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Since the publication of the book of Russell anadcBun 1959, scientific research
has never stopped improving itself with regard e tmportant issue of animal
experimentation.

The European Directive 2010/63/EU “On the protaectiof animals used for
scientific purposes” focuses mainly on the animalfare, fixing the Russell and
Burch’s 3Rs principles as the foundations of theuteent. In particular, the
legislator clearly states the responsibility of Hugentific community to improve the
number of alternative methods to animal experinterta

The swine is considered a species of relevantastdor translational research and
medicine due to its biological similarities withrhans. The surgical community has,
in fact, recognized the swine as an excellent modglicating the human
cardiovascular system.

There have been several wild-type and transgenicinm models which were
produced for biomedicine and translational researédmong these, the
cardiovascular ones are the most represented.

The continuous involvement of the porcine animatigion the biomedical research,
as the continuous advances achieved using switranslational medicine, support
the need for alternative methods to animal expertat®n involving pigs.

The main purpose of the present work was to devatapcharacterize novel porcine
alternative methods for cardiovascular translatibn@ogy/medicine.

The work was mainly based on two different modgils:first consisted in agx vivo
culture of porcine aortic cylinders and the secoadsisted in am vitro culture of
porcine aortic derived progenitor cells. Both thed®ls were properly characterized
and results indicated that they could be usefuth® study of vascular biology.
Nevertheless, both the models aim to reduce thelsgperimental animals and to
refine animal based-trials.

In conclusion, the present research aims to beadl, dout significant, contribution to
the important and necessary field of study of ad@ve methods to animal

experimentation.

Key words: Porcine Animal Model, Alternative Methods, 3Rs, &hefiymal

Stromal Cells, Perivascular Cells, Vascular Biology
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Alternatives to Animal Testing: from the 3Rs of Russell & Burch to
the European Directive 2010/63/EU

Alternatives to animal testing are an important aedential tool for scientists from
all over the world that need to go toward a cordimiprocess of development and

implementation.

According to its standard definition “animal tesgfinis intended as “the use of
animals in experiments and development projectsallystio determine toxicity,

dosing and efficacy of test drugs before proceetbriguman clinical trials”.

In a wider meaning, the phrase “alternatives tomahitesting” is used by the
scientific community to indicate the possibility tkevelop alternative methods to

animal experimentation.

It is clear that animal testing cannot be reduceithé¢ mere use of animal in studying
the pharmacokinetics and pharmacodynamics of diligere is a huge number of
scientific papers in the literature describing tise of laboratory animals to study
physiology, pathology and pathogenesis of humanaaichal diseases (McGonigle
& Ruggeri, 2014).

Russell and Burch were the first who drafted th&dprinciples concerning the use
of animals in scientific experiments in their botkhe Principles of Humane
Experimental Technique”. The authors describedatimazing growth of biological
sciences after the Darwin Revolution and the vashlver of animals used for
experimentation in human and veterinary medicirgtiarbasic sciences. Overall, the
authors underlined within the aim of their work ttHdhe humanest possible
treatment of experimental animals (...) is actuallypr@requisite for successful
animal experiments” (Russell and Burch, 1959), ying, for the first time, animals

rights and researchers main goal.
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The main inheritance that Russell and Burch’s wefkto the scientific community
was, indeed, the so-called 3Rs: Replacement, Redumd Refinement.

The term Replacement refers to the possibility sihg any scientific method that
does not employ animals to reach the same re$igtsvere reached using conscious
living vertebrates. If an alternative exists, reshars are not ethically allowed to use
animal in their experiments.

The term Reduction refers to a meticulous and naptis activity leading to the
reduction of experimental animals numbers (whenévey cannot be Replaced), in
order to achieve the same results with differenamse The reduction is described as
“the one most obviously, immediately, and univdysatlvantageous of all modes of
progress in terms of efficiency”.

Lastly, the term Refinement refers to the detadidly of animal experimentation in
order to choose the right procedures and the gpéties for the experiments, and in
order to minimize animals stress and pain. Thialfgtage, in fact, aspires to look for

the continuous enhancement of the animal wellnieasdell & Burch, 1959).

Since the publication of the book of Russell andcBun 1959 the research in the
3Rs field has never stopped improving itself widgard to the important issue on
animal experimentation Over the past 40 years thes@l and Burch’'s 3Rs have
commonly been accepted as ethical guidelines amdilastones for all the animal-
based studies, in many countries all over the w@gitani, 2007; Singh, 2012).

In this regard, the commitment taken by the scastattending the 2010 “First Basel
Conference” is of major importance. The same comeritt was, then, formalized
into the Basel Declaration and signed by many ofietiolars all over the world
through its web pagehttp://www.basel-declaration.orgThis document states that

modern science still needs to use animals in dadstudy physiology, pathology and
pathogenesis of diseases and to improve veteriagpyoaches. Nonetheless, some
fundamental principles should be observed. Sutbl,3Rs prove to be the kind of
ethical principles the scientific community is laog for, whose main goal is the

respect for all the animals used for experimentappses, trying to avoid them pain
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and useless suffering. Moreover, the declaratioco@rages collaboration among

scientists, in order to avoid repeating futile aaltbased experiments, as well as the
education of the people involved in animal experitaeFinally, with the declaration

it is stated that necessary research involving alsithave to be allowed in the future
and it is asked to encourage the public discuseiosensitive issues concerning

research involving animal (Basel Declaration, 2010)

Right now, animal models are considered the mapurce of biological and
physiological information, a precious system foagldiscovery and, consequently,
of utmost importance as a translational tool in fmafsthe major human diseases
(Wendler & Wehling, 2010).

Despite the progress in animal experimentationguaces, the ethical acceptance of
animal models for the study of human diseasesearahtually, their treatment is still
into focus. Animal testing, in fact, has always meme of the main actors in the
international scientific arena. Concerning it, afi¢he key questions is the validation

of the model in term of transferability to the humspecies (Dothel et al., 2013).

The translation of theoretical knowledge and experntal breakthroughs into
clinical practice of medicine is also known as Hlational Medicine. Obviously,
scientific discoveries prove to be complete wheaythesult into an application:
usually, a medical discovery follows the path, frtme “benchside to the bedside”
resulting in the so called Translational Reseaidrgmaris et al., 2008). Animal
testing places itself exactly in the middle of grecess of the Translational Research

applied to the study of human biology.

Evidently, the best model to study human biologyy§ology, pathology, treatment
of diseases) would be the human subject, but ¢taar that this option can not be
considered ethical. To overcome this problem, alsrhave been routinely used as
models to characterize pathogenesis of disease®atscover new drugs, entailing
several advantages such as the homogeneity of dpalgiion and the wider
possibilities to study toxicity of treatments, palthgy and physiology. The



Porcine in vitro and ex vivo models for cardiovascular biology

evaluation of mechanism of action of existing dragsl the discovery of new drugs
have been widely carried out using animal modetsvéver, even if the animal is a
complex and functional model, effective treatmemisanimals could be less or not
effective or, sometimes, even harmful on humanso{jd@ns & Ritskes-Hoitinga,

2013; McGonigle & Ruggeri, 2014). The main challesign Translational Research
consist in the biological differences among spediss poor methodological quality
of animal experiments, the differences in designimg experiments that involve
animals, as well as the deficient reporting of thetails concerning the animal

experimentation (Hooijmans & Ritskes-Hoitinga, 213

Scientists are always committing to the continuasllenge faced by the
translational research involving animal experimeims2002 the LANCET journal
reported the article “Systematic reviews of aninedperiments” written by
Sandercock and Roberts. This paper strongly recordetethe systematic review of
the literature concerning well performed animal empents (high quality
methodology) as the base of any new clinical {$&&ndercock & Roberts, 2002). It
Is quite clear that the high quality methodology¢Bell and Burck’s Refinement) is
essential to improve the outcome of a translatioesgarch.

The urgent need for guidelines in animal experimemés also underlined in the
Kilkenny and colleagues paper. After a survey aoasistent number of scientific
papers concerning animal testing, the authors tega lack of some of the major
information about the experiments that involve alsmand recommend an accurate
and transparent description of the methods (Kilkegtnal., 2009). In their following
articles, they also defined the Animal Researchorém In Vivo Experiments
(ARRIVE) guidelines as a tool for animal-based ekpentation (Kilkenny and
colleagues, 2010 and 2012; Hooijmans & RitskesiRigat, 2013; Dothel et al.,
2013), available on the webht{ps://www.nc3rs.org.uk/arrive-guidelinesand

actually required by many relevant biological joalsnfor publications of animal

experiments.
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Despite the enormous efforts that many scientigtsrdthe last decades, the current
debate focuses mainly on the question: are prealinstudies in animals still
ethically acceptable (Dothel et al., 2013)?

Unfortunately, the present question requires mioa@ & simple answer. As the topic
is of clear interest, not only for the scientifienamunity but also for those who do

not belong to it, a specific legislation about aaimrotection is necessary.

In Europe, the previous Directive of the Europeam@ission in the field regarding
the animal protection was released on 24 NovemB86 IDirective 86/609/EEC).
Its adoption, nonetheless, varied according théerdiht Member States. Some of
them, for instance, implemented it with measuresnsure higher level of protection
for the animal used for experimental purposes. H@wnethese disparities within
Member States have been considered a possiblebirithe exchange of products
and substances that involve animal-based trials.

Moreover, since 1986, new scientific data have bemlected, new technological
approaches have been used and new evidences upitatietowledge about animal
welfare and the capacity of animals to express, [gaiffiering and distress.
Considering these and other relevant factors, theogean Union released the
DIRECTIVE 2010/63/EU on September"@22010 “On the protection of animals
used for scientific purposes” that substitutes &ive 86/609/EEC.

The new Directive focuses mainly on the animal areffixing the 3Rs principles as
the foundations of the document.

The theme of animal welfare is analysed in allfdem, from the design of the
experiment and the consequent training of the ,diafthe housing of the animal and
the control of its pain, and again from the anirhededing to the animal human
sacrifice.

Moreover, although the document affirm that the afskve animals in experimental
trials continues to be necessary to protect hunmghamimal health, the European
Commission clearly states the responsibility of $hentific community to improve
the number of methods that allow the replacemerivefanimals in experimental

procedures.
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Finally, “this Directive represents an importargpstowards achieving the final goal
of full replacement of procedures on live animads $cientific and educational
purposes as soon as it is scientifically possiblda so” (DIRECTIVE 2010/63/EU).
The Italian law adopted the Directive with the “Beto Legislativo n. 26, March™

2014”, which contains more restrictions regarditagjdn scientific research.



PhD thesis - Andrea Zaniboni, 2015

ThePorcineModdl in Translational Resear ch

A simple PubMed research using the keywords “p@/sivine/pig animal models”
reveals that in the last three decades there hers dre exponential growth of papers
in which the swine was considered a species oWaelkeinterest for translational
research and medicine (and sometimes the specotwinie — Prather et al., 2013).
Papers’ topics are the most different: the pig been and still is used as model for
studies in fields of embryology, physiology, pathgy of human disease, nutrition,
toxicology and agriculture. Nevertheless, the Oixec2010/63/EU also regulates the
use of the pig, in animal-based experiments, asotpmmate animal species
(Directive 2010/63/EU).

As previously described in the present manuscaptanimal model, in order to be
considered a valid tool for translational reseastiguld replicate at most the human
condition (Suzuki et al 2011). However, concerrimg point, it is important to keep
in mind that “All models — the biological ones, toe are wrong: the practical
guestion is how wrong do they have to be to nouseful ” (Box, 1987; Prather et
al., 2013). Considering that the Directive 20103/clearly states that “the use of
live animals in experimental trials continues torsxessary to protect human and
animal health” (Directive 2010/63/EUV), it is stithportant that scientists continue to
make efforts in their researches in order to find keast worst model to represent

human conditions without using live animals forrbexdical purposes.

The mouse is, nowadays, an irreplaceable model absblutely necessary for

advances in biomedicine. However, as human and enates quite different under

many biological aspects, the generation of largenahmodels able to properly

mime human diseases is needed (Fan & Lai, 2018&)étrat al., 2013).

It is already known since many years that pig isem@milar to the human species
than other not-primate animals (Swindle et al.,Z0Moreover, it seems that the use
of porcine models could present fewer ethical issared societal concern than the
use of primates and pets (i.e dogs) in biomedrigast probably due to their use as

livestock and food producing animals (Fan & Lail320Prather et al., 2013).

10
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The biological similarities with humans are expegsat the genomic (Archibald et
al., 2010; Bendixen et al., 2010), proteomic (dendida et al., 2012), anatomic and
physiologic levels (Niemann & Kues, 2003; Suzukiakt 2011; Swindle et al.,
2012). In addition, farm pigs and minipigs haveoader lifespan than the smaller
laboratory animals (Fan & Lai, 2013). In particyldue to their smaller size the
minipig strains are the appropriate choice wheergsts need a more manageable
animal/species for their research. Moreover, mgapseem to be a better choice,
when compared to farm pigs, because they are matere) although with the same
body weight, and because their tissues are moilentdo experimental procedures
(Swindle et al., 2012; Lelovas et al., 2014).

Nonetheless, disadvantages in the use of the paqiasal model, opposed to mouse
and rat, lie in higher costs as well as their ntoplex handling, late maturity and

long gestational period (Elmadhun et al., 2013).

Looking it from a translational point of view, thporcine species has been
recognized, indeed, as an excellent model for thdysof cardiovascular diseases
(Zaragoza et al.,, 2011; Elmadhun et al., 2013) indgas also led scientists to
improve their knowledge about atherosclerosis dndnmibosis pathogenesis and
treatment (Vilahur et al., 2011; Hamamdzic & Wilkns2013), myocardial ischemia
(Suzuki et al., 2011) and restenosis (Gessarali.e2012; de Prado et al., 2013).

Human eye pathologies, such as Leber Congenitalubesas and other inherited
retinal degenerations, could also benefit fromube of pig model. Pig retina, in fact,
displays a macular region similar to the human ocanpfirming in terms of
morphology and function, its being a good modehis field of research (Fan & Lai,
2013; Prather et al., 2013; Gun & Kues, 2014). tafidn group funded by Telethon
grants, is currently working on these topics andettgping several adeno-associated
virus-basedn vivo transgene delivery pig models in order to usestirealled gene
therapy as a way to treat retinal diseases (Katadi., 2011; Mussolino et al., 2011;
Manfredi et al., 2013).

11
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There is also plenty of literature in which the @oe model is employed to study

lung diseases. Some major topics, for instanceysted on lung development and
transplantation, ischemia-reperfusion injury, nigsooxide and hyperoxia effect,

pulmonary hypertension, endothelin and its receptasthma and other diseases
(Rogers et al., 2008 a).

Moreover, it is important to remember that a clgsailarity between human and
porcine species was also described for the gasdsiinal trait (Weih et al., 2013).
Pig has proved to be a good model in pediatricrgasterology (Sangild et al.,
2013), especially in the research field on the showel syndrome (SBS) (Sangild et
al., 2014).

Furthermore, it is worth citing the enormous cdnition of genetically-modified
pig animal models to biomedicine (Whyte & Prath@Ql11l); the advanced
reproductive technologies available for this spedqi8achs and Galli, 2009), the
knowledge about its genome (Archibald et al., 2041@) the new tools the genetic
engineering offers to scientists (Petersen eR@l5). All these features make the pig
model a powerful tool for the translational reséaifean & Lai, 2013).

The recent advances in regenerative medicine asdetiregeneration led to the use
of the pig animal model in this field of study tdde porcine animal model has been
employed, especially, in cardiovascular (see i.eni&iuc et al., 2011) and
orthopedic (see i.e. Sun et al., 2013) regeneratieical trials.

In 2003, the NIH, taking into account all these siderations, established the
National Swine Resource and Research Center (NSRR&)develop the
infrastructure to ensure that biomedical investgatacross a variety of disciplines

have access to critically needed swine models ohdm health and disease”

(http://www.nsrrc.missouri.eduThe NSRRC is probably the clearer example of the
significance of the pig as an animal model for hondgseases, given that it also
serves as a central resource for reagents, infammand training related to the use

of swine models in biomedical research (Prathat.eP013).

12
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The following chapter presents a review of therditere concerning pig animal
models. In particular, the following section wilbdus on the most important
application of the porcine model in biomedicine,atthis its relevance in
cardiovascular diseases research field. It wilb @salysed useful porcine models for
biomedical purposes obtained with genetic engingerand porcine models

application in regenerative medicine.

13
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Wild-type porcine models for cardiovascular resdmarc

Cardiovascular diseases are the first causes i @aut of 10 deaths) all over the
world (data related to 2000-2012 published in the HQV website
http://www.who.int/en). Consequently, nowadays, one of the major fieldstudy

of the scientific research is the cardiovascularspitpathology. In order to perform
successful research, it is necessary to have alrfuateaccurately approximates to
the human cardiovascular morphology and functioelqtas et al., 2014). The
surgical community has hence recognized the swaranaexcellent model replicating
the human cardiovascular system (Prather et &.3)20

The features that make the swine an attractive hfodeardiovascular studies can
be found in the high similarities with humans imamary anatomy and circulation, in
the physiology of the heart, in hemodynamic and aimalic values, in
pharmacokinetics and platelet function, coagulatiod fibrinolysis. In addition, pigs
tolerate invasive cardiac interventions, as welm@dhun et al., 2013; Fan & Lai,
2013; Gun & Kues, 2014; Lelovas et al., 2014).

Atherosclerosis and myocardial infarction can bpeexnentally induced in swines
through diets enriched with the nutrients knowntfagir property to elevate the risk
for cardiovascular disorders in humans (Prathealet2013). Furthermore, it was
demonstrated how some pigs develop spontaneousostherotic lesions and may
succumb to a sudden death when under stress (Yilal, 2010).

The following chapters will briefly summarized thest important wild type porcine
models of cardiovascular diseases in order to exarthiem from the laboratory

animal science point of view.

Porcine models for Atherotrombotic Disease

Atherosclerosis is a cardiovascular disease thatidcaffect all vessels. It is
considered an intima (the inner layer of the vesellated disease and it is caused
by hyperlipidemia and lipid oxidation. Fat depositsstitute the so called “intimal
plaque” whose formation occurs due to the depdsitrall cholesterol crystals in the
intima and in the media layers of vessels. Thea,fibrous tissue and the plaque

grow resulting into the vessels’ lumen obstructi@hot formation and thrombosis

14
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are the last stages of an atherosclerotic lesiompalticular, the possible rupture of
the plaques could lead to thrombosis (atherothrdimbevent) that is the most
important cause of acute coronary syndrome anceiseghheart disease (Vilhaur et
al., 2011; Zaragoza et al., 2011; Hamamdzic et28l13; Rafieian-Kopaei et al.,
2014).

Porcine models of atherosclerotic lesion have h@eperly reviewed by Zaragoza
and colleagues (2011) and by Hamamadzic and colesaff2013). The following part
of this work briefly describes them in order to erthe the most important ones.

In order to induce the atherothrombotic eventsaims, it is possible to feed animals
with an hypercholesterolemic diet that increasesr ttholesterol levels resembling
the human pathological ones. Thanks to the poroioeel, it is also possible to
combine this approach with intravascular intervamgi (balloon angioplasty and
stenting) in order to induce an adaptive responsgigs that resembles the human
phenotype (Zaragoza et al., 2011). Examples otiieeof the latter approach can be
found in the Busnelli and colleagues work, were ythénvestigated
hypercholesterolemia from the inflammatory pointw (Busnelli et al., 2013).

The hypercholesterolemic pig model just presengedisually coupled with the
diabetic pig model (Hamamdzic et al., 2013) firstlegscribed by Gerrity and
colleagues (2001). Combining the two diets, hypeletterolemic and
hyperglycemic, results demonstrate that lesionssetyo resemble the human
phenotype (Hamamdzic et al., 2013).

A second porcine model of atherosclerosis is theatled Rapacz-FH pig (Prescott
et al., 1991). This model exhibits spontaneous ratitéerosis due to high blood
levels of low density lipoprotein (LDL). This spa@meous phenotype is caused by a
mutation in the LDLR gene and the consequent dewedmts of atherosclerotic
lesions and pathological phenotypes are highlylamid the human one (Prescott et
al., 1991; Hamamdzic et al., 2013). Recently, tlad®z-FH pig model has also
been used to study the gene expression profil@letilar interstitial cells (Porras et
al., 2014).

15
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The last and noteworthy porcine model of atherassle is the so-called Ossabaw
Pig. The Ossabaw Pig develops metabolic syndrome tiu a non-insulin
spontaneous diabetes associated with an atherodmeicCoronary atherosclerosis
was observed in this model by Hamamdzic and caliesgn 2013 (Hamamdzic et
al., 2013). Recently, the Ossabaw pig has been tsddvestigate the cardiac
angiogenesis in a chronical ischemic myocardiuméglhun et al., 2014).

Porcine models for Myocardial Ischemia

One of the main outcome of the rupture of an adwevotic plaque is the acute
coronary syndrome and the consequent myocardiaéis@, due to ischemic heart
disease (Hamamdzic et al., 2013). Coronary Artase@se (CAD) is the first cause
of death all over the world. This is due to two amagonsequences that occur in
about the 50% of cases: acute Myocardial Infarc{idi) or sudden cardiac death
(lwasaki, 2014). MI is considered the main conseqgaeof myocardial ischemia
which, finally, leads to cell death (myocardialunyj) (Whyte et al., 2014).

The main issue to overcome, when using animals adelnmyocardial infarction
pathogenesis in order to develop useful treatménthe recreation of the so-called
“vulnerable atherosclerotic plaque”. The pig seémbe the best species to generate
the plaque instability (Suzuki et al., 2011; Zaraget al., 2011). Several porcine
models of plague rupture method are thoroughly ikdetan the Zaragoza and
colleagues review (Zaragoza et al., 2011).

In addition to these previous models, inductiomgbcardial ischemia in pigs can be
achieved through other approaches, among whicmtie# commons are the surgical
occlusion of the coronary artery and the inducegratentricular tachycardia
(Suzuki et al., 2011; Zaragoza et al., 2011).

Moreover, cardiac catheterization and coronaryrvaetions are similar in pigs and
humans. So, in order to induce heart failure arteteelop procedures and treatments
for cardiovascular diseases, the possibility to kwon the pig, instead of other
animals, with a catheter-based closed-chest teabnpgoves notable advantages.
(Suzuki et al., 2011).

16
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Porcine models for Restenosis

In order to treat Coronary Artery Disease (CAD),ahhfollows the accumulation of
atherosclerotic plagque within the lumen of caroéideries, the most common
procedure is the use of stents. The main problerth@fcoronary stent is that it
causes restenosis (Perkins et al., 2010).

Generally speaking, restenosis is a process tlatr®dn about 10-15% of patients
treated with coronary, carotid and peripheral &terevascularization procedures
(Forte et al., 2014). The main pathogenic eventuwow in restenosis is the
development of the neointimal hyperplasia. It appdhat neointimal hyperplasia
could be due to the overgrowth of vascular smootisaie cells and/or multipotent
vascular cells migrating from the media layer o tlessels to the damaged intimal
one (Giordano & Romano, 2011; Tang et al., 2012).iWflammatory component
was also recognized in the development of neoirdtinyperplasia (Giordano &
Romano, 2011).

So far, the porcine coronary model has been omleeofost useful for the evaluation
of coronary stents, as its development of the rigoai injury pathology is seen as
the closest to the human one. Furthermore, it gomant to remember that, due to
the adult pig size, stents and all instrumentatioeed for humans are equally
suitable for pigs (Vilahur et al., 2010; de Pratiale 2013).

Recent studies in which pigs were used as restenuosdels aimed mainly to
develop methods or devices to be employed in caadimular surgery.

To this end, Cui and colleagues (2014) and Li avltbagues (2014) described the
employment of particular stents coated with antiesdin a porcine model of
restenosis. The aim of the studies was to devedop devices in order to overcome
the de-endothelialization problem and prevent resis.

Pérez de Prado and colleagues (2014), insteadssasspaclitaxel-eluting balloons
efficacy in a preclinical porcine model achievirtge treduction of the restenosis in
treated animals compared to the control.

Furthermore, Gessaroli and colleagues (2012) usedbdrcine model to assess a

modified ePTFE stretch graft in order to prevesterosis in vein-graft anastomosis.

17



PhD thesis - Andrea Zaniboni, 2015

Transgenic porcine models for human diseases

Although the first transgenic pig was generateduabiarty years ago for agricultural
purposes, in the biomedical research field the suwsnconsidered a species of great
interest insomuch as, nowadays, biomedicine isnthan application of genetically
modified pigs (Sachs & Galli, 2009; Whyte & Prath2011; Prather et al., 2013;
Gun & Kues, 2014).

In particular, it is recognized that transgenicspage better animal models than other
non-primate species in fields concerning neurolalgicardiovascular, and diabetic
disorders (Fan & Lai, 2013).

Recent advances in reproductive biotechnologiefiezbfo porcine species, genetic
engineering techniques and molecular biology t@dlewed scientists to generate
transgenic pigs in a faster way than few years (&gili et al., 2010; Gin & Kues,
2014).

In the last 30 years, several transgenesis techksiduave been developed,
ameliorated and described (Bacci, 2007; Sachs &,&409). Among these, it is
worth remembering the principal ones such as tbhaymiear microinjection (Gordon
et al., 1980), the Sperm Mediated Gene Transfevifflamo et al., 2002), the viral-
mediated transgenesis (Whitelaw et al., 2004) hadsbmatic Cell Nuclear Transfer,
based on the animal cloning technique (Galli et24110).

The main problem with the porcine species in teahsransgenesis is the lack of
Embryonic Stem Cell (ESC) lines which otherwise ldoprovide a simpler way to
generate transgenic animals (Park & Telugu, 20A8).important tool aiming to
ameliorate the transgenesis efficiency in pigs @¢obe the emerging induced
Pluripotent Stem (iPS) cell lines, already destilior the porcine species (Roberts
et al., 2009; West & Stice, 2011; Fan & Lai, 2013).

Improvements in molecular biology knowledge andhtégues led scientists to
develop innovative technologies based on transgysecombinases and nucleases
(Gun & Kues, 2014). Nucleases constitute the mostepful tools emerged in the
last few years. Among them Zinc-Finger NucleasddNg), Transcription Activator-
like Effector Nucleases (TALENs) and RNA-guided Emgred Nucleases (RGENS)
are the most used systems (Kim & Kim, 2014; Peteeteal., 2015). Moreover,

18



Porcine in vitro and ex vivo models for cardiovascular biology

recently, the CRISPR/Cas9 nuclease system hasdmployed in order to generate
genetically modified pigs (Hai et al., 2014; Whittloet al., 2014).

In the last two decades, transgenic pigs were gésekrand perfected as some of
them resulted in great animal models for humanadise. Three different reviews
concerning transgenic pigs in biomedicine were mdgeedited by Fan and Lai
(2013), Prather and colleagues (2013), and Gunkares (2014). The following
sections will briefly expose the data presenteith@se reviews updated with the most
recent and noteworthy scientific publications. Tewsnprehensive revision will thus
examine transgenic pig models for cardiovasculagrvaus system and
ophthalmological diseases, diabetes mellitus, cygirosis, xenotransplantation and

cancer.

Cardiovascular Diseases

The present manuscript has already described thelasties in terms of
cardiovascular morphology and function betweenhtlian and the porcine species.
In the last decade, transgenic pig models for oaedicular diseases were generated,
in order to allow scientists to deeply investigtte etiology and to accelerate the
discovery of new therapies for some of these nadtdrial and complex pathologies
(Zaragoza et al., 2011; Agarwala et al., 2013;Heraet al., 2013).

Polyunsaturated fatty acid n-3/n-6 ratio is of greaportance in the cardiovascular
field. The two models described below could helpnvestigating the effect on the
cardiovascular system of an altered n-3/n-6 r&mather et al., 2013). A spinagh?2
Fatty Acid Desaturase (FAD2) expressing transgpigiavas generated by Saeki and
colleagues in 2004. Naturally, mammalians do nopress desaturase, whose
function is to produce the essential polyunsatdréédty acid Linoleic Acid and-
Linoleic Acid (Saeki et al. 2004). Moreover, a humzad Chaernobitis elegans fatl
expressing transgenic pig was generated by Laicalidaguesfatl encodes a n-3
desaturase and this lead to the alteration of pelgturated fatty acid n-3/n-6 in the
transgenic pig compared to the wild-type (Lai et 2006).

An important gene involved in cardiovascular biglag the endothelial Nitric Oxide

Synthase (eNOS), an enzyme expressed by endotkellal that generates Nitric
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Oxide (NO). Nitric Oxide is significant as a regiglaof vascular morphology and
function (Hao et al., 2006; Whyte et al, 2010).dlage is another enzyme expressed
by endothelial cells that contributes to vasculamet and to the development of
cardiovascular diseases metabolizingDyl another important regulator of vascular
physiology (Whyte et al., 2011).

Transgenic pigs expressing eNOS (Hao et al., 2008jte et al, 2010) and catalase
(Whyte et al.,, 2011) were generated by two differesearch groups. Both the
animal models could provide important informatidsoat the contribution of NO
and HO, to cardiovascular diseases and could improve tioavledge about their
physiological function.

Peroxisome Proliferator-Activated RecepyaiPPAR) is involved in cardiovascular
diseases and is considered a valid target for pleetec interventions due to its role
in fatty acid and adiponectin uptake in adipocytekreover, the activation of
PPARy results in an increase of insulin sensitivity ghacose uptake and in an anti-
inflammatory effect (Fan & Lai, 2013; Prather et, &013; Gin & Kues, 2014).
Hence, with the generation of the PRARO pig, Yang and colleagues provided to
scientists an important tool to get new importafdimation on the role of PPARN
cardiovascular biology (Yang et al., 2011).

An important independent risk factor for coronaryeafht disease is the
hypertriglyceridemia and Apolipoprotein (Apo)Cllwhich is strongly correlated
with plasma triglyceride levels. Due to these im@ot considerations, Wei and
colleagues produced an ApoClll transgenic pig mottelt showed important
similarities with the human pathological phenotygmel could be of great importance
for studies on correlation of hyperlipidemia anbesbsclerotic diseases (Wei et al.,
2012).

Another interesting molecule involved in cardiouadac biology is CD39
(ectonucleoside triphosphate diphosphohydrolase-1)s involvement in
cardioprotection was demonstrated in a transgenicin@ model of myocardial
ischemia/reperfusion. In 2012, Wheeler and colleagygenerated a CD39 transgenic
pig in order to investigate the translational ptitdrof the murine model. The results

obtained after a myocardial ischemia/reperfusigarynconfirmed, as showed in the

20



Porcine in vitro and ex vivo models for cardiovascular biology

murine model, that CD39 is involved in cardioproi@t in the ischemic heart
disease (Wheeler et al., 2012).

Recently, Al-Mashhadi and colleagues generateamsgrenic pig modified for the
expression of a mutated form of the convertaseilmiitkexin type 9 (PCSK9) gene
that causes, in human, hypercholesterolemia aneéragtlerosis. The model
displayed the same human pathological phenotypecanltl provide an important
tool to study atherosclerosis (Al-Mashhadi et20.13).

Nervous System Diseases

Transgenic pigs have been generated for Alzheinissase (AD), Spinal Muscolar
Atrophy (SMA), Huntington's Disease (HD) and Amyaphic Lateral Sclerosis
(ALS).

Alzheimer’s Disease pathogenesis is not entirelgwkm but it seems that Amyloid
Precursor Protein (APP) gene is a key factor in tevelopment of this
neurodegenerative disorder, which also leads todbe of neurons and cognitive
function and, at a later stage, to death. Genéticalodified pigs have been
generated through the insertion of the Swedish toutaof the human APP gene.
Unfortunately, no symptoms related to AD and no pipmatic p peptide
accumulation have been yet observed in the sydfeepotential manifestation of
Alzheimer related symptom may take more time toetlgy in the present model
(Kragh et al., 2009; Sgndergaard et al., 2012).

Spinal Muscular Atrophy is a neurodegenerative atisewhose main cause is
recognized in a mutation or a deletion of the SuaivMotor Neuron (SMN)-1 gene,
which is characterized by loss of motor neurons skeletal muscle atrophy (Fan
and Lai, 2013). To this end, a transgenic pig lagkust one allele of the SMN1
gene was recently generated. Obviously, the reapgine of the double KO of the
SMNL1 gene is essential in order to simulate the druphenotype of the disease
(Lorson et al., 2011).

Huntington’s Disease pathogenesis is related to eékpansion of the CAG
trinucleotide in the Huntingtin (HTT) gene. Theahse results in a progressive loss
of brain neurons that leads to neurological dis@rdelated to movement, cognitive
ability and dementia.
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Two models of this disease were obtained by Yanbcleagues (2010) and Baxa
and colleagues (2013). In particular, in the fih& insertion of mutant HTT resulted
in the birth of piglets with a low expression ofetimutant gene, but with clear
evidence of apoptosis in brain neurons.

Amyotrophic Lateral Sclerosis is a fatal neurodeyative disease and can be
clinically distinguished into two forms: sporadiaich familiar. The 20% of the
familiar forms seems to be linked to a mutatiorihef Cu/Zn Superoxide Dismutase
(SOD)-1 gene. A transgenic pig model carrying ardressing the human SOD1
mutated gene was recently generated and charaatdolyz Chieppa and colleagues
(2014).

Ophthalmological Disease

Retinitis Pigmentosa are a group of inherited edtidiseases that cause loss of
peripheral and, sometimes, central vision, mainlg tb the loss of photoreceptors
(rods for peripheral and cones for central visi@@n & Lai, 2013; Prather et al.,
2013; GUn & Kues, 2014).

There were two main transgenic pig models generatecktinitis pigmentosa. The
first one was generated by Petters and colleagutesducing a mutation in the
Rhodopsin (RHO) gene that causes, in the pig retods loss, cone photoreceptors
degeneration and consequently the loss of thetiom (Petters et al., 1997). The
second model was generated by Fernandez de Castrooleagues, introducing a
different mutation in the RHO gene and this reslite a pathological phenotype
completely similar to the human one, confirmed fribra electroretinographes (Ross
et al., 2012; Fernandez de Castro et al., 2014).

Diabetes Mellitus

Among metabolic disorders, Diabetes Mellitus is thest represented and it is
mainly characterized by hyperglycemia. In particul@dype I, Il (both insulin-
dependent) and Il (insulin-independend) of Diabetéellitus were described and
characterized by Wolf and colleagues (2014).

22



Porcine in vitro and ex vivo models for cardiovascular biology

Recently, Renner and colleagues generated a pomuakel of permanent neonatal
diabetes introducing a mutation in the pig genom#éa insulin (INS) gene level.
The genetically modified newborn pigs showed hyjyegmia and a decreased body
weight andp cells mass. Due to these features, this modetdoelof great interest
in clinical trials (Renner et al., 2013).

Transgenic pigs for Glucagon-like peptide (GLP)-Erev also generated. It is
important to remember that GLP1 protein is involvadthe secretion of insulin.
These pigs showed a continuous reduction in glutoleeance and in the number
and mass of cells with increasing age (Renner et al., 2010)

Moreover, pigs were genetically modified in order ihvestigate the mutated
Hepatocyte Nuclear Factor (HNF):tecognized as the cause of Diabetes Type llI
by Umeyama and colleagues (2009). These pigs deseldiabetes due to a poor

insulin secretion.

Cystic Fibrosis

Cystic Fibrosis (CF) is an autosomal recessive tyedesease caused, mainly, by the
mutation in the Cystic Fibrosis Transmembrane cotahce Regulator (CFTR) gene
encoding for a ion channel protein whose funct®moi mediate hydration. The pig
was proved to be a good animal model on which stigdhhuman lung diseases
(Rogers et al., 2008 a & b).

There are two main transgenic pig models which vdeneeloped for this pathology;
the first was generated through the deletion ofpibreine CFRT gene by Rogers and
colleagues (2008 b) while the second was genettatedigh the mutation of the
CFRT gene by Ostedgaard and colleagues (2011).Botiels, amazingly, resemble
the human CF phenotype in terms of lung, liver, gpeas, bladder, bile duct,
intestinal and vas deferens pathologies.

However, the greatest results were achieved wiéhfitst model, which allowed
scientists to deeply investigate CF pathogenesigqalticular, it was demonstrated
that inflammation follows bacterial infection in Qftients lungs (Stoltz et al. 2010),
that Insulin-like Growth Factor (IGF)-1 is correddtwith CF (Rogan et al. 2010) and
that mucociliary transport is a primary defect ik @atients lungs (Hoegger et al.,
2014).

23



PhD thesis - Andrea Zaniboni, 2015

Xenotransplantation

The continuous request for organs, due to the igmber of people that need
transplants, led scientists to look for other wais get organs donors.
Xenotransplantation might be identified as a pdessblution to the problem: getting
organs from other species clearly allows an in&dastheir number in order to
supply to this pressing request. Pig has been ibesicas the most suitable species
for xenotransplantation because of its size, brepdnd the possibilities to modify
its genome in terms of addition and deletion ofege(Bachs and Galli, 2009; Prather
et al., 2013). In fact, the first of all transgepigs produced for biomedical purposes
was generated for xenotransplantational studigSdzzi and colleagues (1997).
There are, however, two main problems related gamrxenotransplantation from
pigs: the humoral rejection (Le Bas-Bernardet et 2011) and the presence of
porcine endogenous retroviruses — PERV (Mattiuzzd.£2012).

Rejection of xenotransplants from porcine to presats basically due to the so-
called process of hyperacute rejection. Hyperajextion is mainly driven by pre-
existing human (and primate) antibodies able togaizea-gal epitopes catalyzed
by the a-1,3 galactosyl transferase (GGTA)-1 gene, whickdI¢o rejection in a
matter of minutes (Sachs and Galli, 2010; Prathat.£2013; Gin & Kues, 2014).
The production of the first Gal-KO pig in the 2008 Phelps and colleagues (Phelps
et al., 2003) increased the survival of the tramsigld organs (2-6 months), but the
modulation of other complement regulatory protgf@RPs) is still necessary (Le
Bas-Bernardet et al., 2011). Recently, other attertgpproduce transgenic pigs and
use their organs in xenotransplantational studsasguthe Gal-KO background were
made and some of them showed encouraging resultsg(®i et al., 2014).
However, it is clear that a lot of work has to bad®a in order to overcome the

immunologic and zoonotic issues that xenograftets
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Cancer

The word “cancer” defines a series of more than péthologies that share the
uncontrolled cell growth as their principal featuiifferent types, with different
pathogenesis, of human cancer are known and wstritbed (Gin & Kues, 2014).

So far, there have been generated some porcinercanodels even if the pig has not
yet played a critical role in experimental oncoldglisikowska et al., 2013).

For instance, pigs were genetically modified fog Brest Cancer Associated Gene
(BRCA) 1 in order to provide a model for the stuafythe breast and ovarian cancer.
Unfortunately, the usefulness of this model stdeds to be demonstrated, as all the
piglets died within 18 days after birth (Luo et 2011).

Another transgenic pig was generated by Leuchsalelagues in order to mime the
Li-Fraumeni syndrome. This pig was generated witlcoaditionally activatable
oncogenic mutant of the p53 oncogene that playshaortant role in human cancer.
Leuchs and colleagues observed that the model Bsdmery closely the human
phenotype (Leuchs et al., 2012).

However, the most impressive transgenic pig mo@elegated so far is the one in
which the Adenomatous Polyposis Coli (APC) gene taageted. A mutation in the
porcine APC gene (orthologous to a severe mutatidime human APC gene) closely
resembles the Familial Adenomatous Polyposis (FABnan phenotype. The
founder animal revealed polyps in colon-rectum kmito human adenomas
(Flisikowska et al.,, 2012). Other analysis arel stil progress within the F1
generation (Flisikowska et al., 2013).
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Involvement of the porcine model in regenerativeiniee

The NIH defines regenerative medicin@ ‘broad field that includes tissue
engineering but also incorporates research on Beliting — where the body uses its
own systems, sometimes with help foreign biologitatierial to recreate cells and

rebuild tissues and orgahghttp://www.nibib.nih.govy.

Basically, ‘Regenerative medicine replaces or regenerates hucedls, tissue or
organs to restore or establish normal functighlason & Dunnill, 2008).

This replacement could be achieved through sewaitoaches among which stem
cell transplantation, gene therapy, tissue engingesoluble molecules delivery, cell
reprogramming (Greenwood et al, 2006).

Thus, it is clear that one of the milestones irereggative medicine is definitely the
cell and, in particular, the stem cell. Dependimgtieeir commitment, stem cells can
be classified into totipotent, pluripotent, multipnt or progenitor/tissue specific
cells. There are many clinical trials already apptbfor therapy on humans and
many other that are currently object of studies gdfa& Dunnill, 2008; Sanchez et
al., 2012). In particular, many encouraging reshéfge been achieved in the field of
cardiovascular regenerative medicine, insomuchelihased phase 11l clinical trials
have been started (Behfar et al., 2014). Greatradsahave also been achieved
within the field of bone engineering through me$gmsal stromal cell therapy
(Grayson et al., 2015).

The use of the porcine animal model was describedeveral biomedical works

concerning regenerative medicine in both cardiovias@nd orthopedical fields.

Porcine animal model and cardiovascular regeneratio

Regenerative medicine is a promising way to overccardiovascular diseases even
though the many issues it still presents nowadagdl @raft composition, cell

selection, cell differentiation) and that need éodvercome (Dai & Foley, 2014).

The pig has been used as a model for cardiovascet@neration in order to

overtake some of these issues.
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A pig model of balloon induced-myocardial infarctiovas used by Grggaard and
colleagues in order to evaluate how the injectddhmmed to the infarcted tissue.
Autologous progenitor cells were intravenous oraicbronary injected. Results
showed a greater number of infused cells in inéatctmyocardium after
intracoronary than intravenous injection (Grggaetrdl., 2007).

Instead, data obtained by Halkos and colleagues, again used a pig model of
myocardial infarction, suggest that intravenousedtipn of MSCs stimulate
reperfusion of the ischemic myocardium resultinghie improvement of the cardiac
function (Halkos et al., 2008). Similar results wealso achieved by Krause and
colleagues who obtained, with a similar methodgduction of the infarct size and,
again, an improvement of the cardiac function (KSeaet al., 2007). Moreover, data
obtained from Sato and colleagues suggested a sadaazation process induced
by the autologous MSCs intracoronary injectionha porcine infarcted heart (Sato
et al., 2011).

Simionuc and colleagues also tested the effedheirtjection of placental derived-
MSCs pre-treated with a hyaluronan mixed ester wfyric and retinoic acid on
infarcted porcine hearts. Infarct size were reduasdwell as fibrous tissue, and
vascularization was enhanced after the injectiopreftreated cells compared to the
injection of untreated cells (Simioniuc et al., 2D1

In order to assess whether delivery efficiency dase the site of injection was
different, van der Spoleen and colleagues injectettacoronary or trans-
endocardium bone marrow MSCs in a porcine modehwdcardial infarction. No
differences were observed by the authors in thevetgl efficiency between these
two approaches (van der Spoleen et al., 2012).

Using a transgenic line of human induced Pluripp&em Cells (hiPSCs), modified
for the expression of the sodium iodide sympordiS§, Templin and colleagues
demonstrated, for the first time in a porcine mookimyocardial infarction, that
hiPSCs are able to differentiate to endothelialIscetontributing to the
neovascularization of the infarcted heart (Temptial., 2012).

Furthermore, by using the same model Wright antkagues demonstrated that the
delivery of alginate encapsulated MSCs, modifiedtii@ expression of a Glucagon-

like peptide (GLP)-1, after myocardial infarctiamproves left ventricular function,
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reduces the infarct size and increases the numbeessels, probably due to a

paracrine supply of GLP-1 and other stem cell fac{@/right et al., 2012).

In addition, recent studies on the porcine modeMadd to assess the use of three-
dimensional systems for stem cell therapy of thfarated heart (Emmert et al.,

2013).

Porcine animal model and bone regeneration

By employing animal model adult bone marrow- andpesk tissue-derived
mesenchymal stromal cells (MSCs) were used inadirrials for bone regeneration
(Grayson et al., 2015).

The porcine model was used in order to assess tEmeneration in mandibular
distraction. It was shown that autologous bone ovaiMSCs delivery in a Gelfoam
scaffold to the distraction site improves the og&oc process in pig mandible (Sun
et al., 2013). The pig model was also previousBdu® demonstrated that stem cells
isolated from deciduous teeth are able to engradt repair a critical lesion at the
mandibular level (Zheng et al., 2009).

The porcine model helped studying cartilage defepgir, as well. In their recent
study, Wang and colleagues modified bone marrow M8Cthe expression of Bone
Morphogenetic Protein (BMP)-2 and Transforming Gitowactor (TGH}3 through
an adenoviral vector. Cells were cultured with desralized bone matrix (DBN) and
the resulting engineered scaffolds were used fogesy in pigs on which a knee
defect had been surgically generated. Results ristademonstrate that the DBN
engineered with MSCs modified for the expressioBbP2 and TGB3 elicit the
cartilage repaiin vivo. Authors state that this could be a possible @ihtreatment

for cartilage damage (Wang et al., 2014).
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Relevant porcine models developed at the BCM laboya

The BCM laboratory (Biotecnologie Cellulari e Motdari) was founded at the
University of Bologna by Professors Forni and Badmut 20 years ago. The present
work was written while attending this facility. 8m its foundation, the BCM
laboratory has been dealing with vivo, ex vivo and in vitro porcine models,
developed for translational purposes.

Initially, transgenic pig models through SMGT waegenerated within the field of
xenotransplantation (Lavitrano et al., 1999; Lantv et al., 2002; Webster et al.,
2005; Manzini et al., 2006; Smolenski et al., 20@0dtgiolu et al., 2010).

Moreover,in vivo andin vitro porcine models were used, by the research group, t
investigate the physiology of reproduction (Bactiag, 1996; Bernardini et al.,
2003; Forni et al., 2003; Bernardini et al., 20@4nnoni et al., 2006; Ribeiro et al.,
2007 a, Ribeiro et al., 2007 b; Zannoni et al.,7200

Recently, it was also studied some aspects of theine gastrointestinal physiology
(Dall'aglio et al., 2011; Dall'aglio et al., 201and pig was used as a model to study
the chronic ingestion of toxin contaminated fooeériiardini et al., 2014).

In vivo and ex vivoporcine models were developed, in the cardiovasdigld, in
order to study the effects of carbon monoxide (€C3n ischemia/reperfusion injury
model (Lavitrano et al., 2004) and in an endotostiock model (Mazzola et al.,
2005; Forni et al., 2005; Zannoni et al., 2010; tam et al., 2012). In the field of
cardiovascular diseases, an vivo model of mild hypercholesterolemia was
developed in order to study vascular injury (Bubrat al., 2009; Busnelli et al.,
2013).

In vitro cultures of porcine Aortic Endothelial Cells (pAE®ere developed by the
research group, to study the vascular responsdfesest shock (Bernardini et al.,
2005; Bernardini et al. 2010; Bernardini et al.12pD
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AIM OF THE STUDY
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The main purpose of the previous chapter was twtlghly describe the pig animal
model in the most of its features and applicatiortsanslational research.

In particular, it has been underlined the greailaiity between the porcine and the
human species within the field of cardiovasculaygpt+pathology. Moreover, it has
been discussed the main reasons why the pig isdswed an excellent model for
translational medicine by the scientific community.

As clearly stated in the European DIRECTIVE 201(#&B on the protection of
animals used for scientific purposes “it is dedeab replace the use of live animals
in procedures by other methods not entailing treeafdive animals, the use of live
animals continues to be necessary to protect huamah animal health and the
environment (DIRECTIVE 2010/63/EU — [10])". At theame time, the directive
states that: “The availability of alternative medbois highly dependent on the
progress of the research into the development w@rradtives. The Community
Framework Programmes for Research and Technolofeaklopment provided
increasing funding for projects which aim to reglaceduce and refine the use of
animals in procedures (DIRECTIVE 2010/63/EU — [46])

It is clear from these statements that the reqoéghe European Union to the
scientific community is to develop and charactemew alternative methods to
animal experimentation.

Considering these requests and the twenty yeariexpe of the BCM laboratory in
managing pig animal models, the main purpose sffhiD thesis was to develop and
characterize novel porcine alternative methods dardiovascular translational
biology/medicine.

The work has been based mainly on two differentetdhe first consists in agx
vivo culture of porcine aortic cylinders and the secoodsists in afn vitro culture

of porcine aortic derived progenitor cells.

The development and the characterization of @kevivo aortic cylinders method

(organ culture) was carried out with the aim toymte a new tool for the study of
cardiovascular physio-pathology, in particular tbe study of vascular restenosis.
Specific culture conditions were set up in orderegemble the physiological context
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(vessel wall) and to overcome some limitationshad standardn vitro culture of

endothelial and vascular smooth muscle cells.

The isolation and characterization of progenitollscérom porcine aorta was
performed with the aim to provide a new vitro system to study cardiovascular
biology, from both physiological and pathologicalimts of view, considering the
importance of the pig in the regenerative medidiele. The aim of that work was to
establish a newer and simpler method for isolatmgl culturing mesenchymal
stromal-like cells from the porcine aorta. In ortieremploy this new method in the
field cardiovascular translational research, a fiokaracterization of the

differentiation potential of these cells was coesadl of particular importance.

The following two chapters will describe the twothreds, respectively.

In particular, the aortic organ culture method Alsady been published &RTLA —
Alternatives To Laboratory Animals Jourrahd in 2013 it was selected as the best
article published in the journal (“Dorothy HegaAward 2013").

The isolation and culture method for mesenchymainsal-like cells from porcine
aorta has been published dmerican Journal of Physiology (AJP) — Cell
Physiology while their full differentiation potential chanacization has been

described in another article submitted to the spumenal.
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DEVELOPMENT OF
A VESSEL ORGAN CULTURE SYSTEM
TO STUDYCARDIOVASCULAR BIOLOGY
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Brief overview on theresearch

As stated in the aim chapter, the description @ndéveloped vessel organ culture
system and the characterization of it was publisheédl'LA in 2013 (Zaniboni et al.,
2013). The following pages will report the entiréice in order to give the reader an

exact description of the method and of the charaeti#on results.

The method was based on the idea to develop a niwatetould resemblen vitro,
the cardiovascular physio-pathological conditioat thccursn vivo. This system was

developed in particular for studies within thedielf vascular restenosis.

As already explained aim vitro system cannot fully resemble the enormous

complexity of a whole organism.

Within the cardiovascular research field, endodieltells are considered the
principal players in physiological and pathologicahditions. Therefore, our attempt
with this vessel organ culture system was to ovarcthe most important limitation
of the primary endothelial cell culture, that i® tlack of the physiological context:

the vessel wall.

Clearly, our endeavor to propose a new vessel ocgliore system is not the first
one.

Vessel organ culture methods have been alreadyibedcn the past (Gotlieb &
Boden, 1984; Koo & Gotlieb, 1991; Merrick et al99r; Lyubimov & Gotlieb,
2004; Gelati et al., 2008; Bellacen & Lewis, 2008}hough no one considered the
fact that the vessel wall is made up of differeall types with obvious different
metabolical and nutritional requests. The noveftpur methods consists exactly in
this: we cultured cylinders of pig aorta using tdifferent culture media, liquid for
the inner layer and semi-solid for the outer layer.

The characterization of the system stability waselddaon molecular biology and

histological techniques in order to analyze thedpobion of molecules related to the
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endothelial cell biology and to identify possibleatipological cells (i.e.
myofibroblasts involved in restenosis [Shy et B097]).

It was then possible to demonstrate the stabilitthe organ culture system, thus
offering the scientific community a new tool to dyuthe cardiovascular physio-
pathology, as well as new possible treatmentsdscular diseases.

Lastly, in 2014, the scientific contribution of owork to the 3Rs of Russell and
Burch was awarded with the “Dorothy Hegarty Awafill2” by the editorial board
of ATLA The Award is presented annually to the authorthefpaper published the
previous year irATLA which is likely to make the most significant cabtition to

the reduction, refinement and/or replacement ahahexperimentation.
In conclusion, with the present work we reachedgnal. We set up a new method

for the study of vascular biology also abiding e trequest of the EU Directive

2010/63/EU to develop and characterize mewitro — ex vivamnodels.

Article
Zaniboni A, Zannoni A, Bernardini C, De Cecco M,rBleardi C, Seren E, Forni M,
Bacci ML. Development of a vessel organ culture system: characterisation of the
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Development of a Vessel Organ Culture System:
Characterisation of the Method and Implications for the
Reduction of Animal Experiments

Andrea Zaniboni,'2 Augusta Zannoni,'2 Chiara Bernardini,' Marco De Cecco,? Cristiano
Bombardi,? Eraldo Seren,’ Monica Forni! and Maria L. Bacci

'Department of Veterinary Medical Sciences — DIMEVET, University of Bologna, Bologna, Italy;
2Department of Molecular Biology, Cell Biology and Biochemistry, Brown University, Providence, RI, USA

Summary — In the field of cardiovascular research, the pig is considered to be an excellent animal model
of human diseases. It is well-known that primary cultures of endothelial cells (ECs) are a powerful tool for
the study of vascular physiology and pathology, and, according to the principles of the Three Rs, their use
results in a substantial reduction in the numbers of experimental animals required. However, a limitation
of EC culture is that the cells are not in their physiological context. Here, we describe and characterise a
method for the culture of porcine vessels that overcomes the limitation of EC cultures, with the advantage
of reducing the number of animals used for research purposes. The organ cultures were set-up by using an
aortic cylinder obtained from the arteries of control pigs sacrificed for other experimental purposes. In
order to characterise the method, vascular endothelial growth factor (VEGF) secretion, matrix metallopro-
teinase (MMP) activation and the vessel's structural features were evaluated during organ culture. These
analyses confirm that the culture of aortic cylinder lumen, in a medium specific for ECs, results in a stable
system in terms of VEGF and MMP secretion. The ECs do not undergo cell division during the organ cul-
ture, which is also the case in vivo, if no stimulation occurs. Overall, we show that this novel system closely
resembles the in vivo context. Importantly, porcine aortas can be collected from either veterinary surgeries
or slaughterhouses, without having to sacrifice animals specifically for the purposes of this type of research.

Key words: aorta, endothelium, organ culture, reduction, vascular disease.
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Introduction

In the past 20 years, there has been an exponential
increase in the number of scientific research stud-
ies in which pigs were used as the animal model for
human pathologies. This is mainly due to the fact
that the pig is biologically more similar (in terms of
anatomy, physiology and genome sequence) to
humans than are other non-primate animal
species (1, 2). In particular, it has been demon-
strated that the pig is an excellent model for
research in the field of cardiovascular disease
(3-7).

It is well-known that the development of several
pathologies, such as atherosclerosis, hypertension
and stenosis (i.e. neointimal hyperplasia; 8-10), is
strongly linked to endothelial dysfunction (11).
Endothelial cells (ECs) react to stress and injury
with a pro-vasoconstriction, pro-coagulation and
pro-inflammatory phenotype that might instigate
certain vascular pathologies. Therefore, improve-

ments to endothelial function can lead to earlier
therapeutic intervention, and can contribute to the
reduction of the risk of cardiovascular disease (12,
13).

In order to study the biology of the vascular
endothelium, primary cultures of ECs from differ-
ent species (e.g. murine, porcine, bovine and
human) are commercially available, or can be
derived from blood vessels. These are powerful tools
that guarantee the reproducibility of the experi-
ments, lower costs, and significantly reduce the use
of experimental animals according to the principles
of the Three Rs (14). However, primary cell cultures
display some limitations — in particular, the cells
are not in their physiological context (i.e. they are in
a vessel), and they are in a proliferative state, as
opposed to a non-proliferative state in vivo (where
the average lifespan of an EC is more than one year;
15).

Tt has long been known that organ culture sys-
tems could overcome these limitations — vascular

aThese authors contributed equally to the work.
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organ cultures were described nearly 20 years ago,
when vessel sections from various species were
maintained in culture for several weeks (16).
Moreover, as with EC primary cultures, the vessel
organ cultures permit a considerable reduction in
the number of animals used for research, due to
the fact that vessels can be obtained from the
slaughterhouse or from control animals sacrificed
for other experimental purposes.

However, the organ culture methods described
in the literature relied on small pieces of tissue
(17-19) or used thin vessel rings for angiogenesis
assays (20, 21). In all these cases, a single culture
medium was used, without consideration of the
fact that the blood vessel wall is made up of
different types of cells.

In our study, we established a new method for
the culture of porcine aortic cylinders embedded in
a solid agarose matrix. This procedure permits the
use of different culture media — a medium for the
exterior of the vessel and another one for the
lumen — in order to preserve the structure and
function of all the components of the blood vessel,
and in particular, the endothelium.

In order to characterise this method, in addition
to classical histological analysis, we assessed the
expression of some molecules involved in EC biol-
ogy (vascular endothelial growth factor [VEGF],
and matrix metalloproteinases [MMPs]), and
molecular markers of myofibroblasts, which are
cells involved in the etiopathogenesis of some vas-
cular diseases (e.g. neointimal hyperplasia; 22).

Materials and Methods

All the reagents were Gibco® products, and were
purchased from Life Technologies (Carlsbad, CA,
USA), unless otherwise specified.

Animals

Thoracic aortic segments were collected from
40-45kg female Large White (LW) purebred pigs,
sacrificed at our institution’s operating theatre for
other purposes. All of the animals were part of the
control group of a nutritional trial. The arteries
were selected for uniform length and diameter,
according to the parameters described below.

Aorta organ culture development

Thoracic aortic segments (n = 10) of 11 + 2cm in
length were collected and washed twice with a
0.9% (w/v) NaCl, Img/ml ampicillin sterile solu-
tion, and then transferred to a sterile 200ml tube
(Falcon; Becton-Dickinson, Franklin Lakes, NJ,
USA), containing Dulbecco’s Phosphate Buffered
Saline (DPBS; Cambrex Bioscience Inc., Wakers-

ville, MA, USA) with 10x (10% v/v) Antibiotic—
Antimycotic (Anti-Anti; Gibco; Cat. No. 15240-
062). The aortic segments were transferred to the
laboratory within one hour, on ice and, from that
moment onward, each manipulation took place in a
laminar flow cabinet.

The aortic segments were transferred to a clean
sterile 200ml tube and washed twice with DPBS +
10x Anti—-Anti and once with Dulbecco’s Modified
Eagle Medium (DMEM; Gibco; Cat. No. 41966) +
10x Anti—Anti. The superfluous tissue and aortic
branches were removed (Figure 1), and cylinders
(1.1 £ 0.1cm in length and 1 + 0.1lcm in diameter)
were obtained by cutting the aortas transversely in
correspondence with the roots of the aortic branches
(as indicated in Figure 1). The aortic cylinders were
washed with DMEM + 10x Anti—Anti, then the
organ culture was set-up, as follows (Figure 2a):

Two millilitres of 2% w/v agarose (Sigma-Aldrich,
St Louis, MO, USA) in DPBS, previously sterilised
by autoclaving and maintained at 80°C in a water
bath, were spread on the bottom of each well of a 6-
well plate (Becton-Dickinson). After agarose poly-
merisation, one aortic cylinder was fixed to the
bottom of each well by using 500ul of melted 2%
agarose solution in DPBS. A sterile solution (7.5 +
0.5ml) of 1% w/v low-melting agarose (Sigma-
Aldrich) in DMEM + 10X Anti-Anti (which corre-
sponds to the external medium; EM), maintained at
39°C in a water bath, was dispensed outside the aor-
tic cylinder. The lumen cavity was filled up with
internal media (IM), which varied according to the
experimental conditions described in the next
section.

For the first 18 hours, the IM were supple-
mented with 10X Anti—Anti. From then on, they
were supplemented with 1X Anti-Anti and
changed every 2-3 days. The organ cultures were
maintained in a 5% v/v COy incubator, at 38.5 +
0.5°C, for 14 days.

Characterisation of the aorta organ culture
method

The effects of IM on vascular endothelial growth
factor (VEGF) secretion

The organ cultures were performed in triplicate
(n = 3) and the IM used were DMEM and human
endothelial serum-free medium (heSFM; Gibco
Cat. No. 11111), both supplemented with 5% v/v
fetal bovine serum (FBS). At each experimental
time-point (days of culture D1, D2, D5, D7 and
D14), the IM were replaced. The spent media were
transferred to sterile 2ml microcentrifuge tubes
(Eppendorf AG, Hamburg, Germany), snap frozen
in liquid nitrogen, and stored at —-80°C for
subsequent VEGF analysis by ELISA.
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Figure 1: The porcine aortas before organ culture

N\~ -

Roots of aortic
branches

The cleaned porcine aorta is shown, already free from all superfluous tissues, as described in the text. The generation
of an aortic cylinder by performing transverse cuts between two roots of aortic branches is illustrated by the rectangle
shown on the figure. The arrows indicate the roots of the aortic branches that have been eliminated for the generation
of the aortic cylinders.

Figure 2: Organ culture of porcine aortic cylinders

a) b)

\/

injury

The organ cultures were developed as described in the Material and Methods, both for uninjured (control) and
injured (cut) system. In a) the details of a well are shown. Note that, for culture, a semi-solid culture medium
(external medium,; EM) was used outside the aortic eylinder, whilst liquid culture medium (internal medium; IM)
was used inside the lumen. Image b) shows a representation of an injured aortic cylinder. Note the full depth cut of
15mm in the centre of the vessel wall. The arrows in the figure show the two extremities of the injury.
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The ELISA was performed by using the Human
VEGF Quantikine ELISA kit (R&D Systems, Inc.,
Minneapolis, MN, USA), which has already been
shown to be suitable for the pig (23), with 200ul of
culture medium/well. An Appliskan microplate
reader (Thermo Fisher Scientific, Vantaa, Finland)
was used to measure the absorbance of the samples.

The activation of MMP-2 and MMP-9 during
organ culture

In order to evaluate whether the edges of a cut to the
aortic cylinder could influence the organ culture sys-
tem, in particular by modifying the expression
and/or activation of molecules involved in cellular
migration and tissue remodelling (i.e. MMPs), an
injury was created by performing a full depth inci-
sion of 15mm in the centre of the vessel wall (Figure
2h).

The organ cultures were then set-up as described,
for the control (uninjured aortic cylinders) and for
the cut (injured) aortic cylinders. All of the cultures
were performed with heSFM + 5% FBS as the inter-
nal medium (IM). The presence of active MMP-2 and
MMP-9 was investigated, both in the tissues and in
the IM samples (in the secreted form).

At each experimental time-point (DO, D1, D2,
D5, D7 and D14), control (z = 3) and cut (n = 3) aor-
tic cylinders were collected and a portion of tissue
(9mm?) was taken from the centre of the vessel
wall. For the cut system, the tissue sample was
taken exactly to correspond to the full depth cut.
The tissue samples were transferred to 2ml micro-
centrifuge tubes (Eppendorf) and snap frozen in
liquid nitrogen. At D1, D7 and D14, IM were sam-
pled as described in the previous section.

Working on ice, 40mg of tissue were sliced,
transferred to a 2ml microcentrifuge tube
containing 400ul of cold sterile DPBS with pro-
tease inhibitor cocktail (Sigma-Aldrich) and
homogenised with an Ultra-Turrax (IKA®-Werke
GmbH & Co., Staufen, Germany) for 2 minutes at
maximum speed (30-second pulses); the homogeni-
sation step was repeated twice. The samples were
then centrifuged at 10,000g for 10 minutes at 4°C
and the supernatants were recovered.

Protein quantification was carried out with
Total Protein Kit Micro Lowry (Sigma-Aldrich).
For tissue and secreted MMP activation analysis,
30ug of total protein and 7.5ul of culture medium
were used, respectively. Analysis of MMP-2 and
MMP-9 activity through zymography was per-
formed as previously described (24).

The effects of organ culture on the structural
integrity of the vessels

An evaluation of the integrity of the vessels was
performed on aortic cylinders cultured in heSFM +
5% FBS as the internal medium, at D0 and D14.

The arteries were fixed in 10% v/v formalin for
24 hours, embedded in paraffin, cut into serial
sections (bum thickness) and mounted on gelatin-
coated slides for analysis by light microscopy. The
sections were histologically examined, and com-
pared to each other after staining with haema-
toxylin—eosin (HE) and immunoperoxidase.

The sections, mounted on gelatin-coated slides,
were rehydrated through a graded ethanol series:
2 % 2 minutes in 100% ethanol, 2 minutes in 95%
v/v ethanol, 2 minutes in 90% ethanol, 2 minutes
in 80% ethanol, 2 minutes in 70% ethanol, 2 min-
utes in 50% ethanol, and 2 minutes in dH,0.
Thereafter, the sections were stained for 20 min-
utes in a 1% haematoxylin (Cat. No. 4302; Merck,
Darmstadt, Germany) solution, differentiated in
tap water and, subsequently, stained for 30 sec-
onds in a 1% eosin (Cat. No. 1345; Merck) solution.
The sections were then dehydrated through a
graded ethanol series (1 minute in 50% ethanol, 1
minute in 70% ethanol, 1 minute in 80% ethanol, 1
minute in 90% ethanol, 1 minute in 95%, and 2
minutes in 100% ethanol), cleared in xylene and
cover-slipped with Entellan® (Merck).

The serial sections were prepared for immuno-
histochemistry and, after de-waxing and blocking
of the endogenous peroxidase activity (in 1% v/v
Hs05 in DPBS for 30 minutes at room tempera-
ture), underwent antigen retrieval by incubation
(twice, 5 minutes each) in citrate buffer (pH 6.0).
The sections were rinsed in DPBS (three times for
10 minutes each) and, to block non-specific bind-
ing, they were incubated in a solution containing
10% v/v normal goat serum (Cat. No. CS 0922;
Colorado Serum, Denver, CO, USA) and 0.5% v/v
Triton X-100 (Merck) in DPBS, for 2 hours at room
temperature. Thereafter, the sections were incu-
bated in a solution containing either mouse anti-c.-
smooth-muscle actin (a-SMA; 1:100; clone 1AA4;
Cell Marque, Rocklin, CA, USA), mouse anti-
smooth-muscle myosin (SMM, heavy-chain; 1:100;
MAB3570; Chemicon/ Millipore, MA, USA), or
mouse anti-Ki-67 (1:100; clone MIB-1; Dako,
Denmark), for 24 hours at 4°C (the final concen-
trations of the primary antibodies were established
by performing immunoperoxidase staining by
using a different dilution pattern), in 1% normal
goat serum and 0.5% Triton X-100, for 24 hours at
4°C. Following incubation in the primary anti-
serum, the sections were washed three times (10
minutes each wash) in DPBS and incubated in a
solution containing goat biotinylated anti-mouse
(1:200; BA-9200; Vector Laboratories, Burlingame,
CA, USA), 1% normal goat serum and 0.5% Triton
X-100, for 2 hours at room temperature. The sec-
tions were washed three times (10 minutes each
wash) in DPBS, and transferred to avidin—biotin-
peroxidase complex solution for 45 minutes at RT.
The sections were washed three times in DPBS (10
minutes each), and the immunoperoxidase reac-

39



PhD thesis - Andrea Zaniboni, 2015

40

Development of a vessel organ culture system

tion was developed with 3,3"-diaminobenzidine
(DAB kit; SK-4100; Vector Laboratories). The
slides were dried overnight, dehydrated in ethanol,
cleared in xylene and cover-slipped with Entellan.
All the incubations were performed in a humid
chamber.

The sections were observed with a Zeiss Axio-
plan microscope (Carl Zeiss, Oberkochen, Germany),
and images were recorded by using a Polaroid
DMC digital photocamera (Polaroid Corporation,
Cambridge, MA, USA) and DMC2 software.
Contrast and brightness were adjusted by using
Adobe Photoshop CS3 Extended 10.0 software
(Adobe Systems, San Jose, CA, USA).

Statistical analysis

Statistical analysis was carried out by using R soft-
ware (http://www.R-project.org).

All the data were analysed with the Shapiro-
Wilk test, to assess whether they are modelled by
a normal distribution, and with the Levene test, to
assess whether the variances are comparable.
Normal distribution of data and homoscedasticity
were assumed, with p value > 0.05.

Data were analysed through Student’s i-test
comparing treatments at every time point and
through one-way ANOVA followed by the Tuckey
post-hoc comparison to detect differences between
each experimental time in a treatment group.

Results

The effects of different IM on VEGF secretion

Vascular endothelial growth factor levels (Figure
3) detected in the IM were significantly higher in
DMEM + 5% FBS at D5 and D7 than in heSFM +
5% FBS (p values of 1.581 x 10-3 and 8.82 x 10-3,
respectively).

In fact, VEGF secretion was significantly
increased on D5 and D7 in DMEM + 5% FBS
(p value = 7.23x10-%) in comparison to DI.
Conversely, no statistically-significant differences
were observed when the tissue was cultured in
heSFM + 5% FBS (p value = 0.0908).

Activation of MMP-2 and MMP-9

Two distinct bands of gelatinase activity, corre-
sponding to inactive MMP-2 (pro-MMP2) and
active MMP-2, were evident in both tissue samples
and culture media. The bands corresponding to
inactive MMP-9 (pro-MMP-9) and active MMP-9
were not as evident in both the tissue samples and
culture medium samples (Figure 4a).

Tissue MMP-2 (Figure 4b) undergoes activation

Figure 3: VEGF in the culture medium
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I = heSFM + 5% FBS; =DMEM + 5% FBS.

The secretion of VEGF inside the lumen of the aortic
cylinder for both IM (DMEM + 5% FBS and heSFM +
5% FBS) is shown. The data are expressed as ‘fold-
increase’ and the values were obtained by dividing the
concentration of VEGF at each time-point by the
concentration on Day 1. The statistical analysis is also
shown. Capital letters and lowercase letters refer to one-
way ANOVA analysis results, respectively, for the
DMEM + 5% FBS group and the heSFM + 5% FBS
group. Statistical differences were found only in the
system cultured with DMEM + 5% FBS (p < 0.01).
Analysis by using the Student’s t-test was performed in
order to compare IM at each time-point. Statistical
differences were highlighted with ** (p < 0.01). The
actual p value for each statistical analysis can be found
in the main text.

in the cut system from D2 and this activation grad-
ually increases up to D14 (p value = 2.92 x 10-6).
Conversely, in the control system, tissue MMP-2
appears slightly activated compared to D0; how-
ever, the difference is not statistically significant
(p value = 0.172).

Secreted MMP-2 (Figure 4c) was active both in
the cut system (p value = 5.07 X 10-5) and in the
control aortic cylinders (p value = 0.0122), but, in
particular, secreted MMP-2 activation in the
injured cylinders was about two times greater than
in the uncut cylinders.

Structural analysis of the aortic cylinders

The HE-stain sections showed the typical morphol-
ogy of a normal porcine aortic artery. The intima,
media and adventitia layers were clearly visible,
with no morphological differences between the DO
and D14 samples. At both experimental time-points,
the intima layer was the thinnest, whereas the
media layer was the thickest (Iigure 5a—d). The
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Figure 4: The activation of matrix metalloproteinases during organ culture
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In b) and ¢) W = injured (cut); IR = uninjured (control).

a) A representative gelatin substrate zymography gel shows gelatinase activity in tissue samples (T) and culture IM.
Note that MMP-2 and pro-MMP-2 were always evident, conversely to MMP-9 and pro-MMP-9.

b) Shows the presence of active MMP-2 in the tissue over 14 days of culture for both treatments (uninjured and injured
systems); ¢) shows the presence of active MMP-2 in the IM over 14 days of culture for both treatments. The data were
expressed as fold-increase’ by dividing the activity of MMP-2 at each time-point by the activity at Day 1 for the media
samples and at Day 0 for the tissue samples. The results of the statistical analyses are also shown. Capital letters and
lowercase letters refer to the one-way ANOVA results, respectively, for injured (cut) aortic cylinders and control aortic
cylinders. Significant differences were found in tissue MMP-2 activation for the injured system (p value < 0.01), and in
secreted MMP-2 activation, both in the control (p value < 0.05) and cut systems (p value < 0.01). The actual p value for
each ANOVA analysis can be found in the main text. Analysis by using the Student’s t-test was performed in order to
compare the two treatments at each time-point. Statistically significant differences (p value < 0.05) are highlighted in
the figure with *.

immunoreactivity for Ki-67 (Figure 5e and f), for a-
smooth-muscle actin (@-SMA; Figure 5g and h) and

Discussion

for smooth muscle myosin (SMM) heavy-chain
(Figure 5i and j), indicated by the stained cellular
elements, was located especially in the intima and
media layers. Interestingly, for each of the antigens
examined, the distribution of immunoreactivity did
not differ between DO and D14.

Our group has used the pig as a biomedical model
for many years (3, 4, 7). In parallel with in vivo
experiments, we aim to develop alternative meth-
ods in accordance with the principles of the Three
Rs (14). In the present work, we propose a new
method of aorta organ culture that permits the
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Figure 5: The results from the histological analysis
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Photos a to d show HE staining of the arterial wall. The intima, media, and adventitia layers exhibit a similar
structure at day 0 (photos a and b), and day 14 (photos ¢ and d). The brighifield photomicrographs of transverse
section show Ki-67-immunoreactive cells (photos e and ), a-smooth muscle actin (a-SMA)-immunoreactive cells
(photos g and h), and smooth-muscle myosin (SMM) heavy chain-immunoreactive cells (photos i and j), at day 0
(photos a, b, e, g and 1) and day 14 (photos ¢, d, f, h and j). Ki-67-immunoreactivity indicates cellular proliferation;
cells stained for «-SMA correspond to smooth-muscle cells and myofibroblasts; the SMM heavy-chain is expressed
only in smooth-muscle cells. Inmunoreactive cells are stained brown (arrowheads indicate examples of Ki-67, a-SMA,

and SMM immunoreactive cells). For each antigen examined, the immunoreactivity was not different at day 0 and
day 14.
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Figure 5: continued

Photos a to d show HE staining of the arterial wall. The intima, media, and adventitia layers exhibit a similar
structure at day 0 (photos a and b), and day 14 (photos ¢ and d). The brightfield photomicrographs of transverse
section show Ki-67-immunoreactive cells (photos e and f), a-smooth-muscle actin («-SMA)-immunoreactive cells
(photos g and h), and smooth-muscle myosin (SMM) heavy chain-immunoreactive cells (photos i and j), at day 0
(photos a, b, e, g and i) and day 14 (photos ¢, d, f, h and j). Ki-67-immunoreactivity indicates cellular proliferation;
cells stained for a-SMA correspond to smooth-muscle cells and myofibroblasts; the SMM heavy-chain is expressed
only in smooth-muscle cells. Immunoreactive cells are stained brown (arrowheads indicate examples of Ki-67, a-SMA,
and SMM immunoreactive cells). For each antigen examined, the immunoreactivity was not different at day 0 and

day 14.

use of different culture media for the external
and internal sides of the cultured vessel.

We have characterised our organ culture model
by evaluating three parameters: VEGF produc-
tion, MMP activation in tissue samples and in
culture media, and the maintenance of the struc-
tural integrity of the aortic wall.

VEGF is an important growth factor that is
produced by several cell types, including ECs,
and is released into the extracellular matrix
(ECM; 25). Moreover, it is able to stimulate ECs
to produce several molecules, such as MMPs, and
in particular, MMP-2 and MMP-9 (26), whose
main function is to degrade collagen IV in order
to break down the ECM and basement membrane

(BM). This step is a preliminary event in several
physiological and pathological processes, such as
tissue remodelling, neointimal hyperplasia, and
neoplasia (27-29).

To our knowledge (23), the culture of ECs
requires a specific medium for efficient growth in
vitro. To investigate the functional stability of the
endothelial layer in the aortic cylinders, we meas-
ured VEGF secretion. The results, shown in Figure
3, demonstrate that, in presence of DMEM + 10x
Anti-Anti as the EM, when heSFM was used as
the internal medium, VEGF secretion was not trig-
gered during organ culture. On the contrary, when
DMEM was used as the internal medium, a statis-
tically-significant increase in the production of
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VEGF at D5 and D7 of culture (p values < 0.01)
was detected, which indicates an active response
by ECs. The levels of VEGF observed with DMEM
are comparable to those produced by primary cell
cultures of porcine aortic ECs (pAECs) stimulated
with bacterial lipopolysaccharide (LPS; 23).
Obviously, ECs are not the only type of cells that
produce VEGF, but they are the primary target of
this molecule and are activated by it (29).

Although heSFM maintained the functional
stability of the system for 14 days in terms of
VEGF secretion, a significant increase in active
secreted MMP-2 was observed (Figure 4c).
Therefore, we investigated whether the edges of
the cut generated when the aortic cylinders were
prepared (Figure 2b), could be responsible for
this increase. We performed a full depth incision
on the aortic cylinder wall to generate a further
cut injury. This experiment confirmed our
hypothesis. In particular, our results showed
that active MMP-2 was present both in the con-
trol and the injured systems, but, in the latter,
the increase in active MMP-2 was significant
compared to the former (Figure 4c). Secreted
MMP-9 did not appear to be activated by the
organ culture conditions in either system (data
not shown).

These data, according to the literature, con-
firmed the activation of MMP-2 in mechanically-
injured vessels (30), but we demonstrated that, in
our system, activation occurs only near the edges
of the cut.

The HE staining and the immunoreactivity of
Ki-67 confirmed the overall positive structural
integrity of the aortic wall after 14 days of culture
(Figure 5a—f). Moreover, the immunostaining of a.-
SMA and SMM heavy-chain confirmed that there
was no neointimal proliferation through to day 14
(Figure 5g—j). Neointimal cells typically express a-
SMA, but not SMM heavy-chain (22). All of the
cells in the tunica media displayed the expression
of both markers, confirming their smooth muscle
nature. Cells in the other layers did not display
these markers.

Overall, the data obtained from the analysis of
VEGF production, MMP activation, and the
structural features of the tissues, indicate that
the organ culture system described is stable and,
in particular, that the ECs are functionally qui-
escent. This aorta organ culture system is an
excellent experimental model for studying vascu-
lar endothelium biology, while overcoming the
limitations of traditional primary EC culture. In
fact, ECs in the aortic cylinder remain in their
physiological context without undergoing replica-
tion. Moreover, the analysis of molecules sec-
reted by ECs, or of molecules whose secretion is
endothelium-mediated (31), in the IM, raises new
and exciting perspectives in EC secretome analy-
sis (11, 32). In addition, it could also be possible

to isolate solely the endothelial layer, after in
vitro treatment with a previously described
enzymatic method (23).

This organ culture method may become an
extremely important platform for studying the
pathogenesis of several vascular diseases, such
as atherosclerosis, hypertension and, in particu-
lar, vascular proliferative pathologies with vessel
lumen stenosis (7, 8, 10). Certain pathologies,
such as inflammation, could be studied at the
molecular level with the proposed system, and
gene therapy (33) and molecular therapy of dis-
eases, such as the down-regulation of genes
involved in pathogenesis (34), could be developed
as a means of testing new biotechnological drugs.

To conclude, we have characterised our pro-
posed endothelial vessel organ culture system for
three key specific parameters, and have shown
that it exhibits properties similar to those of in
vivo tissue. The model can contribute to a reduc-
tion in the numbers of experimental animals
used in research on vascular endothelium physi-
ology and the pathogenesis of vascular diseases.
We chose to develop this method by using porcine
vessels, because the pig is recognised as an excel-
lent model for cardiovascular disease (5, 6), and
porcine aortas can be collected both in surgical
theatres and at slaughterhouses, without sacri-
ficing any animals specifically for the purposes of
the research. In the former case, our method
leads to a relative replacement, and, in the latter,
it leads to a true reduction of the number of ani-
mals used for experimental purposes.
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THE DOROTHY HEGARTY AWARD

This year's Dorothy Hegarty Award has
been won by Andrea Zaniboni, Augusta
Zannoni, Chiara Bernardini, Cristiano
Bombardi, Eraldo Seren, Monica Forni and
Maria L. Bacci (Department of Veterinary
Medical Sciences — DIMEVET, University
of Bologna, Bologna, Italy) and Marco De
Cecco (Department of Molecular Biology,
Cell Biology and Biochemistry, Brown
University, Providence, RI, USA).

Their paper, Development of a Vessel Organ Culture
System: Characterisation of the Method and Implications
for the Reduction of Animal Experiments, appeared in ATLA
41, pp. 259-269,

The Award is presented annually to the authors of the
paper published in the previous year's volume of FRAME's
scientific journal, ATLA, which, in the opinion of the
members of the Editorial Board, is likely to make the most
significant contribution to the reduction, refinement and/or
replacement of animal experimentation.

Each member of the ATLA Editorial Board is entitled

to make up to five nominations for the Award, in rank
order. As in previous years, a large variety of papers were
nominated, reflecting the diversity of the work published in
ATLA, and the wide range of interests of the members of
the Editorial Board.

Here, the authors have summarised the impartance of their
paper to the progress of Three Rs:

“Our research group has used the pig as a biomedical
preclinical model for many years. However, the use of
this species is really complex, especially because it is

less standardisable, as compared to the mouse and the
rat. Despite this, the pig has a great value in preclinical
studies due to its great similarity to humans (e.g. its
genome, anatomy, physiology), especially for research on
cardiovascular physiopathology.

“The greatest reduction in experimental animal numbers
could be achieved by collecting a large amount of
preliminary data from in vitro and ex vivo studies, prior
to performing a preclinical in vivo study. In view of this,
with a grant from Fondazione del Monte di Bologna e
Ravenna, our group developed an ex vivo organ culture
system of the pig aorta that could overcome some

of the limitations of primary cell cultures (i.e. lack of
physiological context). With this method, we aimed to
study restenosis/neointimal development and formation
and associated molecular biology.

“Our model allows researchers to study vascular
processes without the sacrifice of experimental
animals, because porcine aortas can be recovered at
the slaughterhouse or from control animals sacrificed
for other experimental purposes. We really believe that
our model has contributed to an improvement in the
panel of alternative methods available to study vascular
physiopathology, according to the Three Rs principles.”

FRAME News 73, Autumn 2014 | 13
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DEVELOPMENT OF

A PRIMARY CULTURE OF
MESENCHYMAL-LIKE STROMAL CELLS
DERIVED FROM PORCINE AORTA
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Mesenchymal Stromal Cells (M SCs): a brief history

Mesenchymal Stem Cells (MSCs) were described ®ffitbt time by Friedstein and
colleagues as bone marrow derived progenitor célistheir papers the authors
described a subpopulation of bone marrow — nonheratip clonogenic cells able to
rapidly adhere to plastic with a fibroblast-like mpbology (CFU-Fs — colony
forming unit-fibroblasts). These cells ownediarvivo osteogenic potential showed
through cell transplantation experiments (Friedanset al.,, 1968, 1970, 1974,
Owen & Friedenstien, 1988; Keating, 2012). Theiteogenic potentiain vivo
corresponds to the possibility to generate, in eedotopic location, a new-formed
ossicle in which all skeletal tissues (bone, cagil, adipose tissue and fibrous tissue)
can be recognized (Uccelli et al., 2008; Biancalet 2008; Bianco et al., 2013,
Frenette et al., 2013). These cells were furthéinelé osteogenic stem cells
(Friedenstein et al., 1987). Osteogenic stem ce#se shown to be able to
differentiate towards the adipo-, chondro- and @stgc lineages not onlin vivo,

but alsain vitro (Pittenger et al., 1999).

Based on the evidence iof vivo multipotency and on the suggestion of self-renewal
of the bone marrow derived stem cells, Caplan (198dined the term

“Mesenchymal Stem Cells” (Caplan, 1991).

In the 1990s and 2000s a plethora of papers coimgetime isolation of the so-called
“Mesenchymal Stem Cells” from different tissuest(naly from the bone marrow)
and with different methods have been published.sAsh, a significant debate
concerning the requirement of new terminologies difterent criteria to better

define these cells started to grow among scierddimmunity (Keating et al., 2012).

In order to better clarify and define these poirtts International Society for
Cellular Therapy published (ISCT) two position pape(Horwitz et al., 2005;

Dominici et al., 2006).

First of all, the authors invite the reader to refie the most of these cells as

multipotent “Mesenchymal Stromal Cells — MSCs” (doetheir tissues of origin).
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The term “Mesenchymal Stem Cells”, they argue,nly @0 use when the stem cell
properties are clearly demonstrated (Horwitz et28l05; Dominici et al., 2006).

On this subject Bianco and colleagues stated ithatder to define MSCs as “stem”,
a precise assessment of the self-renewal and ahthéineage potential is needed
(Bianco et al., 2008).

However, the overlap between the acronyms useldtr the mesenchymal stromal
and stem cells (MSCs) may result confusing. Thcmnfnow on in the paper the

acronym MSCs will be used only to refer to multgrdtMesenchymal Stromal Cells.

The ISCT also defined some fundamentals criteriarder to define MSCs: 1) these
cells have to adhere to plastic in standard cultoreditions, 2) they have to express
CD105 (endoglin), CD90 (Thy-1 - Thymocyte differation antigen 1), CD73
(ecto-5'-nucleotidase) surface markers and lackettggession of the hemopoietic
markers 3) they have to differentiate vitro towards the adipo-, osteo- and
chondrocytic phenotypes (Horwitz et al., 2005; Doiciiet al., 2006).

Many studies have already described that, nowadaysxists the possibility to
isolate MSCs populations from adipose tissue, pi@;eumbilical cord blood,
Wharton’s Jelly, dental pulp, amniotic fluid, symavmembranes and other tissues
(Singer & Caplan, 2011; Keating et al., 2012; Myreaal., 2014).

In bone marrow the function of Mesenchymal Stem<Gslto support hemopoiesis
and to stabilize and to help the development aisaidal network (Sacchetti et al.,
2007; Kunisaki et al., 2013; Frenette et al., 2013)

Sacchetti and colleagues (2007) demonstrated éofirt time that CD146 (MCAM
—Melanoma Cell Adhesion Molecule) positive clonédviesenchymal Stem Cells,
derived from bone marrow stroma, are able to reegge an hemopoietic
microenviroment if transplanted vivo into an heterotopic site (Bianco et al., 2008;
Bianco et al., 2013; Frenette et al., 2013). Thection of the bone marrow
Mesenchymal Stem Cells in the hemopoietic niche alas properly reviewed by
Frenette and colleagues (2013).
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Figure 1: Paracrine mechanisms of action of MSCs. MSCs seaebroad range of bioactive
molecules and growth factors which are essentialmmunomodulation, apoptosis, angiogenesis,
maintenance of hemopoietic niche, antiscarring peses and chemoattraction. The
immunomodulary effect is achieved through the iitibib of both innate and adaptive immune
mechanisms secreting molecules able to inhibitifgration of CD4+ and CD8+ lymphocytes and
natural Killer cells, to suppress the productionimfmunoglobulin as well as to inhibit the maturatio
of dendritic cells and to stimulate the prolifeati of regulatory T cells. Anti-apoptotic mechanism
guided by growth factors such as: Hepatocyte Grokabtor (HGF), Transforming Growth Factor
(TGF)$, Vascular Endothelial Growth Factor (VEGF), Insulike Growth Factor (IGF)-1 and
Granulocyte Macrophage-Colony Stimulating FactoM®&SF). VEGF and IGF-1 are involved in
the pro-angiogenic effect of MSCs with other exatadar matrix (ECM) molecules, basic Fibroblast
Growth Factor (bFGF) and interleukin (IL)-6. Moreswy HGF and bFGF contribute to the inhibition
of scarring. MSCs stimulate mitosis of hemopoiptiegenitors secreting Stem Cell Factor (SCF),
Macrophage Colony-Stimulating Factor (M-CSF), Stabroell-derived Factor (SDF-1), Leukemia
Inhibiting Factor (LIF) and angiopoietin 1Finally, the chemoattraction of leukocyte to a gitie

injury is also driven by MSCs through the secretidbchemokines (Singer & Caplan, 2011).
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Regenerative medicine is likely to be the majotdfief therapeutic application of
MSCs (Frenette et al., 2013). Within regenerativeditine, the clinical interest of

MSCs resides in their documented paracrine praggerti

It is thought, that through soluble factors reledd&Cs are able to carry out their
therapeutic functions. Trophic and immunomodulatmigiecules released by MSCs
are involved in immunomodulation, apoptosis, angiugsis, hemopoietic niche
maintenance, fibrosis and chemoattraction (da Silerelles et al., 2009; Singer

and Caplan, 2011) as shown in Figure 1.

MSCs secretome came into focus in several resefeis, among which the
development of cell therapy for cardiovascular aéss (i.e. for ischemic heart
disease). A better and more exact characterizatfi@ecreted cytokines and trophic
factors would help in understanding the therapeeffiects of these cells (Ranganath
et al., 2012).
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Perivascular Cellsand Vascular Stem Cells (VSCs)

The demonstration that Mesenchymal Stem Cells énbibne marrow sinusoids are
perivascular cells (Sacchetti et al., 2007; Biaetal., 2013) led scientists to look for
the niche of those MSCs derived from the otheusisof the organism. MSCs are, in

fact, the most elusive population of adult multgrdtcells (Murray et al., 2014).

According to the copious number of papers statiag MSCs may be isolated from
almost all vascularized organs, some authors defererascular cells (aka mural
cells) as the possible source of the ubiquitous MiBGrivo (Murray et al., 2014).
Conversely, other authors claim that these murdls care just tissue specific
progenitors, with specific differentiation potemtiand that further studies are needed
in order to clearly define their features (Biantale 2013).

Despite the ongoing scientific debates regardingherlature, sourcein vivo
location and differentiation potential of mesenclayrstem/stromal/progenitor cells,
it's now been several years since the presenceagfepitor cells within the vessel
wall was described for the first time (Tintut et, &003; Pacilli & Pasquinelli, 2009;
Psaltis et al., 2011; Chen et al., 2012; Murragie2014).

A lot of work has indeed been done in order to abimrize and describe these
populations of perivascular cells, although it leen reported that a prospective
approach might help in isolating them (Chen et 2012; Corselli et al., 2013 b;
Murray et al., 2014).

In particular, three main cell types were isolatecbugh prospective purification:
myoendothelial cells (MECs) (Zheng et al., 200®rigytes (PCs) (Crisan et al.,
2008) and advential cells (ACs) (Corselli et ah12).

Prospective isolation is based on an iniimalivo characterization of the cells. This

procedure is performed through immunodetectionrolento find the few surface

markers whose combination univocally identifies tedl type of interest. Then,
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using a Fluorescence Activated Cell Sorting (FAG@Pproach, it is possible to
isolate pure populations of mural cells for theexpression of those surface markers
and the lack of the unspecific ones.

Basically, tissues are digested by a collagenasztntrent and then monocellular
suspension is stained with anti- CD146 (MCAM), CD8D56 (NCAM — Neural
Cell Adhesion Molecule), CD45 (PTPRC — Protein Byne Phosphatase, Receptor
type, C), CD31 (PECAM - Platelet Endothelial Cetdh®&sion Molecule) or CD144
(Vascular Endothelial (VE)-Cadherin) antibodieseTgerivascular cells from intima,
media and adventitia layers of the vessel walllaea sorted according to the marker
combinations shown in Figure 2 (Chen et al., 2@&selli et al., 2013 b; Murray et
al., 2014). Figure 2 describes differentiation ptitd, bothin vivo andin vitro, of

perivascular cells and their potential preclinigpplication (Chen et al., 2012).

MEC Pericyte AC BM-MSC
Native location Intima Media Adventitia Bone marrow
CD34+ CD34- CD31-
Cell surface marker profile for cD45 CD45— CD34+ N/A
cell sorting CD56+ CD56— CD45-
CD144+ CD146+ CDl146
CD29+ CD4d+ CD4d+ CD29+
Classic MSC marker expression CD44+ CD73+ CD73+ CjD/MJr
in culture CD90+ CD90+ CD90+ CD73+
CD105+ CD105+ CD105+ CD90+
CD105+

Differentiation in vitro

Osteogenic (+)
Chondrogenic (+)
Adipogenic (ND)

Myogenic (+)

Osteogenic (+)
Chondrogenic (+)
Adipogenic (+)
Myogenic (+)

Osteogenic (+)
Chondrogenic (+)
Adipogenic (+)
Myugcnit (ND)

Osteogenic (+)
Chondrogenic (+)
Adipogenic (+)
Myogenic (+)

Differentiation in vive

Myogenesis

Myogenesis Osteogenesis

Vasculogenesis

Osteogenesis
Chondrogenesis
Adipogenesis
Myogenesis
Cardiomyogenesis
Vasculogenesis

Potential clinical application

Skeletal musclere-
pair/regeneration;
Cardiac repair

Skeletal muscle
repair/regeneration;
Vascular
repair/regeneration

Vascular

repair/regeneration;

Cardiac repair

Bone repair;
Cartilage repair;
Tendon/ligament
repair; skeletal
muscle repair;
Vascular repair;
Cardiac repair;
Wound healing;
Immunoregulation

MEC: myogenic endothelial cell; AC: adventitial cell; BM-MSC: bone marrow mesenchymal stem/stromal cells; N/A: not available; ND: not determined.

Figure 2: In the present table myoendothalial cells (MEC)riggges and adventitial cells (AC)

immunophenotype, differentiation potential, both vivo and in vitro, and potential clinical

application was reported by Chen and colleagued22@Chen et al., 2012).
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The potential of pericytes in regenerative medidmend its targets in the treatment
of myocardial ischemia (Chen et al., 2013; Chenlgt2015), peripheral ischemia
(Dar et al., 2012) and bone regeneration (Jamais, &012).

Moreover, recent data demonstrated that CD146 ipesperivascular cells support

hemopoietic stem/progenitor cells via cell-celenatctions (Corselli et al., 2013 a).

Perivascular cells, as described by Chen and cple=a (2012), are not the only
population of cells identified within the vessel lwdn their work, Psaltis and
colleagues (2011) review in detail the bibliograpalated to mural and perivascular
cells describing mesangioblasts, vascular smootsclayprecursors and progenitors,
endothelial progenitors and pericytes, as well laairtinvolvement in physio-
pathological processes (Psaltis et al., 2011; @bah, 2012).

A recent review by Lin and Lue (2013) properly déses a series of vascular wall
resident multipotent cells among which the so-caMascular Stem Cells (VSCs).
The authors state that VSCs indeed correspond t€dVidue to their trilineage
differentiation potential and due also to theirligpito differentiate towards the
vascular smooth muscle and endothelial phenotypescytes and adventitial cells
are recognized, by the authors, as the most plausiBCs population within the
vessel wall (Lin & Lue, 2013).

Perivascular cells, as well as vascular resideritipotent cells, can also be involved
in vascular pathology (Hu & Xu, 2011). In partiayldang and colleagues (2012)
demonstrated that multipotent vascular stem celks iavolved in neointimal

hyperplasia in restenosis (Tang et al., 2012).
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Por cine multipotent mesenchymal stromal cells

Porcine MSCs (pMSCs) have already been isolateddasdribed (Casado et al.,
2012). Nonetheless, due to the lack of anti-pigcsigeantibodies and of cross-
reactivity with some anti-human antibodies, theirroger phenotypical

characterization is quite difficult (Rozemuller @t, 2010). However, the isolation
and characterization of pMSCs have been carriedanytvay in order to develop

translational models for regenerative medicinefrahsplantation purposes.

Comite and colleagues (2010) described the isolaifigpMSCs from bone marrow.
Cells were isolated depending on their adhesiompgit@s to plastic support and
characterized for the expression of CD105, CD90@Da9 (Integrin beta-1) and the
lack of the expression of CD45 and CD11b (Integipha M) (Comite et al., 2010).
Moreover, bone marrow derived pMSCs displayed aeogenic and adipogenic
potentialin vitro.

Peterbauer-Scherb and colleagues (2010) induceddobgenic differentiation of

bone marrow derived pMCSs with the aim to utilirede cells in porcine models of

regenerative medicine within the orthopedic fiddeterbauer-Scherb et al., 2010).

A comparison between bone marrow derived human M@EESCs) and pMSCs

was carried out by Noort and colleagues (2012)mFtbe phenotypical point of

view, these species share the expression of thiacsumarkers CD90, CD44
(Homing Cell Adhesion Molecule — HCAM), CD29, CD2{erve Growth Factor

Receptor — NGFR), CD146, CD56 and the lack of tkgression of CD34, CDA45,

CD14 and HLA (Human Leukocyte Antigen)/SLA (Swineukocyte Antigen) class

II. Trilineage differentiation potential was demtmased for both hMSCs and
PMSCs. Injection of hMSCs and pMSC in murine modeimyocardial ischemia

resulted in improvement of ejection fraction congehto PBS injection. These data
confirmed the usefulness of the pig model in cékkrapy-based regenerative
medicine (Noort et al., 2012).
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Recently, Brickner and colleagues (2014) demomstrathe hepatocytic
differentiation of bone marrow and adipose derigbt5Cs. Differentiated cells were
morphologically and functionally characterized mler to validate the pig model to

study liver physio-pathology, as well (Briickneiaét 2014).
All these data confirm the importance and the rhee of the pig in cell based

regenerative medicine, as widely described in ttewipus chapterlhivolvement of

the porcine model in regenerative medi¢ine

57



PhD thesis - Andrea Zaniboni, 2015

| solation of M SC-like cells from porcine aorta: purposes and papers

As stated in the aim chapter, two papers were medlwith the data obtained from
this research.

The first paper was published in tAenerican Journal of Cell Physiology (AJP) —
cell physiology(Zaniboni et al., 2014) and pertains the estableit of a new
method for the isolation of MSC-like cells deriviedm porcine aorta media layer.
The cells were properly described and characterizéue first paper. The same were
then cultured in a perivascular cells specific medi Thus, the differentiation
potential of these cells towards the cell phenatygnstituting the vascular wall was
assessed in order to evaluate their VSCs propefiitesse results were then drafted

in another article that is currently submitted pablication inAJP — cell physiology

Considering the importance of the vascular wallideas MSCs in fields of
regenerative medicine (Chen et al., 2102; Lin & ,LR613), the main purpose of
these works was to develop a new, well characté@nge usefuin vitro tool to study
the vascular biology and the pathogenesis of ceadicular diseases (Hu & Xu,
2011; Tang et al., 2012).

Thein vitro system developed in this research led to a remluetnd a refinement of

animal experimentation because aortas could beveeed from animals killed at

slaughterhouse or from control animal sacrificeddier experimental purposes.
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Development of the method and characterizatioretd$ c

The isolation of the cells was carried out by myidd a method previously

published by the BCM laboratory (Bernardini et &005), routinely used for the
isolation of porcine Aortic Endothelial Cells (pAEXC

The new method is based on the collagenase digestithe porcine aorta from the
inner side of the vessel. After forty minutes afj@bstion of the vessel wall, cellular
suspension is recovered (endothelial cell fractiang the aorta is filled with

collagenase solution, again. After other four hafrdigestion, cellular suspension is
newly recovered, then seeded in a cell culturé&féasl cultured overnight in an high
antibiotic-antimycotic medium. After three days a@idlture in a standard culture
medium (DMEM with 10% Fetal Bovine Serum — FBS)lc@re serum starved and

then routinely cultured and expanded.

For the purposes of the work, Passage 3 (P3) welie characterized for surface
marker expression, trilineage differentiation pétanand for their pericyte-like

properties in supporting angiogenesis.

Results obtained from the histological analysishef vessel wall revealed that, after
forty minutes of collagenase digestion, the intilager is completely lost and, after
four hours, about one third of the media layerigested. These results suggested a
media layein vivo localization of the isolated cells.

The phenotypical characterization revealed thals cgéérived from porcine aorta
media layer expresseid, vitro, several MSC-pericyte markers.

In particular, immunocytochemical analysis reveathd expression of vimentin,
laminin, nestin, Platelet Derived Growth Factor &#or (PDGFR), PDGFRS,
Neural Glial antigen-2 (NG2) anttSmooth Muscle Actin as described for cultured
pericytes (Howson et al., 2005; Crisan et al.,, 2008 expressions of smooth
muscle (smooth muscle myosin-heavy chain) and é&etlat cell (PECAM aka

CD31) markers were detected.
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Immunophenotyping of cells revealed, instead, tkpression of CD105, CD90,

CD44 and the lack of expression of CD45 and CD34respiested for MSCs

(Dominici et al., 2006). Moreover, as already dixxt for sub-population of MSCs

by several authors, (Battula et al., 2009; Buhgnhgl., 2009; Rossignoli et al., 2013)
the expression of CD56 were shown for cells derivech porcine aorta media layer.
Besides these phenotypical data, gene expressaiysanthrough PCR revealed the
presence of CD105, CD90, CD73 transcripts.

Trilineage differentiation potential was also shofen cells derived from porcine
aorta media layer that differentiated towards tde@, osteo- and chondrocytic
phenotypes, as requested for MSCs (Dominici e2@Dg).

Lastly, through ann vitro angiogenesis assay, based on the co-culture withaH
Umbilical Vein Endothelial Cells (HUVEC) seeded ertracellular matrix, it was
demonstrated the support of the cells derived fpamrtine aorta media layer to the
angiogenic process. This is considered a partidalture of pericytes (Blocki et al.,
2013).

Taking into account all the results obtained frdre ainalysis of the cells derived
from porcine aorta media layer it is possible taatode that:

- the method hereby described is simple and suitablg allows to isolate a

predominant population of cells from porcine aontedia layer;

- these cells share phenotypical and differentidtatures with MSCs;

- these cells share phenotypical and functional featwith pericytes.
All these considerations led to define these catigporcine Aortic Precursor Cells
(PAVPCs) due to their MSC/pericyte-like nature.
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Article

Unfortunately, the full-text article cannot be pshked in the electronic version of
this thesis due t8JP copyright policy.

However, the reader can find the paper using theviong reference:

Zaniboni A, Bernardini C, Alessandri M, ManganoZannoni A, Bianchi F, Sarli G,
Calza L, Bacci ML, Forni MCellsderived from porcine aorta tunica media show
mesenchymal stromal-like cell propertiesin in vitro culture. Am J Physiol Cell
Physiol2014;306(4):C322-33. (PMID: 24304832)

Abstract

(see the screenshot from PubMed website Helow

Am J Physiol Cell Physiol. 2014 Feb 15;306(4):C322-33. doi: 10.1152/ajpcell.00112.2013. Epub 2013 Dec 4.

Cells derived from porcine aorta tunica media show mesenchymal stromal-like cell
properties in in vitro culture.

# Author information

Abstract

Several studies have already described the presence of specialized niches of precursor cells in vasculature wall,
and it has been shown that these populations share several features with mesenchymal stromal cells (MSCs).
Considering the relevance of MSCs in the cardiovascular physiopathology and regenerative medicine, and the
usefulness of the pig animal model in this field, we reported a new method for MSC-like cell isolation from pig
aorta. Filling the vessel with a collagenase solution for 40 min, all endothelial cells were detached and discarded
and then collagenase treatment was repeated for 4 h to digest approximately one-third of the tunica media. The
ability of our method to select a population of MSC-like cells from tunica media could be ascribed in part to the
elimination of contaminant cells from the intimal layer and in part to the overnight culture in the high
antibiotic/antimycotic condition and to the starvation step. Aortic-derived cells show an elongated, spindle shape,
fibroblast-like morphology, as reported for MSCs, stain positively for CD44, CD58, CD90, and CD105; stain
negatively for CD34 and CD45; and express CD73 mRNA. Moreover, these cells show the classical
mesenchymal trilineage differentiation potential. Under our in vitro culture conditions, aortic-derived cells share
some phenotypical features with pericytes and are able to take part in the formation of network-like structures if
cocultured with human umbilical vein endothelial cells. In conclusion, our work reports a simple and highly
suitable method for obtaining large numbers of precursor MSC-like cells derived from the porcine aortic wall.

KEYWORDS: mesenchymal stromal cells; perivascular cells; porcine animal model
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Differentiation potential through the vascular smtbomuscle and the

endothelial phenotypes

As previously described, porcine Aortic Precursoell have been properly
characterized as MSC/pericyte-like cells for swfacarkers expression, trilineage
differentiation potential and their support to aggnesisn vitro (Zaniboni et al.,
2014).

Cells were cultured in a standard culture mediumstituted of Dulbecco's Modified
Eagle Medium (DMEM) and Medium 199 (M199) (ratiadl)l:added with 10% of
Fetal Bovine Serum (FBS) with 1% of antibiotic —tiarycotic (DM medium).

Despite the characterization results, it has bdmemwwed that cells cultured in DM
medium undergo towards the loss of multipotencytamards the so-called “cellular

senescence” due to several passagesro (observation).

In order to overcome the limits of the vitro culture with the DM medium, the
protocol herby described was modified with the g of culturing pAVPCs in a
pericytes specific medium (Pericytes Growth Meditrgmocell — PGM).

MSC/pericyte properties of pAVPCs cultured in PGMre then assessed and,
moreover, the differentiation towards the vascalapoth muscle and the endothelial

cell phenotypes was evaluated, too.

The change of culture conditions involved an edemaone in cell morphology.

Cells cultured in DM medium displayed a fibroblake morphology (as described
for MSCs — Dominici et al., 2006), while cells aukd in PGM displayed a small
cell body with little thin arms (as described foerigpytes — Crisan et al., 2008).
Moreover, cells cultured in PGM grew more rapidhan cells cultured in DM

medium; doubling time is reduced of about 10 hamsong DM culture and PGM
culture (Zaniboni et al., 2014).
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Passage 3 pAVPCs were characterized for the expness MSC/perivascular cell
transcripts through quantitative Polymerase Chaadion (QPCR). The expression
of CD105, CD90, CD73, CD56 and the lack of CD4msaipts were shown for
PGM cultured pAVPC, as for MSCs (Dominici et alp0B, Rossignoli et al., 2013).
Nonetheless, PGM cultured cells expressed trariscop NG2, Nestin, CD146,
aSMA, PDGFR, which are considered the main pericytes markérsdn et al.,
2008), and CD34 transcript, which is considered aaker of adventitial cells and
myoendothelial cells (Corselli et al., 2012). Bdthnscripts of the growth factor
VEGF and PDGF were also detected as well as the expression @&F/Eeceptor
(VEGFR)-1 and VEGFR-2.

Moreover, the work also investigated phenotypieatdires of PGM cultured cells.
Passage 3 pAVPC expressed CD105 (66.8 £ 0.1 %)0GP9.5 + 0.2 %), CD44
(99.6 £ 0.3 %) and lacked (less than 2%) the espyasof CD45 (1.4 £ 0.4 %),
CD34 (1.3 £ 0.1 %), as requested for MSCs charaet#wn (Dominici et al., 2006).
To exclude possible endothelial cells contaminatiorells were analyzed for the
expression of CD31 and just 1.5 £ 0.1 % of themresged it. Moreover, cells
expressed CD56 (99.9 + 0.1 %) an MSC-subset m@Badtula et al., 2009; Buhring
et al., 2009; Rossignoli et al., 2013).

Immunocytochemistry revealed the expression of PRGRNG2 and Nestin pericyte
markers and the lack of expressior8MA (less than 2%). The latter is considered
a differentiation marker for multipotent pericytdsis present in fully differentiated
functional pericytes, instead it lacks in the npdtent ones. Conversely to the results
obtained for the DM culture, the lack of expressidmSMA indicates that PGM is
able to maintain cells in an uncommitted statugs@@r et al., 2012). Cells do not
express CD34 and CD31 proteins.

Results obtained from the PGM cultured pAVPC phgpical analysis revealed a
more uniform population of MSC/pericytes-like cet®mpared to the culture in DM
(Zaniboni et al., 2014).

Mesenchymal Stromal Cella vitro trilineage differentiation potential (Dominci et
al., 2006) was also evaluated for PGM cultured p&¥P After adipo-, osteo-,
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chondrogenic differentiation induction, qPCR resuthowed the expression of
typical markers of fully differentiated adipocytessteocytes and chondrocytes,
respectively. Moreover, histological analysis rdeddipid droplets, within the cells

bodies, in adipo-differentiated cells, calcium d&min osteo-differentiated cells and

proteoglicans in chondro-differentiated cells.

To assess the spontaneous differentiation towands vascular smooth muscle
phenotype (Tang et al., 2012), pAVPCs were cultdoe®1 days in DMEM + 10%
FBS (long term medium — LTM). Quantitative PCR gsa revealed an
overexpression aiSMA, calponin (CNN1) and smooth muscle myosin hectvgin
(SMM-hc) transcripts (Xie et al.,, 2011). Immunoatemistry revealed the
expression ohtSMA and SMM in LTM cultured cells compared to catrThese
data confirmed that pAVPCs are able to spontangodsferentiate to vascular
smooth muscle cells as already described by Tadgcaleagues (2012) for other

multipotent vascular cells.

To assess the differentiation potential of PGM ualtl cells towards the endothelial
cell phenotype, cells were cultured for 21 dayannendothelial cell medium (EDM
medium), supplemented with VEGF. Quantitative PCRalysis revealed an
overexpression of CD31, vascular endothelial(VE@@&ain, von Willebrand Factor,
endothelial nitric oxide synthase (eNOS) transsrifXie et al., 2011). Moreover,
immunocytochemistry revealed the expression of CIBIEDM cultured cells
compared to control. These data confirmed that pB¥Rre able to differentiate
towards the endothelial cell phenotype, as alreddgcribed for porcine bone
marrow-derived MSCs by Pankajakshan and collea(4s3).

Taken together, these results confirmed that cellfured in PGM possess
MSC/pericyte properties (Dominici et al. 2006) aticht they display VSC-like
features according to the definition given by Limda_ue (2013) of Vascular Stem
Cells (Lin & Lue, 2013).
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In particular, culturing pAVPCs in PGM allowed theolation of a uniform
population of mesenchymal cells which possesskddaige differentiation potential,
vascular smooth muscle and endothelial differeiotiapotential. Nonetheless, it is
worth to remember that the pro-angiogenic properiepAVPCs cultured in PGM
had already been demonstrated (Zaniboni et al.,4)2Qkrough anin vitro
angiogenesis assay with HUVEC.

The method hereby described offers important s@grpoints to the purposes of
regenerative medicine considering the peculiaritytteese cells to differentiate
towards the endothelial lineage (Dar et al., 2Q1&nes et al.,, 2012; Chen et al.,
2013). It is also equally important to underline gpontaneous ability of the same
cells to differentiate towards the vascular smautiscle cell phenotype and so, their
possible involvement in vascular diseases patha&jgnas already described for
other vascular derived multipotent cell types (&mkhet al., 2010; Hu & Xu, 2011;
Tang et al., 2012).

In conclusion, according to the recent Lin & Lueviesv, it is possible to define
porcine Aortic Vascular Precursor Cells as a pdmraof Vascular Stem Cell-like
cells.

Indeed, when considering the importance of the ipercmodel within the

cardiovascular research field, further investigatare required in order to define

these cells possible involvement in vascular painpblnd regenerative medicine.

65



PhD thesis - Andrea Zaniboni, 2015

Submission to AJP-Cell Physiology

Andrea Zaniboni

Da: edwyer@the-aps.org

Inviato: mercoledi 18 febbraio 2015 20:08

A: Andrea Zaniboni

Oggetto: C-00049-2015 Receipt of New Paper by American Journal of Physiology - Cell
Physiology

Dear Dr. Zaniboni,

On 18th Feb 2015, I received your manuscript entitled "In vitro differentiation of porcine Aortic Vascular
Precursor Cells to Endothelial and Vascular Smooth Muscle cells" by Andrea Zaniboni, Chiara Bernardini,
Martina Bertocchi, Augusta Zannoni, Francesca Bianchi, Giancarlo Avallone, Chiara Mangano, Giuseppe
Sarli, Laura Calza, Maria Laura Bacci, and Monica Forni.

Your manuscript has been assigned the Paper #: C-00049-2015.

You may check on the status of this manuscript by selecting the "Check Manuscript Status" link under the
following URL:

http://ajpcell. msubmit.net/cgi-bin/main.plex?el=X XXX XX XXX XXX XXX XXX XXXXXXXXXXXXXXXXXXXX

(Press/Click on the above link to be automatically sent to the web page.)

Thank you for submitting your work to the American Journal of Physiology - Cell Physiology.
Sincerely,

Paul Insel

Editor-in-Chief
AJP-Cell Physiology

Confirmation email: please note that the web URL to access the pagge has been modified in
order to avoid any inconvenience with the onlinélfmation of the thesis.

As said above, the paper describing the vasculaodmmuscle and the endothelial
differentiation of pAVPCs is currently submittedrfoeview to the AJP-Cell
Physiology(see confirmation email above

Although it is not possible to insert the whole wanto the present thesis, due to
publication policy, the previous pages describéentail its full content and its most

important remarks.

66



Porcine in vitro and ex vivo models for cardiovascular biology

CONCLUDING REMARKS
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The present manuscript reports an attempt to exffecange of already existimx
vivo andin vivo methods to study cardiovascular biology.

With the Directive 2010/63/EU, the European Uniasked the scientific community
to establish, characterize and validate new altemamethods to animal

experimentation for translational research.

The choice of the porcine species as the subjedhefresearch is based on the
continuous evidence that the pig is the most smniéa-primate animal model to the
human species. Moreover, the pig has been shovire ta valuable animal model
within the cardiovascular research field both foygiology and pathology.

There are several wild-type and transgenic ponsindels generated for biomedicine
and translational research fields of study. Amdmese, the cardiovascular ones are

indeed the most represented.

This work was then based on the development of mwamlels which take into
account Russell and Burch’'s 3Rs (Reduction, Refergm Replacement). In
particular, both the models led to a Refinement &mda Reduction of animal

experimentation.

The first method consists in an organ culture otp@ aorta developed with the aim
to supply the scientific community with a new taolascular biology research field.
Due to the fact that the model consists in theuceltof portions of the aorta it
resembles then vivo physiological condition more than primary cell toué of
endothelial cells does.

The results obtained from the histological and maller characterization of the
method proved not only that it closely mimes ith@ivo conditions, but also that it is
a stable system, at least for fourteen days oticul{The most immediate application
of the aorta organ culture is its use in the staflyascular restenosis and more

widely in the study of vascular physio-pathology.

The second method consists in a primiaryitro culture of precursor cells derived

from porcine aorta, developed with the aim to pdeva new tool within the fields of
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cell-based translational medicine and vasculargiagly. This new tool was thought
up in order to supply the scientific community wihsimpler and more suitable
method allowing the isolation of a large numbemM#senchymal Stromal/Vascular
Stem Cell-like cells.

Precursor cells, isolated from the pig aorta, wehvaracterized for surface markers
expression, differentiation potential and supporigiogenesis vitro.

The results obtained confirmed that these cellssgsxs Vascular Stem Cell-like
properties, due to the fact that they express MS&kens, display trilineage

differentiation potential, differentiate towards sealar smooth muscle and
endothelial cell phenotypes, and support angiogeiresitro.

In conclusion, the continuous involvement of thercpte animal model in the
biomedical research, as the continuous advanceievach using this species in
translational medicine, support the need for a#teve methods to animal

experimentation involving pigs.

Both the models described in the present manusegpe properly characterized and
could be useful to the study of vascular biologyr&bver, both the models aim to

reduce the use of experimental animals and toeefmmal based-trials.

Because of the European Legislation and the Latwyra&nimal Science guidelines
there is no question of the relevance of furtheseaech concerning alternative
methods to animal experimentation within the nexirfe.

The present research aims to be a small, but gignif contribution to this important

and necessary field of study.
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