization

The effect of Sema-3A on polarization of macrophages was studied. Bone-

marrow derived M0 macrophages was polarized to either M1 or M2 with or without

Sema-3A (100ng/ml) for 12 hrs at 37 ◦C. Then the cells were washed and total RNA

was extracted and quantified as above. The expression levels of M1 and M2 markers

were analyzed by qRT-PCR and analysed as mentioned before.

2.3.9 M1 Macrophage phenotype switch

The effect of Sema-3A on M1 macrophage phenotype switch to M2 was studied.

Bone-marrow derived M1 macrophages was polarized to M1 with IFN-γ for 24 hrs at

37 ◦C as mentioned before. Then the cells were washed and stimulated with Sema-3A

(100ng/ml), IL-4 (10ng/ml), or both at the same time. Total RNA was extracted

and quantified as above. The expression levels of M1 and M2 markers were analyzed

by qRT-PCR and analysed as mentioned before.

2.3.10 Western blotting

M0, M1, M2 macrophages were stimulated with vehicle or Sema-3A (100ng/ml)

for 24 hours 0r 5-30 minutes and then collected and total proteins (15-20 µg) were

extracted, separated by SDS-PAGE, transferred to nitrocellulose membrane and incu-

bated overnight with primary antibodies against anti-Nrp-1, -Plx-A4 (Cell signaling),
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-Plx-A1 (Santa Cruz) and -phospho Y407-FAK (Invitrogen). Membranes were sub-

sequently stripped and re-probed with a GAPDH antibody (Sigma) to verify equal

loading.

2.3.11 Sema-3A receptor expression

To investigate if Sema-3A has any effect on expression of its receptors, Nrp-1,

Plx-A1, and Plx-A4, M0, M1, and M2 macrophages were prepared as prevoiusly

described. The cells were starved using macrophage starving media (0.5% FBS)

overnight at 37 ◦C, and stimulated with either vehicle, Sema-3A 25ng/ml or 100ng/ml

for 24 hours at 37 ◦C. The cell lysate was obtained and proteins were extracted. The

expression of Sema-3A receptors was determined by western blotting using rabbit

monoclonal anti- Nrp-1 (Cell Signaling), rabbit polyclonal anti- Plx-A1 (Santa Cruz),

and mouse monoclonal anti- Plx-A4 (Cell Signaling).). The expression of receptors

were quantified relative to GAPDH with ImagJ software.

2.3.12 Migration assay

The migration capacity of all types of macrophages was assessed using 24-well

plate 8.0 microns boyden chambers (Corning Inc.). Different types of macrophages

were prepared as described before. 10×104 cells were resuspended in macrophage

starving media (0.5% FBS) and plated in the top chamber. Recombinant Sema-3A,

100 ng/ml or vehicle was added to the macrophage starving media in the bottom

chamber to eliminate any proliferation and incubated overnight at 37 ◦C. Then the

filter was washed with 1XPBS and fixed with 2% paraformaldehyde for 15 minutes
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at 37 ◦C. The filter was then stained with dapi for nuclei and mounted on slide. Flu-

orescent pictures were taken using Leica microscope and the cells migrated through

the filter were counted.

2.3.13 Activated integrins

Due to lack of antibodies for activated integrins in the mouse, presence of ac-

tivated β1 and β2 integrins on the M1 and M2 macrophages were assessed using

human cells obtained as follows. Human peripheral blood mononuclear cells were

isolated from blood of healthy donors (age 20-45 years, male and female, no known

disease or medication) using a Ficoll density gradient (Sigma-Aldrich). Cells were

plated in macrophage media in a 37 ◦C incubator for 2 hours, washed and differen-

tiated over 7 days using human M-CSF (50ng/ml, R&D Systems) to macrophages.

Then the macrophages were polarized to either M1 macrophages using recombinant

human IL-4 (30 ng/ml, R&D systems) or M2 macrophages using recombinant hu-

man IFN-γ (20ng/ml, R&D systems) for 24 hours at 37 ◦C. Macrophages were then

starved using macrophage-starving media overnight and stimulated with vehicle or

recombinant human Sema-3A (100ng/ml, R&D systems) for 4 hours. Then the cells

were scraped, collected, centrifuged, and resuspended in FACS buffer (2% FBS in

PBS) and stained for the surface markers, activated β1 integrin (1/400, Millipore)

and activated β2 integrin (1/100, Hycult Biotech). The activation of integrins was

quantified using flow cytometry (BD LSR Fortessa, BD Biosciences, CA and ana-

lyzed using Flow Jo software (Tree Star Inc.).
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2.3.14 Focal adhesion kinase avtivation

Activation of FAK was aassessed by western blotting. M2 macrophages were

prepared as explained before. Cells were starved overnight to eliminate any false pos-

itive signals and then stimulated with vehicle or Sema-3A 100ng/ml for 30 minutes

at 37 ◦C. The cells were lysed and proteins were extracted. The effect of Sema-3A

on phosphorylation of FAK was determined using rabbit polyclonal anti- phospho

Y407-FAK (Invitrogen). The expression of p-FAK was quantified relative to GAPDH

with ImagJ software.

2.3.15 Efferocytosis

To assess the effect of Sema-3A on phagocytosis of apoptotic bodies (efferocy-

tosis), M0, M1, and M2 macrophages were prepared as described before. To prepare

apoptotic cell RAW macrophages were kept in culture for 5 days. Then the cells

were scraped and resuspended in macrophage media containing orange cell tracker

to fluorescently label macrophages (10 µM, Invitrogen), incubated at 37 ◦C for 30

minutes and then washed and resuspended in fresh macrophage media and placed

under the UV for 30 minutes and incubated at 37 ◦C overnight to induce apoptosis.

Efferocytosis experiment was done by stimulating M0, M1, M2 bone marrow derived

macrophages with vehicle or 100 ng/ml Sema-3A for 30 minutes and then adding

apoptotic cells (ratio 5:1) and incubating again at 37 ◦C for 1 hour. After 1 hour the

cells were washed at fixed with 2% paraformaldehyde for 15 minutes at 37 ◦C and

stained with dapi. Fluorescent pictures were taken using Leica microscope and the
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number of phagocytic cells was counted.

2.3.16 Ac-LDL uptake (Foam cell formation)

M0, M1, and M2 macrophages were prepared as before. The cells were stimu-

lated with vehicle or 100ng/ml Sema-3A for 30 minutes at 37 ◦C and Dil Ac-LDL

(5 µg/ml, Invitrogen) were added to the cells and incubated again for 4 hours. Cells

were washed and fixed with 2% paraformaldehyde, and the pictures were taken by

Leica microscope. The Ac-LDL uptake was determined by measuring fluorescent

intensity using ImageJ.

2.3.17 Monocyte adhesion

In vitro 96- well plates were coated with either ICAM-1 (10 µg/ml, R&D Sys-

tem) or VCAM-1 (10 µg/ml, R&D System) at 37 ◦C. After 30 minutes the plates

were washed with 1X PBS. Mouse bone marrow cells were extracted and incubated at

37 ◦C for 2 hours. The floating cells were aspirated and attached monocytes were in-

cubated at 37 ◦C with monocyte starvation medium (RPMI + 0.5% FBS) overnight.

The day after the cells were stimulated with vehicle or 100 ng/ml Sema-3A for 30

minutes, then washed, scraped and plated on ICAM-1 or VCAM-1 pre-coated plates

and incubated at 37 ◦C for 30 or 60 minutes. After the time is over, the cells were

washed three times with 1XPBS and fixed with 2% paraformaldehyde for15 minutes

at 37 ◦C. The cells were washed again with 1XPBS and stained with dapi. Fluores-

cent pictures were taken using Leica microscope and the number of attached cells
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was counted.

Ex vivo Mouse carotid arteries were isolated, cannulated at both ends, im-

mersed in an organ culture bath with cell culture medium supplemented with 10%

FBS, and mounted in a closed, ex vivo perfusion system. The system includes a

reservoir filled with cell medium alone, or cell medium containing 100ng/ml Sema-

3A, TNF-α (10 ng/ml), or Sema-3A+TNF-α. Then carotid segments were kept in

sterile condition in an incubator containing 5% CO2 at 37 ◦C for 6 hours. After 6

hours, fluorescently labeled monocytes (orange cell tracker, 10 µM, Invitrogen) were

injected in the intraluminal compartment of the vessels and allowed to adhere for

30 minutes before washout. Cells attached to the vessels were visualized by Leica

microscopy and counted.

2.3.18 Monocyte migration

The migration capacity of monocytes was assessed using 24-well plate 8.0 mi-

crons boyden chambers (Corning Inc.). Bone marrow derived monocytes were pre-

pared as described before. 50×103 cells were resuspended in monocyte starving

media and plated in the top chamber. Recombinant Sema-3A, 100 ng/ml or vehicle

was added to the monocyte starving media in the bottom chamber and incubated

overnight at 37 ◦C. Then the filter was washed with 1XPBS and fixed with 2%

paraformaldehyde for 15 minutes at 37 ◦C. The filter was then stained with dapi for

nuclei and mounted on slide. Fluorescent pictures were taken using Leica microscope
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and the cells migrated through the filter were counted.

2.3.19 Statistical Analysis

Results are expressed as mean±SEM. All data was evaluated by ANOVA. To

assess comparisons between multiple groups, data were analyzed using the Newman-

Keuls test. A probability value of <0.05 was considered to be statistically signifi-

cant. Data that was significant (p<0.05) was further assessed by Student t test using

GraphPad Prism software (GraphPad Software).

2.4 Results

2.4.1 Semaphorin-3A reduces atherosclerotic plaque formation in ApoE-/-

mice.

First of all we verified the expression levels of Sema-3A receptors in the vessel

wall and in the atherosclerotic plaques. Nrp-1, plxn-A1, and plxn-A4 were all ex-

pressed in the endothelium of the healthy arterial wall as well as in the endothelial

cells overlying the plaque (figure 2–1A). In addition, we observed a co-localization of

Nrp-1 with the macrophage marker, MOMA-2, indicating that macrophages within

the plaque express Nrp-1 (figure 2–1A). These results imply that Sema-3A could

possibly play a role in atherosclerosis. Therefore we investigated the effect of Sema-

3A over expression on atherosclerotic plaque formation at two different time points.

ApoE-/- mice were injected with Sema-3A expression plasmid under control of the

cytomegalovirus promoter or control plasmid and were given a high fat diet for 9

or 13 weeks starting at ages of 8 weeks. We have chosen these two time points to

evaluate the effect of Sema-3A on early and more complex plaque formation. In
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this model, Sema-3A is expressed in muscle cells and secreted by these cells. Serum

levels of Sema-3A were verified by Elisa, 80% elevation was observed one week after

intramuscular administration of the Sema-3A plasmid (52.4 ± 5 ng/ml with Sema3A

vs 28 ± 1.5 ng/ml with control plasmid) (figure 2–7). Injections were therefore re-

peated every 4 weeks to have constant expression and secretion of Sema-3A. Body

weight, lipids (total cholesterol, HDL) and triglycerides were equivalent between the

two mouse groups (figure 2–6). Atherosclerotic lesions size was analyzed in the aortic

sinus, the BCA and the aorta by Oil Red O staining. As shown in figure 2–1B-C,

lesion sites were determined by using ImageJ and the lesion area was measured. We

observed a significant reduction in plaque area in all vessel segments of Sema-3A

overexpressing compared with control mice at 9 weeks (sinus: 0.3 ± 0.02 vs. 0.4 ±

0.03 mm2, BCA: 0.04 ± 0.01 vs. 0.1 ± 0.01 mm2, and aorta: 9.5 ± 1.4 vs 15.3 ± 2.9

%) (Figure 2–1B-D) as well as at 13 weeks (sinus: 0.35 ± 0.07 vs. 0.6 ± 0.08 mm2,

BCA: 0.04 ± 0.01 vs. 0.11 ± 0.02 mm2, and aorta: 11.8 ± 1.5 vs 21 ± 2.3%) (figure

2–8) of high fat diet.
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Figure 2–1: Sema-3A overexpression reduces atherosclerotic plaque formation
in ApoE-/- mice. ApoE-/- overexpressing Sema-3A protein and control (CTRL) mice
were placed on a high fat diet for 9 weeks. A. Expression of Sema-3A receptors was assessed
in atherosclerotic plaques by immunostaining. Nrp-1 (red) is detected in endothelial cells
overlying the plaque (white arrows) and in the healthy vessel wall (green arrow). Nrp-1 is
also detected in cells within the plaque (arrowheads), which are identified as monocytes/
macrophages by coimmunostaining with MOMA2 (green). Plxn-A1 is also abundant in the
plaque. Plxn-A4 immunostaining is less marked. Nuclei are stained with DAPI. B,C,D.
Lesion sites were determined as shown by black lines in (B) and (C). Lesion size was
assessed with oil red O staining in the aortic sinus (B), the brachiocephalic artery (C), and
the aorta (D).Data are presented as mean ± SEM of n=8-9. ∗p<0.05 vs. CTRL, ∗∗p<0.01
vs. CTRL. Scale bars = 50 µm (A, B, C), 25 µm (D).

To characterize plaque composition, we performed immunohistochemical stain-

ings for collagen and smooth muscle cells and did not observe any significant differ-

ences between groups either 9 weeks or 13 weeks.(figure 2–2)
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Figure 2–2: Plaque stability is not different between Sema-3A overexpressing
and control mice. After 9 or 13 weeks of high fat diet, lesion collagen content (Sirius
red staining) (A) and smooth muscle cell content (alpha-actin immunohistochemistry) (B)
were quantified in the aortic sinus of Sema-3A overexpressing and CTRL mice . Data are
presented as mean±SEM of n=8-9, p>0.05, Scale bars = 50 µm.

2.4.2 Overexpression of Sema-3A decreases plaque macrophage content
associated with reduction of circulating monocytes.

To understand the mechanism underlying the decrease of atherosclerotic plaques

by Sema-3A, we mainly focused on monocytes and macrophages that are the most

abundant cells in the plaque. We characterized plaque macrophage content by

MOMA-2 immunostaining that was significantly reduced in Sema-3A overexpress-

ing vs. control mice (5.61±1.9 vs. 24.9±1.8) (figure 2–3B). This was associated with

a reduction of circulating monocytes, determined by flow cytometry as cd11b+ and

Gr-1- cells (4.97±0.74 vs. 7.2±0.62%) (figure 2–3A). However we did not observe

any difference in circulating cd11b+Gr1-F4/80+ cells. These findings suggest that

overexpression of Sema-3A decreases circulating monocytes which may be in part

responsible for smaller plaque in Sema-3A overexpressing mice. In addition, less

macrophages in the plaque of this group led to smaller plaque.
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Figure 2–3: Decreased circulating monocytes is associated with decreased
plaque macrophage content in Sema-3A overexpressing mice. After 9 weeks of
high fat diet, circulating monocytes were assessed by flow cytometry (A), lesion macrophage
content was assessed by MOMA-2 immunostaining, scale bar= 50 µm (B). Data are pre-
sented as mean±SEM of n=8-10. ∗p<0.05 and ∗∗p<0.01 vs. CTRL, Scale bars = 50
µm.

2.4.3 Sema-3A had no impact on monocyte function.

Since Sema-3A regulates circulating monocytes, we investigated monocyte func-

tion in terms of adhesion and migration (figure 2-9 ). Monocyte static adhesion to

VCAM-1 and ICAM-1- as well as to activated endothelial cells under flow condi-

tions were not influenced by Sema-3A (figure 2-9 A,B). In addition no difference was

observed in basal and MCP-1-induced migration of monocytes in the presence of

Sema-3A vs vehicle (figure 2-9 C).

2.4.4 Neuropilin-1 is highly expressed in M2 type macrophages.

Based on our in vivo findings, showing that monocyte, macrophage population

seem to be regulated by Sema-3A; we first of all verified the expression levels of

Sema-3A receptors in different type of macrophages extracted from the bone mar-

row. Nrp-1, plx-A1 and plx-A4 were all expressed in the 3 type (M0, M1, M2) of

macrophages. Interestingly, Nrp-1 expression, the main receptor of Sema-3A; is very

modest in M0 and M1 macrophages but was significantly higher (two fold) in M2

type macrophages and was decreased by Sema-3A, but still it was significantly higher

than the other groups (figure 2–4). We next investigated if Sema-3A could influence

macrophage polarization. We observed a significant increase of the mRNA levels of
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Arg-1, an M2 marker and a decrease of IL-6, an M1 marker by Sema-3A. However

Sema-3A did not influence Ym-1 and TNF-α mRNA levels. (figure 2–9). These

results suggest that M2 type patrolling macrophages could be more responsive to

Sema-3A overexpression than M1 inflammatory type macrophages.
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Figure 2–4: Neuropilin-1 is increased in M2 type bone marrow-derived
macrophages. Bone marrow cells were extracted from C57BL/6 mice, differentiated into
M0, M1 or M2 macrophages and stimulated for 24 hours with Sema-3A or vehicle (VEH).
Relative protein expression of Sema-3A receptors is presented: Nrp-1, plx-A1, and Plx-A4
in M0, M1, M2 type bone marrow- derived macrophages. Data are mean±SEM of n=4-8.
∗p<0.05, ∗∗p<0.01 vs. M0VEH.

2.4.5 Sema-3A increases M2 type macrophage mobility partly through
β1-integrin activation.

We next investigated in vitro if Sema-3A alters M1 and M2 macrophage mi-

gration differentially. Boyden chamber assays revealed that Sema-3A significantly

increased the migration of M2 and not M1 type bone-marrow-derived macrophages

(145.5±19.8 Sema-3A vs. 31±8.3 VEH). (figure 2–5A) The same result was ob-

served with thioglycollate-elicited peritoneal macrophages as well as human M2 type

PBMCs. Differences in M1 and M2 cell responses to Sema-3A could be explained by

differential integrin engagement or activation. We did not observe any effect of Sema-

3A on mRNA levels of α or β integrin subunits in bone-marrow derived macrophages

(figure 2–13). However, Sema-3A may influence integrin function. Since there is no

antibody available for activated integrins in mouse, we probed control and Sema-

3A-treated PBMCs for expression of active forms of β1 (HUTS-4) and active β2

(mAb24) by flow cytometry. The results indicated an increased number (2 fold) of

cells expressing the active β1 integrin only in M2 and not M1 PBMCs (figure 2–5B).

There was no effect on active β2 integrin. To further elucidate the role of integrins in

Sema-3A-induced macrophage motility, we evaluated FAK activation, that is one of

the most important pathways involved in cell motility, in M2 type macrophages. We

observed a significant increase of 50% of FAK phosphorylation by Sema-3A (figure
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2–5C). These results suggest that β1-integrins possibly play a role in the migratory

response of M2 macrophages to Sema-3A.
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Figure 2–5: Sema-3A increases M2 type macrophage migration possibly
through upregulation of β1-integrin. A. Bone marrow cells were extracted from
C57BL/6 mice, differentiated into M1 or M2 type macrophages and stimulated for 24
hours with Sema-3A or vehicle (VEH), Boyden chamber assays were used to investigate
migration of cells after 16 hours incubation in starving media to eliminate proliferation
possibility. B.PBMCs were extracted from peripheral blood of healthy humans, differenti-
ated into M2 type macrophages and stimulated for 4 hours with VEH or Sema-3A. Flow
cytometry was performed to detect active β1 positive cells. C. Expression of phosphory-
lated FAK (Y407) was assessed in mouse raw M2 type macrophages stimulated with VEH
or Sema-3A for 5, 15 or 30 minutes or. Data are mean±SEM of n=7-9. ∗p<0.05 vs. VEH.

2.5 Discussion

Sema-3A is secreted by several immune cells including macrophages and T cells

[20, 62, 126]. Although they are abundant in atherosclerotic lesions, no link had

been made between Sema-3A receptors such as Nrp-1 or plexins and atherosclerosis.

In the present study, we demonstrate that Sema-3A reduces plaque development

in the ApoE-/- atherosclerotic mouse model. Moreover, we provide evidence that

this atheroprotective effect could be due, at least in part, to decreased circulating

monocytes and increased mobility of M2 patrolling macrophages, possibly through

regulation of β1 integrin. Sema-3A exerts its action through a receptor complex NRP-

1 and plexins. Both receptor types are detected in monocytes and macrophages of

human and murine origin [20, 135, 129, 46]. Here we showed that all 3 receptors

of Sema-3A are expressed in the healthy vessel wall as well as in the atherosclerotic

plaque (figure 2–1A). Moreover, confocal microscopy revealed evident co-localization

of Nrp-1 and macrophage staining, demonstrating that cells within atherosclerotic

lesions, including macrophages, are disposed to being responsive to Sema-3A.
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We used an original model to study the effect of Sema-3A on plaque formation.

ApoE-/- mice were placed on a high fat diet with Sema-3A, administered in the form

of an electroporated plasmid. GFP plasmid-injected mice served as controls. This

well established technique successfully increases serum levels of secreted proteins

such as Sema-3A [26, 127]. Sema-3A serum levels was measured every other week

and stayed elevated as compared to mice injected with the control plasmid.

At 9 as well as 13 weeks, we found that Sema-3A overexpression decreased plaque

formation in the BCA, the aortic arch, and the aortic sinus without having any effect

on lipid levels (figure 2–1 B-D). These data support the notion of an atheroprotective

effect of Sema-3A. Several studies suggest that Sema-3A could be protective in the

context of atherosclerosis. In hyperlipidemic ApoE-/- mice, administration of measles

virus promoted a strong regulatory T cell response and reduced the development of

plaques [2]. Measles virus has since been shown to be a potent inducer of Sema-

3A release [119]. Sema-3A is also involved in dendritic cell transmigration [119], an

important step in plaque regression [120].

Regarding the stability of the plaques, collagen and smooth muscle cell contents

were equivalent in Sema-3A over expressing and control mice plaques, suggesting that

Sema-3A does not affect plaque stability. Interestingly, Sema-3A overexpressing mice

had decreased circulating monocytes associated with decreased macrophage content

within the plaques. Furthermore, thioglycollate-elicited monocyte recruitment was

also significantly decreased with Sema-3A, without any effect on macrophages, sug-

gesting that decreased circulating monocyte by Sema-3A could contribute to smaller
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plaque as it was shown by others [91]. However, monocyte function in terms of adhe-

sion and migration was equivalent between Sema-3A and VEH treated groups. These

results indicate that Sema-3A regulates only the number of monocytes that enter the

plaque. In the context of angiogenesis, Sema-3A recruits a specific NRP-1 positive

myeloid cells that contribute to arterial formation and tumor vessel normalization

through paracrine effects [136, 15]. Further experiments are needed to investigate

the role of this specific cell population on plaque formation.

Activated macrophages are routinely classified into M1 and M2 macrophages.

The classically activated M1 macrophages have an acute inflammatory phenotype.

The alternatively activated, anti-inflammatory M2 macrophages have various func-

tions, including regulation of immunity, maintenance of tolerance and tissue repair

[80]. Cells of the monocyte/macrophage lineage exhibit plasticity in response to dif-

ferent stimuli. M2-polarized macrophages can convert to the M1-activated status

under certain conditions and vice versa. M1 and M2 macrophages are both present

in the plaque, M1 macrophages are known to be proinflammatory and are associated

with plaque instability. However M2 macrophages have been shown to resolve inflam-

mation by promoting efferocytosis and by clearing apoptotic macrophages [73, 120].

We next investigated the function of bone marrow derived-macrophages. Inter-

estingly, basal and MCP-1-induced migration of only M2 type “patrolling” and not

M1 “inflammatory” macrophages was increased when Sema-3A was added at the

bottom chamber (figure 2–5A), suggesting that Sema-3A is a chemotactic agent for

these cells. This result was in accordance with a higher level of NRP-1 receptor in M2
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as compared to M1 macrophages, suggesting that M2 macrophages are more reac-

tive to the chemo-attractant function of Sema-3A. Recently, Casazza et al. reported

that Sema-3A/NRP-1 signaling tightly controls the localization of tumor-associated

macrophages into vascular areas, with Sema-3A acting as an attractant [18].

The next question was if Sema-3A would cause polarization of recruited cells to

the M2 phenotype. We showed in vitro that Sema-3A does not influence macrophage

polarization in short term or long term. Furthermore, increased M2 macrophage

motility by Sema-3A was not associated with increased efferocytosis of these cells

(figure 2–12).

To determine what differences in M1 and M2 macrophages underlie their differ-

ent responses in terms of motility, to Sema-3A; we investigated integrin expression.

β integrins have different functions in migration: β1 and β3 integrins drive migration

[1, 60, 82], whereas β2 integrins tend to promote firm binding and rather serve as a

brake [133]. Interestingly, integrin β3 expression was strongest in M2 macrophages,

whereas M1 cells rather expressed abundant β2 integrin (figure 2–13). In further

support of a potential role of integrins in macrophage motility, we found that the

active form of β1 integrin was increased by Sema-3A in human PBMCs (figure 2–5B)

without any regulation of the mRNA levels in murine macrophages (figure 2–13).

In endothelial cells, endogenous and exogenous Sema-3A has been shown to regu-

late integrin-mediated cell migration towards extracellular matrix [101]. Sema-3A

regulates also tumor cell migration through integrins [86]. An inhibitory effect of

Sema-3A on endothelial cell migration as well as aortic ring sprouting was reported

in tumor angiogenesis [17].
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Increased migration of M2 macrophages in response to Sema-3A correlated with

increased phosphorylation of FAK (figure 2–5C) that is typically activated through

the formation of integrin-dependent focal adhesions [124, 76]. It has been reported

that FAK functions downstream of Sema-3A signaling during axonal remodeling

[21]. Furthermore, Sema-3A promotes the extension of hippocampal dendrites by

a pathway that requires FAK. The stimulation of dendrite growth and FAK phos-

phorylation by Sema3A depend on integrin engagement [99]. We believe that in

M2 cells, Sema-3A might stimulate β1-dependent engagement at the leading edge,

facilitating motility through FAK-dependent actin cytoskeleton remodeling. Further

experiments are needed to determine the exact molecular mechanism involved in

Sema-3A-induced M2 macrophage migration.

These novel data suggest that Sema-3A, by stimulating mainly M2 macrophage

migration, possibly through β1 integrin and FAK, decreases plaque progression in an

atherosclerotic mouse model. These data provide an attractive conceptual approach

to curb atherosclerosis.

Source of funding This study was supported by Canada Foundation for In-

novation, Canada Research Chairs and Canadian Institutes of Health Research.

Disclosures: None.
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2.6 Supplemental Table & Figures

Target mRNA sense primers mRNA anti-sense primer
Arg1 5’-CTCCAAGCCAAAGTCCTTAGAG-3’ 5’-GGAGCTGTCATTAGGGACATCA-3’
Fizz1 5’-TCCAGCTAACTATCCCTCCACTGT-3’ 5’-GGCCCATCTGTTCATAGTCTTGA-3’
Ym1 5’-GGGCATACCTTTATCCTGAG-3’ 5’-CCACTGAAGTCATCCATGTC-3’
NOS2 5’-TTCACCCAGTTGTGCATCGACCTA-3’ 5’-TCCATGGTCACCTCCAACACAAGA-3’
TNF-α 5’-ATCCGCGACGTGGAACTG-3’ 5’-ACCGCCTGGAGTTCTGGAA-3’
IL6 5’-TAGTCCTTCCTACCCCAATTTCC-3’ 5’-TTGGTCCTTAGCCACTCCTTC-3’
Rps16 5’-ATCTCAAAGGCCCTGGTAGC-3’ 5’-ACAAAGGTAAACCCCGATCC-3’

Table 2–1: Oligonucleotide sequences
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Figure 2–6: No differences in body weight and plasma lipid levels in Sema-
3A overexpressing and control mice. A: Body weight of Sema-3A overexpressing
and control (CTRL) mice was measured before and after 9 and 13 weeks of high fat diet
Data are mean±SEM of n=5-8. B: Plasma cholesterol, HDL, and triglyceride levels were
measured after 9 and /or 13 weeks of high fat diet. Data are mean±SEM of n=5.

83



Figure 2–7: Sema-3A level in the blood serum of Sema-3A overexpressing mice
vs. control GFP plasmid. Serum levels of Sema-3A were verified by Elisa, 80% elevation
was observed one week after intramuscular administration of the Sema-3A plasmid (52.4
± 5 ng/ml with Sema-3A vs 28 ± 1.5 ng/ml with control plasmid).
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Figure 2–8: Sema-3A overexpression reduces atherosclerotic plaque formation in
ApoE-/- mice.ApoE-/- overexpressing Sema-3A protein and control (CTRL) mice were placed
on a high fat diet for 13 weeks. A,B,C. Lesion size was assessed with oil red O staining in the aortic
sinus (A), the brachiocephalic artery (B), and the aorta (C).Data are presented as mean/pmSEM
of n=5. ∗p<0.05 vs.CTRL, ∗∗p<0.01 vs. CTRL. Scale bars = 50 µm (A, B, C), 25 µm (D).
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Figure 2–9: Sema-3A influences on Arg-1 and IL-6 expression in favor of M2
phenotype. Bone marrow cells were extracted from C57BL/6 mice, differentiated into
M2 or M1 macrophages with interleukine-4 (IL-4) or interferon-γ (INF-γ) respectively
and stimulated for 12 hours with Sema-3A or vehicle (VEH). RT-qPCR was performed to
detect the mRNA levels of M1 and M2 macrophage markers. Although Sema-3A increased
Arginase-1 expression in IL-4-polarized macrophages and decreased IL-6 expression in INF-
γ-polarized macrophages, the other M1 and M2 markers are not influenced. Data are
mean±SEM of n=8. ∗p<0.05 vs. IL4VEH (for arginase-1) and INF-γVEH (for IL-6).
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Figure 2–10: Sema-3A does not influence bone marrow-derived M1 macrophage
phenotype switch to M2. Bone marrow cells were extracted from C57BL/6 mice,
differentiated into M1 with interferon-γ (INF-γ) and stimulated for 24 hours with Sema-
3A, IL-4, or both. RT-qPCR was performed to detect the mRNA levels of M1 and M2
macrophage markers. Data are mean±SEM of n=5. ∗p<0.05 vs. M1.
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Figure 2–11: Sema-3A has little impact on monocyte function. A) Mouse mono-
cytes were exposed to 20 (S25) or 100 (S100) ng/mL of Sema-3A and allowed to adhere
to recombinant ICAM-1 or VCAM-1 for 30 or 60 min. Attached cells were counted after
washout. B) Monocyte migration was assessed using Boyden chamber assay. Monocytes
were placed in the upper chamber, and Sema-3A was added to the lower chamber. Mi-
grated cells were counted after 18h. C) Mouse carotid arteries were mounted in an ex
vivo perfusion system and incubated for 6 hours with cell culture medium alone, or cell
medium containing Sema-3A (100ng/ml), TNFα (10ng/ml), or Sema-3A+TNFα. After
6 hours, fluorescently labelled monocytes were injected in the intraluminal compartment
of the vessels and allowed to adhere for 30 min before washout. Cells attached to the
vessels were visualized by microscopy (right panels, arrowheads) and counted. Results are
representative of n=3-4. ∗∗p<0.01 vs. no TNFα.
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Figure 2–12: Sema-3A has no effect on efferocytosis and foam cell formation.A.
M0, M1, and M2 cells were stimulated with vehicle or 100ng/ml Sema-3A for 30 minutes
then incubated 1 hour with labeled apoptotic cells. Efferocytosis was measured by counting
the number of phagocytic cells. B. Cells were incubated for 4hours in the presence of labeled
actylated LDL. LDL uptake was quantified by fluorescence intensity as a function of cell
density. M0, M1, and M2 bone marrow-derived macrophages incubated with vehicle or
100 ng/mL Sema-3A 30 minutes prior to Ac-LDL uptake, N=4-5.
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Figure 2–13: (Sema-3A does not influence integrin levels in macrophages.
Bone marrow cells were extracted from C57BL/6 mice, differentiated into M0, M1, or M2
macrophages and stimulated for 12 hours with Sema-3A or vehicle (VEH). RT-qPCR was
performed to detect the mRNA levels of α and β integrin subtypes. Data are mean±SEM
of n=8, ∗p<0.05, ∗∗p<0.01 vs M0VEH.
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Chapter III: Sema-3A and acute Inflammation



CHAPTER 3
Semaphorin-3A and acute inflammation

Introduction, Hypothesis, and Objectives

Inflammation is a process in which the immune system of the body responds

to the injury. It is classified in two different, but related categories, chronic in-

flammation and acute inflammation. Leukocytes and monocyte/macrophages are

responsible to resolve acute inflammation. However, these cells also contribute to

activate lymphocytes in response to chronic inflammation.

In the previous chapter we focused on the effect of Sema-3A on atherosclerosis, a

chronic inflammatory disease, and we discussed extensively in the first chapter that

the monocytes and macrophages are the main players to initiate plaque formation.

Although there is relatively good knowledge about the immuno-regulatory role of

Sema-3A on chronic inflammation and cancer, it has not been previosly investigated

in terms of acute inflammation yet. So in this chapter we try to take the initial

steps to identify the effect of Sema-3A on regulation of immune cells in an acute

model of inflammation to see how Sema-3A regulates immune cells involved in innate

immunity. We hypothesize that Sema-3A reduces acute inflammation by regulating

macrophages and T cells.
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Specific objective:

• To determine the effect of Sema-3A on acute, local inflammation in vivo in a

mouse model of acute inflammation
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3.1 Materila & Methods

3.1.1 Animal Housing & LPS injection

C57BL/6 male mice were obtained from Jackson laboratory (Bar Harbor, ME)

and mated in house. The McGill University animal use committee approved the

experimental protocols and animals were handled in accordance with institutional

guidelines. One hour before electroporation hyaluronidase was injected in each thigh

muscle of animals (30±lµl/thigh) to increase electroporation efficiency by 50% (1±lµl

in 70±lµl of 0.9% NaCl) (Calbiochem) under isofluorane anesthesia. After one hour,

Sema-3A or GFP plasmid was injected into each thigh (50µg/thigh dissolved in 50

±lµl of 0.9% NaCl) under anesthesia. Thigh muscles were then lightly massaged and

then immediately electroporated using a previously described protocol [26]. Briefly,

eight 10 millisecond electrical pulses at 200 V/cm with a frequency of 1 Hz were

applied. The pulses were generated using an ECM 830 Square Wave Electroporator

and administered using electrodes (BTX Harvard Apparatus). Then five days later

the mice again went under isofluorane anesthesia and either LPS (1 mg/ml, Sigma)

or PBS was injected into the skin of mouse ears under the disecting microscope. The

mice were kept in the house for 2 days and then sacrificed to study the inflammation.

3.1.2 Physiological parameter measurement

Blood was removed via a syringe from the heart at the time of sacrifice and

was collected in heparin-coated tubes (Sarstedt). Blood cell enumeration (white

blood cells, lymphocytes, monocytes, granulocytes, red blood cells, % hematocrit,

hemoglobin and platelets) was performed with a hematology analyzer (scil vet abc
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animal blood counter, Vet Novations). The blood was centrifuged to collect plasma

and Sema-3A level was determined by ELISA.

3.1.3 Inflammation measurement and characterization

At sacrifice the ears were removed and placed in 4% paraformaldehyde for 3 days

at 4 ◦C shaker and then rinsed with 1X PBS and changed to 30% sucrose (in PBS)

overnight at 4 ◦C on a shaker, and again rinsed with 1X PBS. The hair of ears were

shaved by blade and embedded horizontally in Tissue-tek (Sakura), and serial 10µm

thick sections were cut using a cryostat (Leica CM 3050 S, Leica Microsystems) and

collected on gelatin-coated slides. To measure the thickness of the ear sections H+E

staining was done and slide were mounted using Eukitt mounting medium (Electron

Microscopy Sciences). Bright field pictures were acquired using a Leica microscope.

The mean thickness in mm2 for ears were calculated using ImageJ software (National

Institute of Health). Macrophage and T cell content of the ears were evaluated by

immunohistochemistry staining for monocytes/macrophages (10% goat serum block,

1/50 polyclonal MOMA-2 antibody, abcam) and T cells (10% goat serum block,

1/100 polyclonal rabbit anti-human CD3, Dako) respectively for 1 hour, followed

by 1 hour incubation by secondary antibody and mounted using mounting media

with dapi (Vector). Immunofluorescent pictures were taken using Leica microscope.

Percentage of ear staining was calculated using ImageJ.
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3.1.4 ELISA

The blood plasma level of Sema-3A was determined using a mouse Sema-3A

ELISA kit following the instruction protocol (MyBioSource Inc.)

3.2 Results:

3.2.1 Sema-3A reduces LPS-induced acute, local inflammation in mouse
ear.

To determine if Sema-3A can exert a protective effect in acute inflammation,

C57BL/6 mice were injected with Sema-3A expression plasmid under control of the

cytomegalovirus promoter or control plasmid. As discussed earlier, in this model,

Sema-3A is overexpressed in muscle cells and secreted by these cells. Five days

after Sema-3A injection, LPS or PBS was injected into the skin of ears and after

48 hours inflammation in the external ear was investigated. Our results show that

inflammatory signs like redness (figure 3–1A) and ear thickening (figure 3–1B were

significantly lower in Sema-3A overexpressing mice compared to the control group

(0.28 ± 0.03mm vs. 0.5 ± 0.06mm)
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Figure 3–1: Sema-3A reduces LPS-induced inflammation. LPS or PBS were in-
jected into the skin of ear of C57BL/6 overexpressing Sema-3A protein and control (CTRL)
mice. A. As it is shown, the redness is significantly more in LPS-injected ear of control
mice compared to the Sema-3A overexpressing mice. B. H+E staining of ear sections. Data
are presented as mean ± SEM of n=5-6. ∗p<0.05 vs. CTRL, Scale bars = 25 µm
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3.2.2 Reduced acute inflammation in the ears was associated with lower
macrophage and T cell content in Sema-3A overexpressing mice.

To understand the mechanism underlying decreased acute, local inflammation by

Sema-3A, we have started the characterization by examining macrophages and T

cells. According to our previous findings discussed earlier that Sema-3A regulates

macrophage function, we expected to see fewer macrophages in Sema-3A overexpress-

ing mice. We characterized ear macrophage content by MOMA-2 immunostaining

and found that it was significantly reduced in Sema-3A overexpressing vs. control

mice ( 3.7 ± 0.28 vs. 5.7 ± 0.38) (figure3–2A). Interestingly the T cell content was

also remarkably lower in this group as measured by CD3 immunostaining ( 2.5 ± 0.8

vs. 8.2 ± 1.8) (figure3–2B).
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Figure 3–2: Decreased inflammation is associated with decreased macrophage
and T cell content of the ears. After 48 hours of LPS injection, lesion macrophage
and T cell content were assessed by MOMA-2 (A) and CD3 (B) immunostaining. Data are
presented as mean±SEM of n=5-6, ∗p<0.05 and ∗∗p<0.01 vs. CTRL, Scale bars = 25 µm
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3.3 Discussion

Innate immunity is the first line of defence against pathogens and is the first

immune reaction activated upon injury. Leukocytes, monocytes, macrophages, DCs

and NK cells are the cells responsible to respond to the pathogen entry. Moreover,

most of them have a role as antigen presenting cells to activate the lymphocytes.

Sema-3A and its receptor expression were found in most of the cells involved in

immune reactions [46, 15, 53]. Many investigators have focused on the effect of Sema-

3A in auto-immune diseases and cancer [19, 20, 121, 83]. However, no systematic

studies have been done on the impact of Sema-3A on acute inflammation and innate

immunity.

To find a link between Sema-3A and acute inflammation, we used an LPS-induced

local inflammation mouse model. We showed that Sema-3A significantly reduces

inflammation in these mice. Furthermore we provided evidence that this immuno-

protective effect of Sema-3A could be due to regulation of macrophages and T cells.

Sema-3A remarkably reduced LPS-induced ear thickening (figure 3–1B), which sup-

ports our hypothesis that Sema-3A reduces acute inflammation. It has been shown

that Plx-A4-/- cells have impaired NF-κB activation [126]. However, PlX-A4 is not

the main receptor for Sema-3A and more investigation is needed to be done in terms

of Nrp-1 deficiency and LPS induced signaling. Interestingly our immunofluores-

cent studies showed that the protective effect of Sema-3A is associated with lower

macrophage and T cell content in Sema-3A overexpressing mice. So the next steps

in this study could be to determine if there is any difference in terms of different

sub-populations of macrophages recruited into the ears, and to study the effect of
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Sema-3A on downstream signaling of LPS/TLR4 in these mice. All together our

findings so far show that Sema-3A is a very interesting candidate to be considered

as a suppressor molecule of acute inflammation.
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Chapter IV: Conclusion & Discussion



CHAPTER 4
Conclusion & Discussion

In the present study we have tried to identify the role of Sema-3A and its recep-

tors in two different type of inflammatory diseases: chronic inflammation and acute

inflammation. First, in the second chapter we have discussed atherosclerosis as an

example of chronic inflammation. In the third chapter we focused on LPS-induced

technique as a model of local, acute inflammation.

Atherosclerosis is a chronic inflammatory disease which develops in the regions

of the vasculature where the laminar blood flow is disturbed i.e. in arterial branches

and bifurcations. Although clinical studies have determined many risk factors as-

sociated with this disease including age, gender, life style, diabetes, smoking, and

socio-economical conditions, most recent data show that the process of atheroscle-

rotic plaque formation is under the control of the immune system.

Sema-3A is one of the members of semaphorin family of proteins, first found in

nervous system as an axon guidance protein. However, recent studies have shown

it also regulates immune cell function [107]. This protein and its receptors Nrp-1

and Plx-A1/A4 are expressed by both leukocytes and lymphocytes indicating the

possibility that Sema-3A could play role in immune-related diseases.

Although many immune cells like macrophages, DCs, and T cells are detected

in atherosclerotic plaques, and it has been shown that Sema-3A and its receptors

are expressed by all of these cells [20, 62, 126], no link had been made between this
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protein and its receptors and atherosclerosis. In this study for the first time we have

demonstrated that Sema-3A reduces plaque development in the ApoE-/- mouse model

of atherosclerosis. Moreover, we have provided evidence that this atheroprotective

effect of Sema-3A could be at least in part due to decreased circulating monocytes

and increased mobility of M2 “reparative” macrophages, possibly through regulation

of β1 integrin activity in these cells.

It has been shown that Sema-3A and its receptors are expressed in monocytes

and macrophages of both humans and mice [135, 129]. Here we have shown that all

three receptors of Sema-3A are expressed by cells in both healthy vessels and the

atherosclerotic plaque. Our confocal microscopy data showed that these receptors

are expressed by ECs of healthy BCA and those covering the plaques. In addition,

we saw a colocalization between Nrp-1 and macrophage staining within the plaque

indicating that these cells could be responsive to Sema-3A (figure 2–1A). So we

used one of the classic models of atherosclerosis to study the effect of this protein

on plaque formation. Sema-3A or control plasmid were injected intramuscularly

into the ApoE-/- mice and then electroporated and kept on high fat diet for short

and long term studies (9 weeks and 13 weeks, respectively). The well established

electroporation technique successfully increases serum level of secreted proteins like

Sema-3A [26, 127]. We confirmed the increased serum level of Sema-3A by ELISA

in Sema-3A treated ApoE-/- mice compared to control group (figure 2–7). At both

9 weeks and 13 weeks, we found that Sema-3A overexpressing ApoE-/- mice had

smaller atherosclerotic plaques in BCA, aortic sinus, and aortic arch compared to

the control group (figure 2–1B-D), while the cholesterol, triglyceride, and HDL level
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were comparable in both groups (figure 2–6). These findings support our hypothesis

that Sema-3A has an atheroprotective effects. Our results are consistent with the

paper by Ait-Oufella and his colleague showing that when ApoE-/- mice on high fat

diet were treated with measles virus, which is known to induce secretion of Sema-3A

[119], the atherosclerotic plaques were smaller [2].

Regarding plaque stability, our histological studies did not show any differences in

collagen and smooth muscle cell content between two groups (figure 2–2), indicating

Sema-3A does not either increase or decrease plaque stability. Interestingly the flow

cytometery analysis of blood from Sema-3A overexpressing ApoE-/- mice showed

decreased circulating monocyte population compared to the control group, which

was associated with less macrophage content within the plaque of this group (figure

2–3). To investigate the possibility that decreased monocyte recruitment would lead

to fewer macrophages within the plaque, we determined the effect of Sema-3A on

monocyte adhesion in normal and inflammatory conditions, as well as monocyte

migration in response to chemoattractant in vitro. We found that Sema-3A has no

effect on either monocyte adhesion or migration, which confirms a study done by

Ji et al. showing Sema-3A has no effect on human monocyte migration in response

to MCP-1 [46]. However more experiments are necessary to find the link between

Sema-3A and monocyte recruitment into the plaque in vivo. One experiment that

could be proposed is the intravenous injection of fluorescently labeled monocytes

into the apoE-/- under high fat diet in Sema-3A overexpressing and control mice to

determine the effect of Sema-3A on the number of monocytes present within the

plaques of both groups in different stages on plaque progression.
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To address the reason for fewer macrophages within the plaque of Sema-3A over-

expressing ApoE-/- mice, we focused on the effect of Sema-3A on macrophage function

in both M1 (proinflammatory) and M2 (reparative or healing) macrophages. Inter-

estingly we found increased M2 macrophage migration in response to Sema-3A in

vitro (figure 2–5A). It has been shown that when monocytes were differentiated to

M2 macrophages, expression of Nrp-1 and Plx-A1 were significantly increased [46].

We also showed that Nrp-1 is abundantly expressed in M2 macrophages (figure2–4).

However, we saw that its expression was decreased with Sema-3A. So it is possible

that higher reaction of M2 macrophages to chemoattractant function of Sema-3A is

due to higher expression of Sema-3A in these cells. Although Sema-3A is primarily a

chemorepulsive protein in the nervous system, it has been shown that the chemore-

pulsive or chemoattractant response elicited by semaphorins depends on both cell

type and the receptor complex that neuropilin and plexin forms in response to the

microenvironment. There is a study showing that Sema-3A plays a role as an attrac-

tant to control the localization of tumor macrophages into the vascular areas [18].

Further experiments are needed to show that Sema-3A increases macrophage egress

from the plaque in vivo. Previously it has been shown that macrophage emigration

out of the plaque to adventitial lymphatics is dependant on CCR7 [66]. There-

fore to confirm the effect of Sema-3A on macrophage egress in vivo, ApoE-/-Ccr7-/-

double-knockout mice [91] could be tested in our setting. Our anticipation is that

the atherosclerotic plaque size would be comparable in ApoE-/-Ccr7-/- overexpressing

Sema-3A or control plasmid due to ablolished macrophage egress.
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The atherosclerotic plaque is a complex environment within which macrophages

encounter different and even opposite stimuli. Some signals are proinflammatory

and some are anti-inflammatory. The balance between these stimuli determines the

phenotype and function of macrophages [80]. Since both M1 and M2 phenotypes are

present in the plaque, we tried to determine if Sema-3A would shift the polarization

of recruited macrophages toward M2 phenotype. It was shown that M2 macrophages

resolve inflammation by increasing efferocytosis and clearance of apoptotic bodies [73,

120]. Our data showed that in longer polarization time (12 hours) Sema-3A increased

expression of Arg-1 in macrophages polarized with IL-4 (M2), while decreasing IL-

6 expression in cells polarized with IFN-γ (M1), but did not have any impact on

other markers (figure 2–9). Such an increase or decrease of one or two markers is

not a perfect indication of macrophage M2 phenotype switch in vivo, but it does

suggest that Sema-3A tends to push macrophages towards a less inflammatory, more

reparative program. Therefore it would be interesting to study the effect of Sema-

3A on phenotype of plaque macrophages by flow cytometery of cells present in the

plaque. Also Sema-3A did not influence on phenotype switching from M1 to M2

(figure 2–10).

At the early stages of plaque formation efferocytosis is very effective in eliminat-

ing debris. However, in advanced plaques where efferocytosis is impaired, increased

apoptosis leads to release of cholesterol and inflammatory contents of apoptotic cells

which creates secondary necrotic core [132]. There is almost no data in the literature

regarding Sema-3A and phagocytosis and efferocytosis. Interestingly it has been

shown that constitutively activated R-Ras activates αMβ2 in macrophages which
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enhances macrophage phagocytosis [14]. In addition, increased migratory capac-

ity of cells is essential for phagocytosis, and there is some evidence indicating that

the Sema-3A/Plxn-A1 complex increases migration of some types of cancer cells via

activation of R-Ras [56]. But further investigations are necessary to find a clear

link between Sema-3A and phagocytosis/efferocytosis in macrophages in vivo. To

investigate such effect, we could suggest an experiment in which fluorescent parti-

cles could be injected intravenously then fluorescent intensity could be compared

in macrophages derived from Sema-3A overexpressing mice with control [117]. In

a study Ji et al. showed that Sema-3A had no effect on phagocytosis of opsonized

human erythrocytes by macrophages [46]. Similar to this finding we also determined

that Sema-3A did not have any effect on cholesterol uptake and foam cell formation

as well as efferocytosis in vitro (figure 2–12).

To address what differences in M1 and M2 macrophages underlies their different

response to chemoattractant function of Sema-3A, we investigated integrin expression

as a major molecules involve in cell migration. β integrins have different functions

in terms of migration: β1 and β3 integrins promote migration [1, 60, 82], while β2

integrin serves as a brake by making firm binding to the ECM [133]. Keeping this in

mind, we tried to define the role of Sema-3A on expression of both α and β subunites

of integrin known to be involved in migration of macrophages, at the mRNA level. We

saw β3 integrin was strongly expressed in M2 macrophages, whereas expression of β2

was strongest in M1 macrophages (figure 2–13). However, we did not see any impact

of Sema-3A on these differences or on mRNA expression of any integrin. Interestingly

when we looked at the active forms of the integrins we found that β1 integrin was
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highly activated by Sema-3A in human blood-derived macrophages (figure 2–5B).

The link between Sema-3A and integrins was previously shown by several studies.

For example, both endogenous and exogenous Sema-3A have been shown to regulate

integrin-mediated cell migration towards ECM in ECs [101]. Also, in tumor cells,

Sema-3A regulates migration through integrins [86]. It would be great to investigate

the effect of Sema-3A on activated forms of other integrins if the antibodies would

be commercially available.

Focal adhesion complexes are common structures regulated by integrins in the

context of migration [76]. In the investigation of mechanisms involved in increased

M2 macrophage migration, we found that FAK is highly phosphorylated in response

to Sema-3A in these cells (figure 2–5C). Regulation of FAK by Sema-3A was ex-

tensively studied in neural cells. Chacon et al. has reported that FAK functions

downstream of Sema-3A signaling in axonal remodeling [21]. Moreover Sema-3A in-

creased phosphorylation of FAK and stimulation of dendrite growth through integrins

[99]. So we believe that Sema-3A might increase M2 macrophage migration at least

in part through activation of β1 integrin at the leading edge, facilitating cell motility

through FAK-dependent actin cytoskeleton remodeling. Another mechanism that

could be proposed is that at the rear of migrating cells binding of Sema-3A could

promote the intrinsic GTPase activity of R-Ras. The increase in GDP-bound (in-

active) R-Ras leads to a decrease in integrin-mediated attachment to the ECM. As

a result M2 macrophages are more detached from the matrix and have more mo-

bility (figure 4–1). Obviously more experiments are needed to determine the exact

molecular mechanism involved in this process. For instance to show in our settings if
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phosphorylation of FAK is due to interaction of PLX-A1 with focal adhesion proteins

we could undertake immunoprecipitation experiments.

Figure 4–1: Schematic illustration on how Sema-3A may regulate M2 macrophage mi-
gration. Sema-3A enhances migration of M2 macrophages at least in part by activating
β1 integrins and increasing phosphorylation of FAK. Therefore our hypothesis is that it
may increase M2 macrophage migration via two possible mechanisms: 1)By activating the
small GTPases RhoA, Rac1, and Cdc42 and their downstream targets myosin light chain
(MLC) and Arp2/3. 2)By deactivating GTP-bound R-Ras and increase activation of Fyn
and Cdk5, or by acivation of ERK/MAPK and their downstream molecules.

The ongoing research part of our studies is to show the direct effect of Sema-3A

on more local acute inflammation which triggers the response of innate immunity.
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Innate immunity is not only responsible to respond to pathogens induced inflamma-

tion, but also it is responsible to activate adaptive immunity in regards to chronic

inflammation, so it would be beneficial to know how Sema-3A may regulate innate

immune cell function and cytokine secretion.

Our preliminary data show that inflammation signs including increased redness

and thickness are significantly less in Sema-3A overexpressing C57BL/6 mice com-

pared to control (figures 3–1A and B respectively). Intrestingly we have found that

Sema-3A significantly reduced both macrophage and T cell content of the LPS-

injected ears (figure 3–2).

So far there is not much known about Sema-3A and acute inflammatory dis-

eases. There are a few papers showing that Sema-3A positively promotes the in-

nate immune response. For example it has been shown that in PLx-A4-/- cells, the

impaired TLR-induced Rac1 activation results in impaired JNK and NF-κB acti-

vation and inflammatory cytokine production is defective [126]. Ranganathan et

al. found that when Sema-3A was inactivated, mice were protected from ischemia-

reperfusion-induced acute kidney injury (AKI), and these mice showed less epithelial

cell apoptosis, reduced neutrophil infiltration, and increased cytokine and chemokine

excretion in urine. Also in vitro, Sema-3A enhanced TLR4-mediated inflammation

in epithelial cells, macrophages, and dendritic cells [93]. Although yet we don’t have

enough data to be able to conclude whether Sema-3A has an anti-inflammatory role

in innate immunity, according to our observations and data, Sema-3A seems to have

a protective effect and this makes it an interesting molecule to be followed in the
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context of innate immunity.

limitations and future perspective

Like all research projects, we have confronted these questions with some limitations

in this research. Sema-3A protein in the serum of animals was very unstable, and

we had to process the serum immediately after blood was drawn from the mice

otherwise it was not detectable in the plasma. We would like to also study the effect

of Sema-3A on the activated form of β3 integrin, one of the potent integrins involved

in cell migration. However there was no antibody available for the activated form

of this integrin. Besides, the other antibodies that we have used in this research for

activated forms of integrins were for use with human cells, since there is no antibody

for activated β integrins in mouse cells. We used FACS analysis to measure the

activated integrins, the only approach available for this aim. Although FACS is one

of the most precise quantitative methods to sort the cells into different populations,

due to lack of diversity in antibodies for activated integrins, we could not verify the

accuracy of the low percentages that we have obtained for the activated integrins.

However there are other publications that used the same antibody and had low

percentages regarding their flow cytometery analysis [131].

Regardless of all these limitations, our findings and those of others [19, 134] shows

that Sema-3A is possibly one of the major immunoregulatory players in the immune

system. This involvement encouraged the investigation of its possible therapeutic

application in many immune-mediated disorders. A challenge for the future will

be to link the increasing knowledge of semaphorin/plexin signalling pathways to
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specific cell events in immune function. These efforts will probably focus on further

works on the regulation of integrins and Rho kinases especially R-Ras family in

immune cells. In addition since all patients having clinical symptoms already have

established plaques, it would be very interesting to verify the protective effect of the

Sema-3A on atherosclerotic plaque regression as well. The other interesting point

that deserve further investigations is that spleens of Sema-3A overexpressing ApoE-/-

group were always significantly bigger than control group. We studied spleenocyte T

cell populations in these both groups. However, we didn’t see any impact of Sema-3A

on spleenocyte T cells. Since B cells are the other major cell populations in spleens,

it would be interesting to assess the effect of Sema-3A on this population as well.
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Cohen, Sylvain Fisson, et al. Natural regulatory t cells control the development
of atherosclerosis in mice. Nature medicine, 12(2):178–180, 2006.

[4] Shizuo Akira and Kiyoshi Takeda. Toll-like receptor signalling. Nature reviews
immunology, 4(7):499–511, 2004.

[5] Shizuo Akira, Satoshi Uematsu, and Osamu Takeuchi. Pathogen recognition
and innate immunity. Cell, 124(4):783–801, 2006.

[6] Guangyu An, Huan Wang, Rong Tang, Tadayuki Yago, J Michael McDaniel,
Samuel McGee, Yuqing Huo, and Lijun Xia. P-selectin glycoprotein ligand-
1 is highly expressed on ly-6chi monocytes and a major determinant for ly-
6chi monocyte recruitment to sites of atherosclerosis in mice. Circulation,
117(25):3227–3237, 2008.

[7] Manuela Battaglia, Angela Stabilini, Barbara Migliavacca, Jutta Horejs-Hoeck,
Thomas Kaupper, and Maria-Grazia Roncarolo. Rapamycin promotes expan-
sion of functional cd4+ cd25+ foxp3+ regulatory t cells of both healthy sub-
jects and type 1 diabetic patients. The Journal of Immunology, 177(12):8338–
8347, 2006.

113



[8] Oded Behar, Jeffrey A Golden, Hiroshi Mashimo, Frederick J Schoen, and
Mark C Fishman. Semaphorin iii is needed for normal patterning and growth
of nerves, bones and heart. Nature, 383:525–528, 1996.

[9] Peer Bork, Tobias Doerks, Timothy A Springer, and Berend Snel. Domains
in plexins: links to integrins and transcription factors. Trends in biochemical
sciences, 24(7):261–263, 1999.

[10] JJ Boyle. Macrophage activation in atherosclerosis: pathogenesis and pharma-
cology of plaque rupture. Current vascular pharmacology, 3(1):63–68, 2005.

[11] Chiara Buono, Christoph J Binder, George Stavrakis, Joseph L Witztum, Lau-
rie H Glimcher, and Andrew H Lichtman. T-bet deficiency reduces atheroscle-
rosis and alters plaque antigen-specific immune responses. Proceedings of the
National Academy of Sciences of the United States of America, 102(5):1596–
1601, 2005.

[12] Chiara Buono, Carolyn E Come, George Stavrakis, Graham F Maguire,
Philip W Connelly, and Andrew H Lichtman. Influence of interferon-γ on
the extent and phenotype of diet-induced atherosclerosis in the ldlr-deficient
mouse. Arteriosclerosis, thrombosis, and vascular biology, 23(3):454–460, 2003.

[13] Larissa Cardilo-Reis, Sabrina Gruber, Sabine M Schreier, Maik Drechsler,
Nikolina Papac-Milicevic, Christian Weber, Oswald Wagner, Herbert Stangl,
Oliver Soehnlein, and Christoph J Binder. Interleukin-13 protects from
atherosclerosis and modulates plaque composition by skewing the macrophage
phenotype. EMBO molecular medicine, 4(10):1072–1086, 2012.

[14] Emmanuelle Caron, Annette J Self, and Alan Hall. The gtpase rap1 controls
functional activation of macrophage integrin αmβ2 by lps and other inflamma-
tory mediators. Current Biology, 10(16):974–978, 2000.

[15] Alessandro Carrer, Silvia Moimas, Serena Zacchigna, Lucia Pattarini, Lorena
Zentilin, Giulia Ruozi, Miguel Mano, Milena Sinigaglia, Federica Maione,
Guido Serini, et al. Neuropilin-1 identifies a subset of bone marrow gr1- mono-
cytes that can induce tumor vessel normalization and inhibit tumor growth.
Cancer research, 72(24):6371–6381, 2012.

[16] Leslie A Cary, James F Chang, and Jun-Lin Guan. Stimulation of cell migration
by overexpression of focal adhesion kinase and its association with src and fyn.
Journal of cell science, 109(7):1787–1794, 1996.

114



[17] Andrea Casazza, Xi Fu, Irja Johansson, Lorena Capparuccia, Fredrik An-
dersson, Alice Giustacchini, Mario Leonardo Squadrito, Mary Anna Venneri,
Massimiliano Mazzone, Erik Larsson, et al. Systemic and targeted delivery
of semaphorin 3a inhibits tumor angiogenesis and progression in mouse tu-
mor models. Arteriosclerosis, thrombosis, and vascular biology, 31(4):741–749,
2011.

[18] Andrea Casazza, Damya Laoui, Mathias Wenes, Sabrina Rizzolio, Nicklas Bas-
sani, Marco Mambretti, Sofie Deschoemaeker, Jo A Van Ginderachter, Luca
Tamagnone, and Massimiliano Mazzone. Impeding macrophage entry into hy-
poxic tumor areas by sema3a/nrp1 signaling blockade inhibits angiogenesis and
restores antitumor immunity. Cancer Cell, 24(6):695–709, 2013.

[19] Alfonso Catalano. The neuroimmune semaphorin-3a reduces inflammation and
progression of experimental autoimmune arthritis. The Journal of Immunology,
185(10):6373–6383, 2010.

[20] Alfonso Catalano, Paola Caprari, Simona Moretti, Monica Faronato, Luca Ta-
magnone, and Antonio Procopio. Semaphorin-3a is expressed by tumor cells
and alters t-cell signal transduction and function. Blood, 107(8):3321–3329,
2006.

[21] Mariola R Chacón, Gloria Fernández, and Beatriz Rico. Focal adhesion kinase
functions downstream of sema3a signaling during axonal remodeling. Molecular
and Cellular Neuroscience, 44(1):30–42, 2010.
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[30] Mélanie Franco and Luca Tamagnone. Tyrosine phosphorylation in semaphorin
signalling: shifting into overdrive. EMBO reports, 9(9):865–871, 2008.

[31] Peter Friedl and Bettina Weigelin. Interstitial leukocyte migration and immune
function. Nature immunology, 9(9):960–969, 2008.

[32] Elena Galkina and Klaus Ley. Immune and inflammatory mechanisms of
atherosclerosis. Annual review of immunology, 27:165, 2009.

[33] Flavia Garcia, Yves Lepelletier, Salete Smaniotto, Réda Hadj-Slimane,
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