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POPULAR SCIENCE SUMMARY OF THE THESIS
Heart attack, which is the most common cause of heart failure, occurs with an annual
prevalence of 8,6 million worldwide and 18 000 in Sweden. The prevalence of heart attacks
has not changed during the last three decades. The issue with heart attack is the progressive
formation of scar tissue in the heart wall, which replaces contracting muscle and as a
consequence, cause the development of heart failure. Therefore, new treatments are needed that
intervenes into this process, before irreversible heart failure has developed.
Extensive research has fortunately found promising strategies in preventing the scar formation,
but still there are hurdles that need to be overcome before they can reach clinic. One approach
has been the use of cells that can modulate the immunological response that drives the scar
formation. One of these cell types are known as Mesenchymal Stromal Cells (MSCs), and have
been useful in treating other systemic inflammatory conditions such as Graft versus Host
Disease (GvHD) and Acute Respiratory Distress Syndrome (ARDS). However, the use of cells
to treat heart attacks has so far been very challenging since the heart is a contracting muscle
and it has been hard to get enough effective cells to attach to the infarcted area. Furthermore,
timing as well as preserving the immune regulatory effects of the MSCs during culture have
been other hurdles to overcome.
In order to improve some on these shortcomings, this thesis explored the use of extracellular
factors to provide a delivery system for the cells and preserving their potency during culture.
We used biomaterials and extracellular matrices that surrounds cells within tissues, to develop
thermo-responsive microcapsules that release the cells when they are in physiological
temperature, ie. 37°C. We also developed a cell- and matrix model to study which regions of
the heart, and thereby which extracellular matrix structures, that could preserve the potency in
the cells. From these studies, new matrix proteins could be identified that next could be used
for implantation purposes. Finally, we explored the optimal oxygen concentration or oxygen
tension for culture of adult and immature MSCs, where we mimicked the physiological oxygen
tension of the bone-marrow niche. As readout, we analyzed the metabolic response, which is
directly linked to the oxygen availability and its consumption. From this information, the
preferred metabolism of each differentiated state of the cells could be explored, and the culture
conditions optimized accordingly.
In summary we developed an encapsulation delivery system for human cells that is thermoresponsive. A cell- and matrix model for the study of cell- matrix interactions and from this
identify matrix proteins that preserve the progenitor state of the cells. We also demonstrated
that using oxygen tension close to physiological concentration supported a metabolic profile
for MSCs that matches that of progenitor cells. Our results can hopefully help in the design and
development of future culture- and delivery systems of cells for the treatment of heart attacks.

POPULÄRVETENSKAPLIG SAMMANFATTNING AV TESEN
Hjärtattack är en av de vanligaste orsakerna till hjärtsvikt och drabbar årligen 8,6 miljoner
människor i världen, varav 18 000 bara i Sverige. Prevalensen av hjärtattacker har inte
förändrats under det senaste tre decennierna, trots implementering av flera nya
läkemedelsbehandlingar. Anledningen är att dagens behandlingar inte påverkar ärrbildningen
i hjärtat, vilket med tiden orsakar försämrad hjärtmuskelfunktion. Nya behandlingsstrategier
behöver därför initieras som påverkar den här processen och motverkar utbredningen är
ärrvävnad.
Omfattande forskning har identifierat möjliga strategier som påverkar ärrbildningen, men
vägen till etablerad klinisk produkt är långt från klar. Ett tillvägagångssätt omfattar
användandet av celler som kan modulera den immunologiska processen som driver
ärrbildningen. Den celltypen som här har störts potential är de Mesenkymala Stromala Cellerna
(MSCs). De används redan idag i olika kliniska studier för behandling av allvarliga
inflammatoriska tillstånd Graft versus Host Disease (GvHD) och Acute Respiratory Distress
Syndrome (ARDS), eller chocklunga. Däremot har kliniska studier på hjärtattack inte varit
framgångsrika. Hjärtat är ett svårt organ då det kontraherar sig hela tiden varvid injicerade
celler kan pumpas ut från injektionsområdet. Vidare har det visat sig svårt att behålla de
immunmodulerande egenskaperna hos MSCs under cellodling.
I den här avhandlingen presenteras strategier för att förbättra överlevnaden av celler när de
transplanteras till hjärtat samt en strategi för att förbättra cellodlingsbetingelserna av MSCs.
För att skydda cellerna från farliga ämnen som bildas efter en hjärtattack, så utvecklade vi ett
temperaturskänsligt mikrokapselsystem som frigör celler när de utsätts för fysiologisk
temperatur, vilket är 37°C, och därmed frisätts cellerna under en längre tid och hinner anpassa
sig till den nya miljön. Vidare utvecklade vi en cell-/ matrixmodell, där alla regionerna i hjärtat
var avbildat och där vi kunde studera i vilken region cellerna bevarade sina
stamcellskarakteristika bäst. Detta för att identifiera proteiner som skulle kunna öka
överlevnaden och potentialen hos cellerna efter implantation i hjärtat. Slutligen studerade vi
hur man skulle kunna anpassa odlingsbetingelserna, vad gäller syrgastillgång, till cellernas
optimala ämnesomsättning.
Sammanfattningsvis har vi utvecklat ett leveranssystem som är temperaturskänsligt för
inkapsling av humana celler. Även en cell- och matrixmodell, som är en direkt avbildning av
hjärtat, utvecklades för att studera hur matrixproteiner påverkade cellernas
stamcellskarakteristika. Vi visade även att genom att anpassa tillgången på syre, till
fysiologiska nivåer, så kunde MSCs stamcellsliknande ämnesomsättning bevaras. Våra resultat
kan förhoppningsvis underlätta utvecklingen av nya odlings- och leveranssystem av celler och
därmed bidra till nya behandlingsstrategier av hjärtattacker.

ABSTRACT
Modulating the immune response after a myocardial infarction seems like an appropriate
strategy for reducing myocardial fibrosis. Mesenchymal Stromal Cells are immunomodulatory
and have thus gained interest, but have so far not achieved the desired clinical outcomes. This
is believed to due to the loss of their immunomodulatory and proliferative capacity during
expansion and poor cell survival and retention upon delivery to the myocardium. The use of
extracellular factors such as extracellular matrices, paracrine factors, nutrients as well as
manipulation gas composition during culture might be used to overcome some of these
shortcomings, which is further explored in this thesis.
We demonstrated in Study I, that encapsulation of human cells by thermos-responsive
microcapsules, which upon exposure to physiological temperature partially decompose and
enable release of the cells. The hydrogel combination of agarose, gelatin and fibrinogen
provided both thermos-responsive features and attachment points for the cells, preventing cell
death. However, additional components can be used to support the encapsulated cells while
retaining the thermo-responsiveness. In order to discover such components, we developed an
in vitro model to study the cell- and extracellular matrix dynamics making use of the organ’s
extracellular matrix and define anatomical regions that are capable of retaining the desired
phenotype of the cell. To generate such a syngeneic model, naïve stromal cells were isolated
from fetal rat hearts, and cultured on decellularized extracellular matrix sections of adult rat
hearts. We found that when culturing cells with pericyte-like characteristics on the matrices,
the surface marker expressions of CD146 and PDGFR-β were depending on the matrix
composition, and especially of laminin alpha 4. Cells expressing CD146 were mainly located
to the atrioventricular junction and to the perivascular niche, while PDGFR-β expression was
more widespread. Since CD146 is also a potency marker for Mesenchymal Stromal Cells, these
results indicate a matrix dependent niche for naïve stromal cells. These findings were next
verified by immunohistochemistry of the native rat heart, where CD146 populations were
mainly found in the atrioventricular and perivascular niche.
In Study III, we explored the preferred metabolism of adult and fetal MSCs. It is known that
proliferating stem-, progenitor cells utilize glycolysis, even in presence of oxygen. Therefore,
we wanted to explore the metabolic profiles of human fetal (naïve) and MSCs during culture
in either hypoxia 3% (close to physiological oxygen tension) or normoxia 20%. Adult MSCs
grown in hypoxia retained oxidative phosphorylation and increased glycolytic activity,
adapting a progenitor metabolic profile while in normoxia the adult MSCs down-regulated
glycolysis and adapted an adult, or differentiated cell metabolic profile. Fetal MSCs
demonstrated preserved oxidative phosphorylation and glycolytic activity regardless of oxygen
tension, thus exhibiting a stem-, progenitor metabolic profile.
The findings from these studies might help in designing future culture protocols and delivery
systems for cell therapies.
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1 INTRODUCTION
1.1

CARDIOVASCULAR DISEASES

Today cardiovascular diseases (CVD) remain as one of the leading causes of death globally
(WHO 2021, http://www.who.int/mediacentre/factsheets/fs317/en/) (Roth et al., 2020).
Despite the considerable development in regard to medical and device treatments like cardiac
resynchronization therapy (CRT, with or without defibrillator function – CRT+/-D), and left
ventricular assist devices (LVADs, the incidence of heart failure is still increasing, with 23
million people being affected worldwide (Heart Failure Society of America, 2010; Mozaffarian
et al., 2016). Heart failure has a severe effect on quality of life and is the leading cause of death
among heart-related diseases, while at the same time imposing heavy costs on the health care
system (McMurray et al., 2012).
Therefore, new strategies that can treat ischemic heart failure and which do not only relieve
symptoms are urgently needed.
1.1.1 Myocardial Fibrosis
Current standard treatment of ischemic heart disease (IHD) is through revascularization with
either percutaneous coronary intervention (PCI) with balloon dilation and stenting or open heart
surgery by coronary artery by-pass grafting (CABG). PCI is the preferred strategy for STelevation myocardial infarctions (STEMI), while non ST-elevation myocardial infarctions
(NSTEMI) or chronic coronary syndromes are treated with either PCI or CABG depending on
the severity of coronary artery disease (Serruys et al., 2009). Revascularization of an acute
coronary event initiates an ischemia/ reperfusion injury, a process defined by cell death and an
inflammatory response that causes extracellular matrix (ECM) remodeling and replacement of
cardiomyocytes with scar tissue, mainly consisting of heavily crosslinked collagen. Collagen
has insulating properties and in absence of viable cardiomyocytes the fibrotic tissue is unable
to support electrophysiological signaling. Additionally, the heavily crosslinked collagens give
the tissue unfavorable viscoelastic properties, and can therefore not properly support the
mechanical load of the contraction and relaxation cycles of the heart. The myocardium is also
depleted of basement membrane proteins, which renders the tissue unable to support cellspecific behaviors. This matrix remodeling is to high extent driven by immunological
processes. Thus immunomodulation might be a viable option for preventing myocardial
fibrosis following IHD. The strategy of interest in this thesis is to further explore cellular
therapy for heart regeneration, with emphasis on extracellular factors for the preservation and
delivery of therapeutic cells.
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1.2

CELL THERAPY – MESENCHYMAL STROMAL CELLS

Cellular therapies have demonstrated beneficial effects in a variety of diseases like: bone
marrow transplantation for treatment of leukemia (Thomas et al., 1957, 1975; Meuwissen et
al., 1969), pancreatic islets transplantation for treatment of diabetes (Lacy and Kostianovsky,
1967; KEMP et al., 1973; Scharp et al., 1975; Tzakis et al., 1990) and now also for the use of
CAR-T cells for targeting cancers (Eshhar et al., 1993; Maher et al., 2002; Brentjens et al.,
2013). Mesenchymal stromal cells have become an attractive clinical tool for cellular therapy
due to their regenerative, immune-regulatory properties and relative ease to isolate for culture.
MSCs have been proven effective in treating immunological diseases like Graft Versus Host
Disease (GVHD) (Le Blanc et al., 2008) and Acute Respiratory Distress Syndrome (ARDS)
(Simonson et al., 2015, 2020), which is the reason why these cells have gained attention for
the use in ischemic heart disease as well.
Mesenchymal stromal cells have an interesting history, which includes changes in
nomenclature, classification and definition over the years (Bianco, Robey and Simmons, 2008;
Pittenger et al., 2019); (Horwitz et al., 2005; Caplan, 2017). In 1970s Alexander Friedenstein
isolated for the first time cells from the bone marrow, that he termed colony forming fibroblasts
(Friedenstein, Chailakhjan and Lalykina, 1970). It was however not until 1991 that Caplan and
co-workers isolated, what seemed to be the same cell type, and instead named them
Mesenchymal Stem Cells (Caplan, 1991). Later Mesenchymal Stem Cells gained further
interest through the additional characterization by Pittenger and co-workers in 1999 (Pittenger
et al., 1999). Today, Mesenchymal Stem Cells are by the international society for cellular
therapy proposed to be wording used only for cells characterized by the stem cell criteria.
Instead Mesenchymal Stromal Cells was the proposed nomenclature for the acronym MSCs
and defined as cells that are able to adhere to plastic and show the presence of the markers
CD105, CD73, and CD90, and absence of the hematopoietic markers CD45, CD34, CD14 or
CD11b, CD19, and HLA- DR. Furthermore, the MSCs should also be able to differentiate into
the mesenchymal lineages of bone, cartilage, and fat upon proper stimulation (Horwitz et al.,
2005). Traditionally MSCs have been isolated from bone marrow (BM-MSCs) and thus most
studies in both laboratory settings and clinical studies are predominantly based on these
sources. However, MSCs seem to exhibit varying properties depending on the origin of tissue
and developmental stage, which also might affect their efficacy (Andrzejewska, Lukomska and
Janowski, 2019). MSCs isolated from the placenta, amniotic fluid and first trimester fetal heart
express pluripotency genes (Guillot et al., 2007; Roubelakis et al., 2007; Månsson-Broberg et
al., 2016), while MSCs isolated from adult tissues (bone marrow, heart and kidney)
demonstrate tissue specific protein- and gene expression profiles that might reflect their
regenerative potential (Pelekanos et al., 2012). Recently, Grinnemo and co-workers
demonstrated that MSCs isolated from first trimester human hearts exhibit both tissue specific
cardiac progenitor and stem cell characteristics as well as demonstrating immunomodulatory
properties (Månsson-Broberg et al., 2016; Grinnemo et al., 2019). Although their potential use
in regenerative medicine still remains to be determined. It is however acknowledged that the
main clinical effect of MSCs in general, can be ascribed to their immunomodulatory capacities
2

(Le Blanc and Mougiakakos, 2012; Le Blanc and Davies, 2015). From this point of view,
MSCs seem logical to use to treat myocardial fibrosis following IHD. Previous clinical studies
have unfortunately only demonstrated limited effects (Hare et al., 2012; Karantalis et al., 2014),
and it is speculated that the lack of clinical results is due to a loss of immunomodulatory
capacities during expansion (Le Blanc and Mougiakakos, 2012; Le Blanc and Davies, 2015),
donor variability and low engraftment, in particular when delivered to the ischemic
myocardium (Grinnemo et al., 2006; Nakamura et al., 2007). Interestingly, when MSCs are
cultured on complex matrix substratum they retain early passage characteristics and
proliferation rate (Lai et al., 2010; Månsson-Broberg et al., 2016). This implies that there is an
approach for culturing MSCs to retain therapeutic capacity, perhaps also speaking in favor of
the use of extracellular factors for improving retention of cells delivered into tissues and
potentiate therapeutic cell responses. In this thesis, I describe the studies where we explored
the use of extracellular matrices in the delivery of stromal and vascular cells, and the impact
that native ECM has on the phenotype preservation of mesenchymal progenitors, with the
intention to manipulate therapeutic cells in either culture or delivery. Finally, the oxygen
tension as an environmental factor for the culture of MSCs to investigate it this can be used for
acclimatization of cells before injection into ischemic tissues was further explored.

3

2 LITERATURE REVIEW
In this thesis we have used stromal cells, fibroblasts (CRL-2522; ATCC, Germany) (Mak et
al., 2015) and human umbilical vein endothelial cells (HUVECs) (Gagnon et al., 2002; Mak et
al., 2015) in Study I. We generated mesenchymal progenitor cells (MPCs) from rat third
trimester fetal heart (Olesen et al., 2021) for Study II and lastly we used MSCs derived from
human first trimester fetal heart (Månsson-Broberg et al., 2016; Grinnemo et al., 2019) and
adult bone marrow (Simonson et al., 2015) in Study III. Therefore it is of interest to describe
the development of the heart in order to understand from where these cell types originate, as
well as their potential similarities and differences.
2.1

CARDIOGENESIS

The heart is the first organ to form and is derived from the mesodermal germ layer, which in
turn arise from the epiblast disc of the blastula. Epiblasts (week 3) proliferate and form the
primitive streak that reaches from the caudal end of the embryonic disc to the middle at which
it forms the primitive node (Hensens’ node). The midline of the node and streak forms a pit,
through which epiblasts migrate and differentiate into mesodermal cells, right in between the
underlying endoderm and overlaying ectoderm. This is where the two germ layers (ectoderm
and endoderm) become three layers by addition of the mesodermal lineage (Yang et al., 2002;
Chuai, Hughes and Weijer, 2012; Serrano Nájera and Weijer, 2020), illustration and
description in Figure 1 (Serrano Nájera and Weijer, 2020), and ultimately signifies the start of
cardiogenesis.
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Figure 1. Avian development before gastrulation. A) Orientation of the embryo on the yolk during
intrauterine stages of development. Arrows indicate the direction of rotation of the egg and yolk during the
transition through the oviduct. B) Segregation of the embryonic epiblast and extra embryonic Area Opaca. C)
Development of the hypoblast. D) Cross sections during intrauterine development. E) Spatial patterning of
essential paracrine developmental signals: Wnt8A is initially expressed in the Area Opaca, there is an anteriorposterior gradient of Bmp4 in the Area Opaca, Gdf3 is expressed in the posterior epiblast and Fgf8 is produced in
the hypoblast. G. Serrano Nájera and C.J. Weijer, Mechanisms of Development 163 (2020) 103624 (Serrano
Nájera and Weijer, 2020). Reproduced under terms of Creative Commons CC-BY license: Attribution 4.0
International (CC BY 4.0)
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2.1.1 Cardiomyocytes
2.1.1.1 Cardiac Crescent
The first cardiac progenitors arise from the mesodermal layer, around the Hensen’s node, where
they form two primitive heart tubes on each lateral side. They merge together cranially or
rostrally of the node, forming the cardiac crescent (Buckingham, Meilhac and Zaffran, 2005),
which contains two types of cardiomyocytes, denoted as the first heart field (FHF) being the
top half of the crescent, and the second heart field (SHF) the bottom half. The FHF gives rise
to the left ventricle and parts of the atriums, while the SHF gives rise to the right ventricle,
outflow tract (OFT) and parts of the atriums (Cai et al., 2003; Sun and Kontaridis, 2018).
2.1.1.2 Heart Looping
The heart fields grow outwards from the primitive node, beginning with the FHF, while the
SHF is formed in sequence thereafter. As the heart fields continue to grow, the cardiac crescent
merges by folding inwards ventrally and caudally, like a zipper closing from the top down
(Kidokoro et al., 2018). The upper border of the FHF leads the merging and translocate to the
front (ventral) central part of the merged heart tube and gives rise to the left ventricle. As the
SHF follows behind the FHF, it localizes to the dorsal, caudal and cranial parts of the heart
tube. Thus, the dorsal middle tube containing the SHF gives rise to the right ventricle and valves
of the OFT, and the cranial portion forms the main arteries. The caudal portion containing SHF
cells will form the atria and atrial main veins (Sun and Kontaridis, 2018). The folding of the
straight heart tube into position to form the compartments of the heart happens through the
rightwards and dorsal turning of the middle part, while the bottom part twists dorsally and
cranially, illustrated and described further in Figure 2 (Männer, 2000).
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Figure 2. Ventral views showing the
positional and morphological changes of
the embryonic heart tube between its
first morphological appearance at HHstage 9- (A) and the end of the phase of dextrallooping at HH-stage 13 (H). A,B: Prelooping stages.
Establishment of the straight and bilaterally almost
symmetric heart tube concomitantly with the
descensus of the anterior intestinal portal (asterisks).
The ventral midline of the heart tube is marked by
the insertion line of the ventral mesocardium (m); the
right (1) and left (2) lateral furrows appear, dividing
the heart tube into a cranial and caudal portion. C:
Starting point of cardiac looping. Flattening of the
right lateral furrow (1) and deepening of its left
counterpart (2) are the first signs of morphological
left-right asymmetry of the straight heart tube at HHstages 9+/10-. D: Appear- ance of the
conoventricular sulcus (3) at HH-stages 10/11- is the
first sign of the regional division of the heart tube
into a primitive ventricular region and a primitive
outflow tract (conus). C–F: Bending and lateralization of the primitive ventricular region (v) can be
analyzed by using the former insertion line of the
ventral mesocardium (shallow furrow marked by the
dotted line) as the reference for the original ventral
midline of the heart tube. The primitive ventricular
region bends toward its original ventral surface and
simultaneously flaps toward the right side like a door
whose imaginary hinge points are fixed to the
craniocaudal axis of the embryo v(c). Note that the primitive outflow tract does not bend but remains as a straight
tube in its original position. G: Morphological appearance of the primitive atria (a) by the end of bending and
rightward displacement of the primitive ventricular region at HH-stage 12. H: Rightward kinking of the primitive
outflow tract (conus) marks the end point of dextral-looping at HH-stages 12/13. v, primitive ventricular region;
c, primitive outflow tract or conus; a, primitive atria. Scale bar = 100 μm. J. Männer, THE ANATOMICAL
RECORD 259:248–262 (2000) (Männer, 2000). Reproduced under terms of JOHN WILEY AND SONS
LICENSE (No. 5178100706305)
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2.1.1.3 Cardiac Conduction System
From the right horn of sinus venosus at embryonic days (mouse development) E9 to E12,
atrialization of cardiomyocytes occurs, marked by expression of fast-conducting connexins.
Another portion of cells form pacemaker cells, marked by the expression of slow-conducting
connexins. These pacemaker cells most likely make up the sinus node primordium, which later
becomes the sinoatrial node (SAN) of the adult heart (Burkhard et al., 2017). The heart tube
folds roughly during the same time, embryonic week 4-5 (human development), as the
formation of SAN primordium and atrialization of cardiomyocytes. During folding and
onwards other cells of different origin migrates into the heart and contribute to septation,
valvular and cushion formation along with coronary development (Keyte and Hutson, 2012;
Clowes et al., 2014).
2.1.2 Cardiac Mesenchymal Stromal Cells
2.1.2.1 Proepicardial Organ-Derived Cardiac Mesenchymal Stromal Cells
Extracardiac tissue forms as the heart loops, which is called the proepicardial organ (PEO) or
epicardial primordium (E9.5). This is located close to the sinus venosus, in connection with the
septum transversum (Männer et al., 2001; Laugwitz et al., 2008; Clowes et al., 2014; Smits,
Dronkers and Goumans, 2018). Cells from PEO migrates into the heart (Fig. 3A) and give rise
to the epicardium, which drives coronary development and to some extent also the formation
of endothelium (Katz et al., 2012). Epithelial cells from the PEO also undergo epithelial to
mesenchymal transition (EMT), which entails thickening of the subepicardium and subsequent
population by mesenchymal progenitor cells (Imanaka-Yoshida, Yoshida and MiyagawaTomita, 2014), that in turn gives rise to cardiac fibroblasts, MSC, pericytes and smooth muscle
cells (SMCs) (Fig. 3B) (Männer et al., 2001; Lie-Venema et al., 2007; Chong et al., 2011;
Clowes et al., 2014; Volz et al., 2015; Smits, Dronkers and Goumans, 2018).
2.1.2.2 Endocardium-Derived Cardiac Mesenchymal Stromal Cells
Endothelial cells can also generate MSCs by endothelial-to-mesenchymal transition (EndoMT)
during the development of the heart (Zhang, Lui and Zhou, 2018). Endothelium-derived MSCs
have been demonstrated to participate in atrial septation (Nadeau et al., 2010) and generation
of smooth muscle cells and pericytes through the generation of mesenchymal progenitors
during development (Chen et al., 2016).
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Figure 3. Origin and lineage relationship of cardiac cell types. (A) Contribution of the three
populations of embryonic heart progenitors, cardiogenic mesoderm (red), cardiac neural crest (purple) and
proepicardial organ (yellow) to different heart compartments during cardiac morphogenesis in the mouse.
Progenitors of the cardiogenic mesoderm are first recognizable under the head folds (HFs) of the embryo at E7.5,
then move ventrally to the midline (ML) and form initially the linear heart tube and ultimately the four chambers
of the heart. After the looping of the heart tube (E8.5), cardiac neural crest progenitors migrate from the dorsal
neural tube to engulf the aortic arch arteries and contribute to vascular smooth muscle cells of the outflow tract
(OFT) around E10.5. At the same time in mouse development, the proepicardial organ precursors contact the
surface of the developing heart,give rise to the epicardial mantle (yellow) and contribute later to the coronary
vasculature. In the fetal heart (∼E14), the chambers separate due to septation and are connected to the pulmonary
trunk (PT) and aorta (Ao). Cranial (Cr)-caudal (Ca), right (R)-left (L), and dorsal (D)-ventral (V) axes are
indicated. (B) Cardiac cell types that arise through the lineage diversification of the three embryonic precursor
pools in the mouse heart. Whereas the contribution of the proepicardium to the smooth muscle cells of the coronary
system and to the mesenchymal cells of the heart is well accepted, the origin of the endothelial lineage in the
coronary vasculature is still controversial. AA, aortic arch; IVS, interventricular septum; LA, left atrium; LV, left
ventricle; PhA, pharyngeal arches; PLA, primitive left atrium; PRA, primitive right atrium; RA, right atrium; RV,
right ventricle. Karl-Ludwig Laugwitz, Alessandra Moretti, Leslie Caron, Atsushi Nakano, Kenneth R. Chien;
Development 15 January 2008; 135 (2): 193–205 (Laugwitz et al., 2008). Reproduced under terms of COMPANY
OF BIOLOGISTS (License ID 1159774-1).
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2.1.2.3 Neural Crest-derived Cardiac Mesenchymal Stromal Cells
Neural crest cells also migrate into the heart down the neural tube and into the outflow tract of
the heart (Fig. 3A). There they participate in septation and valve-formation. The neural crest
then further populates the heart to form the parasympathic network responsible for the neural
regulation of the heart (Fig. 3B) (Keyte and Hutson, 2012). The pre-otic origin of the neural
crest cells contributes to the population of the coronary artery, OFT and interventricular septum
with SMCs (Arima et al., 2012).
Summarizing, MSCs of the heart are mainly of mesodermal and epidermal origins, which is
reflected by expression of markers in the fetal cardiac-derived rat MPCs (Study II) and human
MSCs (Study III).
2.1.3 Cardiac Macrophages
During development the yolk sack is located anterior to the primitive streak and is positioned
in between the folding heart and the growing notochord. The primitive ectoderm from the yolk
sack give rise to the embryonic macrophages during the first trimester (week 3-4) of
development, which is even before the development of hematopoietic stem cells (HSC) (De
Kleer et al., 2014). In its relative close proximity of the heart, part of the yolk sack is believed
to contribute to macrophages that migrate and generate a macrophage pool in the heart that is
non-phagocytotic and pro-reparative (Epelman et al., 2014; Sanmarco et al., 2017; Forte,
Furtado and Rosenthal, 2018). These are eventually replaced by circulating macrophages
during inflammation in the adult heart (Epelman et al., 2014). Thus there is an initial pool of
resident macrophages after birth in the heart, with a different phenotype than that of circulating
and infiltrating macrophages. The embryonic pool of macrophages in adult tissues is believed
to self-renew (Sieweke and Allen, 2013; Dick et al., 2019) and induced depletion of it have
demonstrated that they have a cardioprotective impact when present in the infarcted heart (Dick
et al., 2019). Their implication in pathogenesis and homeostasis still requires further research
and is interesting from both a regenerative as well as developmental perspective, as embryonic
macrophages have recently been suggested to take part in endothelial patterning during heart
development (Leid et al., 2016).
2.2

THE BONE MARROW NICHE

The HSCs and MSCs make up the bone marrow niche, from which the majority of the donor
MSCs are isolated, and subsequently used in research and clinical studies, including our Study
III, where bone-marrow derived MSCs were used and compared to fetal cardiac MSCs.
However, the mechanism by which the bone marrow is populated with HSCs is not completely
mapped. It has been shown that the presence of HSCs is coincident with vascularization
(Coşkun et al., 2014) and it is suggested that the vascularization precedes colonization by HSCs
(Kfoury and Scadden, 2015). Since HSC are located close to the perivasculature in adult tissue
(Coşkun et al., 2014), it may be hypothesized that the recruitment and acclimatization to the
bone marrow might depend on vascular and perivascular cells, including MSCs.
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2.2.1 Bone Marrow Mesenchymal Stromal Cells
Mesenchymal stromal cells of the bone marrow were found to be derived mostly from the
mesodermal lineage, demonstrated by PDGFR-α tracing (Miwa and Era, 2018). The remaining,
minor population of the cells have instead been suggested to be derived from the neural crest
(ectoderm), as they express both PDGFR-α and Nestin. Thus, mesodermal MSCs are negative
for Nestin (Bernitz and Moore, 2014), or positive for APLNR (Vodyanik et al., 2010). The
receptor for Apelin is also present in the arteries of the adult heart (Dubé et al., 2017), which
like the bone-marrow, contains both ectodermal (neural crest) and mesodermal (PEO) derived
MSCs. Whether Nestin or APLNR can serve as markers of origin in other organs than bonemarrow remains to be investigated.
2.2.2 Hematopoietic Stem Cells
The first HSCs are believed to arise from the fetal yolk, which then appear in the dorsal aortic
ventral tissue, also referred to as the aorta-gonad mesonephros region (AGM) (Coşkun et al.,
2014). The fetal liver becomes populated shortly thereafter and serves as the host for most
HSCs from the middle of the second trimester until birth. Between weeks 20-24 until birth the
HSCs populate the bone-marrow, which takes over the role as the principal source of
hematopoietic cells after birth (Coşkun et al., 2014; De Kleer et al., 2014).
2.3

CELLULAR AND MOLECULAR PROCESSES IN THE HEART

Different cell types of the heart have specific functions and are surrounded by ECM that
supports and maintain their specific phenotypes, and which upon removal negatively affects
the cells (Sullivan et al., 2014). Cell niches in organs have ECM, paracrine factors and oxygen
exposure that depends on the anatomical location, where all components affects the
maintenance of cells within the niche. This led us to generate a cell- matrix model that
facilitates the study of the cell- matrix dynamics (Study II), and the study of the bioenergetic
effects in response to different oxygen tensions (Study III).
2.3.1 Cell Adhesions and Growth Factor Receptors
The extracellular matrix binds to cells by providing a variety of ligands to cellular receptors,
including the family of integrins, consisting of heterodimers of one α-, and one β-chain (Zent
and Pozzi, 2010). Integrin binding to ECM is Mg2+-dependent (Campbell and Humphries,
2011), a feature recognized already by Takeichi and Okada, who demonstrated an increased
adherence of cells to protein-substratum in presence of Mg2+ over Ca2+ (Takeichi and Okada,
1972). Later Ueda and Takeishi highlighted two cation dependent interactions of cell-tosubstrate and cell-to-cell binding, adding information about Ca2+ requirements in cell-to-cell
binding (Ueda and Takeichi, 1976). Today it is known that this Ca2+-dependent binding
between cells is carried out by a family of receptors known as cadherins, which in the presence
of Ca2+ forms homodimers between cells (trans) while in absence of Ca2+ forms homodimers
from the same cell (cis) (Shapiro and Weis, 2009).
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Some cadherins are more frequently expressed in certain cell types than others, although they
are not necessarily cell-type specific. This can be exemplified by E-cadherin expression in
epithelial cells, N-cadherin in neural and cardiac cells, and VE-cadherin in endothelial cells.
Cardiomyocytes, in particular, have specialized cell-cell adhesion molecules called
desmosomal cadherins that are part of the desmosomes (Delva, Tucker and Kowalczyk, 2009),
which are built up by desmoglein-2, desmocollin-2 (Garrod and Chidgey, 2008). Together with
other structures and binding interfaces, like N-cadherin, these receptors can form the
connection between cardiomyocytes (Patel and Green, 2014). Cadherins transduce forces
between cells, just like integrins do between cells and the ECM. The binding between
cardiomyocytes enables full contraction of the heart, or in the case of endothelial cell,
generation a varying degrees of fenestration, which supports differences in nutrient diffusion
(Claesson-Welsh, Dejana and McDonald, 2021).
Besides the ECM, the paracrine factors also interact with integrins by binding to growth factor
receptors (GFRs). Accordingly, a quiescent cell can respond to perform a specific action upon
stimuli by changing its current state of metabolism, proliferation, migration or differentiation.
Some important GFRs for the heart, in particular, are VEGFR (Madonna and De Caterina,
2009; Zhou et al., 2021), PDGFR (Kang et al., 2008; Van Den Akker et al., 2008; Gallini et
al., 2016; Aghajanian et al., 2017; Ivey et al., 2019), IGF receptors (Ren, Samson and Sowers,
1999; Li et al., 2011) and the insulin receptor (Iliadis, Kadoglou and Didangelos, 2011).
2.3.2 Cells and Extracellular Matrices
Cardiomyocytes make up a large portion of the volume and weight of the heart due to its
myofibrillar network, which is responsible for the contractile ability of the musculature. This
contractile network is different in composition depending on where in the heart the cells
originate from, the top heart (atrial) or bottom heart (ventricle) cardiomyocytes. The top and
bottom halves of the heart are separated by a “mid-field” fibrous plate, which is made up largely
by collagens. Collagen has insulating properties and together with pacemaker cells they give
rise to the characteristics pumping sequence of the two halves of the heart. The action potential
originate from the sinoatrial-node (SAN), and is propagated to the atrium and the
atrioventricular (AV-) node where crosses the his-bundle. Subsequently, the signal passes the
collagenous mid-field to reach the remaining part of the heart through the Purkinje fibers. The
SAN contains collagens, tropo-elastin and elastin, and in contrast to the ventricles, less
basement membrane proteins. The combination of collagen and elastin is believed to act as
cushions for the pacemaker cells from the contracting myocardium (Gluck et al., 2017).
In the rest of the heart, basement membrane proteins, including laminins, lines for example the
cardiomyocytes. A large portion of these laminins contains the muscle-specific subunit alpha
2, LAMA2 (Oliviéro et al., 2000), ligand for integrin α7X1β1 and alpha-dystroglycan
(Domogatskaya, Rodin and Tryggvason, 2012). In skeletal muscle, both alpha-dystroglycan
and LAMA2 are organized in the characteristic striated pattern that signify the costameres,
which in turn represent the complexes connecting with the sarcomeres inside the muscles
(Yurchenco et al., 2004). The binding of laminins to the rest of the ECM is largely mediated
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by collagen IV via nidogen (Mak and Mei, 2017), the heparan sulfate proteoglycans perlecan
and agrin (Hohenester and Yurchenco, 2013). Yurchenco and co-workers demonstrated in
skeletal muscles that LAMA2 is essential for post-partum maintenance of the costameric
structures. Also collagen IV and nidogen amongst others were disorganized as a consequence
of LAMA2 mutation, reinforcing the important relationship between these basement
membrane molecules for proper myocyte function that would otherwise lead to muscle
dystrophy (Yurchenco et al., 2004). Both laminins (Cheng et al., 1997; Hohenester and
Yurchenco, 2013) and collagen IV (Yurchenco and Ruben, 1987; Ricard-Blum, 2011) forms
lattice networks, whereupon these two lattices form robust basement membranes. Thus
laminins, such as LAMA2, act as attachment points between the ECM and plasma-membrane,
where transmembrane proteins in turn couple to the cytoskeleton or myofibrillar network.
Therefore, laminins are important components of the ECM for the transduction of force
generated by cells to the matrix of the tissue.
Many other cell types reside in the heart connected to matching ECM components, to support
the spectrum of complex functions, like the electrophysiological properties, oxygen and
nutrient delivery and drainage of water buildup in tissue via lymphatic drainage. Considering
the blood and lymph system (endothelium and lymphatic endothelium), consists of CD31+ cells
where the lymphatic system can be distinguished from blood-carrying vessels by the cellular
marker LYVE-1 (Banerji et al., 1999; Vainionpää et al., 2007). The lymphatic system might
also be distinguished by higher expression of the extracellular marker Reelin in comparison to
other vessels (Lutter et al., 2012). Polydom is another ECM molecule that is essential for proper
lymphatic system formation, although it is not lymph-endothelial specific given that
mesenchymal cells seem to produce and secrete the molecule (Morooka et al., 2017). Unlike
the lymphatic endothelium, the blood-carrying endothelium is surrounded by SMCs to
physically support the tonus, as to regulate perfusion and blood pressure in the tissue. SMCs
are responsible for constricting and vasodilating the vessels in response to different signals;
like barometric (stretch sensing), paracrine or neuronal signaling.
For proper handling of hydrodynamic pressures and the function of vessels, the basement
membrane ECM is important. In the vessels, laminins for example are found, in particular with
the subunits alpha 4 and 5 (LAMA4 and LAMA5). It has been suggested that the venous side
of the vessel-network has a patchy expression of LAMA5 while the arterial side is homogenous
(Yousif, Di Russo and Sorokin, 2013). It was also suggested in the same review that larger
vessels contain LAMA2 as well. Laminins, containing alpha 5, bind with high affinity to
integrin α3β1 and α6β1 (Nishiuchi et al., 2003; Stipp, 2010). The use of laminins containing
the alpha 5 chain has been demonstrated to maintain the stemness of cultured progenitor cells
(Månsson-Broberg et al., 2016).
The ratio of LAMA4 and LAMA5 in the endothelium has also been shown to be important in
the extravasation of immune cells from the blood stream to the underlying tissue (Wang et al.,
2006; Wu et al., 2009), implying an important role of the basement membrane in
immunological processes where LAMA5 seems to inhibit infiltration (Wang et al., 2006; Wu
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et al., 2009; Song et al., 2017). Laminin alpha 4 is described to have a weak affinity towards
integrins, and only modest affinity towards integrin α6β1 (binding LAMA5) and α7X1β1
(binding LAMA2) (Nishiuchi et al., 2003; Stipp, 2010). Instead, LAMA4 has been reported to
act as a ligand for CD146, a surface receptor found to be important for migration (Ishikawa et
al., 2014) and also a marker for potency in MSCs (Sacchetti et al., 2007; Wong et al., 2015).
Another vital part of the ECM and particularly the basement membrane are the proteoglycans.
Proteoglycans are composed of long, linear polysaccharides called glycosaminoglycans
(GAGs), which are linked to different core proteins, depending on the location and function of
the proteoglycan. ECM-associated proteoglycans include perlecan, agrin or versican. GAGs
bind a large variety of ligands, based partly on their negative charge but also due to the extent
and pattern of sulfation. Furthermore, they bind paracrine factors and/or other ECM molecules,
changing the viscoelastic properties of the tissue and acting as co-receptors, amongst a range
of other important functions (Iozzo and Schaefer, 2015; Neill, Schaefer and Iozzo, 2015; Chen
et al., 2020). Although they are not covered in this thesis they deserve to be mentioned in the
context of ECM and the heart.
2.3.3 Metabolism
During heart development, the cardiomyocytes depend mostly on glycolysis for ATP
production, while during gestation the metabolic need is progressively altered towards lipid
consumption. However it is not until birth, or peripartum period, that the heart’s metabolism is
switched from glycolysis to oxidative phosphorylation (Lopaschuk and Jaswal, 2010;
Piquereau and Ventura-Clapier, 2018).
Unlike other myocytes, cardiomyocytes have specific isomers of troponin and also another set
of plasma membrane bound voltage sensitive gates and channels, which are important for
spontaneous contraction of the myofibrils. This also gives them another metabolic profile
compared to both skeletal and smooth muscle cells. Due to the continuous and uninterrupted
beating patterns of the cardiomyocytes, they are heavily dependent on ATP, where the adult
heart relies mostly on lipids for oxidation and to a minor extent lactate (Lopaschuk and Jaswal,
2010). Provision of these metabolites is dependent on other cell types in the body where the
surrounding stroma is suggested to contribute with lactate (Gizak, Mccubrey and Rakus, 2020),
while lipids are carried in the blood from intestines, liver or adipose tissue (Spector, 1984;
Lafontan and Langin, 2009). During myocardial infarction, the preferred metabolism is
switched since oxygen cannot be supplied to the cardiomyocytes. This forces them to utilize
glycolysis for ATP production to support contraction of the heart.
2.3.3.1 Myofibrils and Energy State
Maintaining ATP production is important for the energy expenditure in contractions, but it is
also equally important for its relaxation. Pumping back Ca2+ ions into the sarcoplasmic
reticilum or out in the extracellular space requires ATP, which lowers the Ca2+ concentration
and enables the calcium sensing protein troponin C to change its conformation and facilitate
the release of actin from myosin (Li and Hwang, 2015). The ATP facilitates relaxation by
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another mechanism by binding to myosin which causes myosin to dissociate from actin
(Conibear et al., 2003; Kühner and Fischer, 2011). It is known that ATP facilitates the
polymerization of actin (Murakami et al., 2010; Chou and Pollard, 2019) and increases the
stiffness of actin filaments compared to when binding ADP (Janmey et al., 1990). It is
suggested that the flexibility of actin fibrils is important for proper function of contraction of
cardiomyocytes (Viswanathan et al., 2020). It has also been shown that cardiac α-actin is
thermodynamically less stable than skeletal α-actin when binding ADP, but not ATP (Orbán et
al., 2008). Thus, in the contracting heart, there is an interesting relationship between the energy
state and the fibril stability.
Cations are also important for proper contractile function. They affect actin fibril
polymerization and stiffness of the actin fibrils (Kang et al., 2012) where magnesium helps to
coordinate binding of myosin to actin fibrils during contraction (Kühner and Fischer, 2011).
Therefore, low energy levels and/or high Ca2+ concentrations in cardiomyocytes may cause
cramping or arrhythmias due to the inability of the myofibrils to relax and maintain proper
electrophysiology. Furthermore, in general prolonged or over-exposure of Ca2+ ions promotes
the breakdown of myofibrils via calpains (van der Westhuyzen, Matsumoto and Etlinger, 1981;
Alderton and Steinhardt, 2000), where actins are further cleaved by caspase-3 and presumably
degraded by the ubiquitin-proteasome system, although the exact mechanism of myofibrillar
degradation is still not fully understood (Du et al., 2004; Goll et al., 2008). Therefore, overexposure of Ca2+ may lead to excessive degradation of the myofibrillar network and/or
mitochondrial Ca2+ overload, releasing caspases and inducing apoptosis.
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2.3.3.2 Fate of Glucose
Glycolysis is the major metabolic pathway during the time of ischemia (myocardial infarction),
but it is also the major pathway in stem- progenitor cells to support their bio-mass production
and division. In study III, we analyzed the metabolic profiles of MSCs by evaluating the
extracellular acidification rate, which is linked to the down-stream products of glycolysis
(Rogatzki et al., 2015).
During glycolysis, glucose is stepwise degraded into pyruvate. The first step in glycolysis is
the conversion of glucose to glucose-6-phosphate. The phosphate increases the net charge of
the glucose and prevents it from passing the plasma-membrane. Glucose-6-phosphate is also a
substrate for the pentose phosphate pathway (PPP) (Fig. 4) (Miyazawa and Aulehla, 2018) that
in turn generates sugars for nucleic acid bases. Thus, it an important pathway during
proliferation and development. As it shares substrates with glycolysis, the two are often
accompanied in proliferating stem- and progenitor cells (Shyh-Chang, Daley and Cantley,
2013; Ito and Suda, 2014). Even though glycolysis is not dependent on oxygen per se, aerobic
glycolysis is observed regardless in both stem and cancer cells, which is known as the Warburg
effect (Koppenol, Bounds and Dang, 2011). Increased glycolysis is thought to support the
expansion of cells by providing substrates in bio-mass production and provision of substrates
into PPP to support DNA synthesis for cell-division (Shyh-Chang, Daley and Cantley, 2013).
Anaerobic glycolysis, or excessive glycolysis, causes accumulation of lactate, derived from the
produced pyruvate that is not metabolized by the mitochondria. The lactate will next be
secreted from the cells (Fig. 4), where the liver can transform it back into glucose, or directly
used by mature cardiomyocytes as a substrate for energy production; the Cori cycle (Cori and
Cori, 1929; Rubin, 2021).
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Figure 4. Glycolysis and TCA-cycle metabolism supply anabolic pathways. Activities related
to glycolysis are in black, and activities related to pyruvate oxidation and the TCA cycle are in red. both processes
support cell growth by feeding branch pathways required for anabolism. In the Warburg effect, glycolysis
terminates with lactate production and secretion despite the presence of oxygen. These latter steps (blue) provide
a means of recycling NADH to NAD+ but result in loss of carbon from the cell upon lactate release. GLUT,
glucose transporter; MCT, monocarboxylate transporter; MPC, mitochondrial pyruvate carrier; glucose-6P,
glucose-6-phosphate; fructose-6P, fructose-6-phosphate; fructose-1,6-biP, fructose-1,6-bisphosphate; DHAP,
dihydroxyacetone-phosphate; GA3P, glyceraldehyde-3-phosphate; 3PG, 3-phosphoglycerate; acetyl-CoA, acetyl
coenzyme-a; α-KG, α-ketoglutarate; Succ-CoA, succinyl- CoA; OAA, oxaloacetate; NAD+, oxidized
nicotinamide adenine dinucleotide; NADH, H+ , reduced nicotinamide adenine dinucleotide. DeBerardinis, R.J.,
Chandel, N.S. Nat Metab 2, 127–129 (2020) (DeBerardinis and Chandel, 2020). Reproduced under terms of
SPRINGER NATURE LICENSE (No. 5178121007750).
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2.3.3.3 Oxidative Phosphorylation
Unlike glycolysis, oxygen is needed for the electron transport chain (ETC) in order to drive the
oxidative phosphorylation (OxPhos) in the mitochondria. The availability of oxygen varies
throughout the whole body, for example the alveoli in the lungs are exposed to 13-14% oxygen
while the bone marrow has a much lower oxygen tension of 1-4% (Spencer et al., 2014; OrtizPrado et al., 2019). In Study III we made use of this information and studied the optimal
metabolic prerequisites for fetal and adult MSCs and how this is effected by different oxygen
tensions. Furthermore, the ETC is linked directly to respiration and utilizes oxygen as substrate,
which is directly linked to ischemic heart disease. In order to better understand the results
presented in Study III as well as the pathogenic processes induced by a myocardial infarction
and subsequent myocardial fibrosis, the role of ETC and its complexes need to be understood.
The oxidative phosphorylation takes place in the inner membrane of the mitochondria, and is
composed of 5 complexes where the last complex is ATPase synthase, illustrated and described
in Figure 5 (Sazanov, 2015). This complex produces ATP while the other four complexes
generate the proton gradient across the inner matrix that drives the ATPase synthase. This
gradient is generated by the energy stored in oxygen, “dioxide”. The energy is released in steps,
in order to prevent that all energy from the cleavage of oxygen is dissipated as heat. During
this process, reactive oxygen species (ROS) are generated that in turn can cause permanent
damage to the cells, if not taken care of. Cells handle the ROS by scavenging free radicals and
reactive species such as hydrogen peroxide with enzymes like peroxiredoxin (Skoko, Attaran
and Neumann, 2019). Freed radical oxygen is produced in complexes I, II and III of the ETC,
while in complex IV oxygen and protons produce non-toxic water. Interestingly, complex I and
III shuttle protons into the intermembrane space, whereas complex IV shuttles them back by
the production of ATP. Thus these three complexes actively generate the proton gradient.
However, complex II does not, which is also apparent from its localization in the inner lipid
layer of the inner plasma membrane of the mitochondria. Furthermore, complex II is a part of
the Kreb´s cycle, reducing FAD to FADH2 by oxidizing succinate to fumarate. Complex II
oxidizes FADH2 back to FAD through the reduction of ubiquinone to ubiquinol (coenzyme
Q10; CoQ -> CoQH2) that is the carrier of protons to complex III. As such, complex II
contributes only indirectly to the proton gradient.
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Figure 5. The electron transport chain. The mammalian mitochondrial electron transport chain (ETC)
includes the proton-pumping enzymes complex I (NADH–ubiquinone oxidoreductase), complex III (cytochrome
bc1) and complex IV (cytochrome c oxidase), which generate proton motive force that in turn drives F1FO-ATP
synthase. Electron transport between complexes is mediated by membrane-embedded ubiquinone (Q) and soluble
cytochrome c. Complex I is the entry point for electrons from NADH, which are used to reduce Q to ubiquinol
(QH2). QH2 is subsequently used by complex III to reduce cytochrome c in the intermembrane space (IMS), and
complex IV uses cytochrome c to reduce molecular oxygen, which is the ultimate electron acceptor. For each
NADH molecule oxidized, 10 protons are translocated across the membrane from the matrix to the IMS. Complex
II (succinate–quinone oxidoreductase) provides an additional entry point for electrons into the chain. The structure
of each respiratory complex is presented: complex I from Thermus thermophilus (protein databank (PDB)
identifier 4HEA) (Baradaran et al., 2013), complex II from Sus scrofa (PDB identifier 1ZOY) (Sun et al., 2005),
complex III from Bos Taurus (PDB identifier 1BGY) (Iwata et al., 1998) and complex IV from B. taurus (PDB
identifier 1OCC) (Tsukihara et al., 1996). The structure of F1FO-ATP synthase was generated by merging crystal
structures of subcomplexes from the B. taurus enzyme within an 18 Å resolution cryoelectron microscopy map
(Baker et al., 2012). The FO domain of ATP synthase has not been resolved in its entirety and therefore some
subunits are not shown. ΔΨ, membrane potential. The PDB file for the ATP synthase was provided by J. E. Walker,
and the ETC image was prepared by G. Minhas, Medical Research Council, Mitochondrial Biology Unit,
Cambridge, UK. Leonid A. Sazanov, Nature Reviews Molecular Cell Biology volume 16, pages 375–388 (2015)
(Sazanov, 2015). Reproduced under the terms of SPRINGER NATURE LICENSE (No. 5178101425561).

The proton gradient can also be manipulated by pores in the membranes, called uncoupling
proteins (UCPs), or by unselective permeability through mitochondrial permeability transition
pores (MPTPs). Reverse ETC (RETC) can occur when complex II shuttles substrates to
complex I instead of complex III. This can happen when oxygen is not available and complex
III cannot utilize the ubiquinol produced by complex II, thus the reverse reaction occurs at
complex I. The presence of excess ubiquinol and lack of oxygen induce the reverse reaction of
ubiquinol back to ubiquinone at complex I. This can cause extensive damage to complex I by
the generation of ROS.
2.3.4 Links between Metabolism and the Extracellular Factors
Actins make up the filaments of both the cytoskeleton and the myofibrillar network and provide
cells with contractile and motile abilities needed to respond to different stimuli, like
proliferation, migration or extravasation. Actins and their filaments also have a crucial role in
metabolism and regulation thereof (DeWane, Salvi and DeMali, 2021; Ge et al., 2021), which
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was postulated already in the 1980s (Poglazov, 1983). It has been shown that mitochondria
translocate to the leading edge of migrating cells, as it becomes a site of higher energy
expenditure (DeWane, Salvi and DeMali, 2021). Also, glycolysis becomes regulated following
cytoskeleton reorganization as it releases active glycolytic enzymes like aldolase and GAPDH
(DeWane, Salvi and DeMali, 2021). Thus, the organization of actin filaments regulates both
the cells’ metabolic state and cytosolic localization of energy production.
Remodeling of the actin filaments can be initiated by the ECM and paracrine factors. The ECM
can through integrin binding influence the expression of glucose uptake genes via PI3k/Akt,
maintain PPP through Akt signaling, and also directly regulate glycolytic enzymes (Ge et al.,
2021). Intracellular linkers can in return affect the translocation of integrins and thus the
subsequent metabolic response, which is dependent on the energy-sensing molecule AMPK
(Dornier and Norman, 2017; Georgiadou et al., 2017). The hormone or growth factor insulin
can also initiate activation of the PI3K pathway. PI3K/Rac might next remodel the
cytoskeleton, thereby releasing glycolytic enzymes (DeWane, Salvi and DeMali, 2021). Thus,
the energy-state, integrin- and growth factor-binding collectively influence cytoskeletal
reorganization and metabolic state in response to external stimuli.
2.4

MYOCARDIAL FIBROSIS - PATHOGENESIS

In order to develop and apply new treatments for acute myocardial infarction, it is of
importance to understand the pathogenic processes in order to understand when and where to
intervene.
Myocardial infarction or ischemia/ reperfusion injury of the myocardium initiates a process of
cell death and inflammation causing ECM remodeling. The pathogenesis is characterized by
three phases: an inflammatory phase with attraction of immune cells, a proliferative phase of
immune cells and fibroblasts, and finally a maturation phase where the tissue continues to be
replaced with collagen, which is next crosslinked (Fig. 6).
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Figure 6. Immune cell and fibroblast functions after myocardial injury. A pathological insult
such as myocardial infarction leads to ischemic damage, sterile inflammation, and cardiomyocyte death. The repair
response after cardiac injury can be subdivided into three overlapping phases: inflammatory, proliferative, and
healing or maturation. In the early inflammatory phase, cardiomyocyte death leads to the release of damageassociated molecular patterns and the activation of pattern recognition receptors in immune cells, cardiomyocytes,
fibroblasts, and endothelial cells, neutrophil infiltration, and recruitment of systemic monocytes and resident
macrophages, which all promote clearance of debris and the deposition of a temporary fibrin matrix to replace
dead cells. In the subsequent proliferative phase, inflammation is contained by a pro- healing subset of monocytes
and macrophages, which are accompanied by recruitment of lymphocytes, angiogenesis, and myofibroblast
differentiation, and a collagen- based matrix replaces the initial fibrin deposition (granulation tissue). The last,
healing phase involves the formation of a mature scar, which is mostly devoid of cardiomyocytes. In this stage,
myofibroblast activation recedes. A mature, dense collagen network containing fibroblasts, immune cells, and
microvasculature is part of the mature scar tissue. ECM, extracellular matrix; MMP, matrix metalloproteinase;
ROS, reactive oxygen species; TIMP, tissue inhibitor of metalloproteinases; Treg cell, regulatory T cell.
Forte, E., Furtado, M.B. & Rosenthal, N., Nat Rev Cardiol 15, 601–616 (2018) (Forte, Furtado and Rosenthal,
2018). Reproduced under terms of SPRINGER NATURE LICENSE (No. 5178130794658).
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2.4.1 Reperfusion Injury
During ischemia, caused by an occlusion of a coronary artery through plaque rupture and
subsequent thrombosis, the blood flow is disrupted and the myocardium becomes anoxic.
During the oxygen deprived state, cardiomyocytes try to utilize anaerobic glycolysis to
generate ATP. Since the oxidative phosphorylation is inhibited by the lack of substrate
(oxygen), pyruvate will be accumulated through the glycolytic activity. Excess pyruvate is
converted to lactate, which lowers the cytosolic pH and consequently causes acidosis within
the cells.
The low pH prevents MPTPs from opening to adjust for ion channeling. During sudden reoxygenation, it remains unopened and fails to uncouple the ETC, generating excessive ROS.
Furthermore, the acidosis causes the cells to activate Na+/H+ pumps, which remove excess
protons and import Na+. Consequently, this causes an excess of intracellular Na+ that is, in turn,
exchanged for extracellular Ca2+. The increased intracellular cytosolic Ca2+ then eventually
causes increased mitochondrial Ca2+ (Ramachandra et al., 2020).
Once the tissue becomes re-perfused, lactate will be flushed out from the cells, bringing
intracellular pH back to normal. The re-oxygenation enables ETC to produce ATP, but due to
abnormally high Ca2+-concentrations, the mitochondria instead buffer the intracellular Ca2+ by
the inhibition of Ca2+/Na+ exchanger (NCX), and activation of mitochondrial calcium uniporter
(MCU), importing even more Ca2+ ions (DHALLA et al., 2001). These changes eventually
cause the MPTP located in the mitochondrial inner membrane to open, which uncouples the
ETC and makes the mitochondrial matrix swell due to an excess of Ca2+ in the intermembrane
space. This consequently makes the outer membrane burst, releasing pro-apoptotic molecules
like cytochrome c (Ong et al., 2015).
An additional reason for cell death may be excessive production of ROS by sudden reoxygenation, leading to permanent cell-damage. Several studies have shown that the complexorganization is important for proper function (Ellis et al., 2005; Schwall, Greenwood and
Alder, 2012; Szeto, 2014) and is suggested to apply for the macro-organization of the
complexes as well (Blanchi et al., 2004). One lipid, in particular, seems to be of major
importance namely cardiolipin (Schwall, Greenwood and Alder, 2012), which upon oxidative
stress is oxidized and alters the complex associations, causing negative changes in the ETC
(Paradies et al., 2004; Szeto, 2014). As mentioned, the oxidative stress may be caused by
reverse ETC, initiated by for example deprivation by sudden re-oxygenation after ischemia
(Chouchani et al., 2014).
In response to ischemia, endothelial cells alter their gene expression and start to produce
hypoxia-inducible factor-1 (HIF-1), as an example. This initiates nitric oxide synthase (NOS-)
–production causing dysregulation of the interplay between ROS and NO production, followed
by fenestration of the endothelium due to internalization and breakdown of the tight junction
proteins like VE-cadherin. Like cardiomyocytes, endothelial cells are sensitive to the Ca2+
(Hernández-Reséndiz et al., 2018), anoxia and extracellular acidification, which ultimately
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leads to Ca2+ overload in the endothelium (Hernández-Reséndiz et al., 2018). Hence, it is
plausible that during ischemia-reperfusion injury, the extracellular acidosis is driven by lactate
extrusion from cardiomyocytes, which subsequently causes Ca2+ overload in endothelial cells
as well.
2.4.2 Inflammation
The damaged myocardium and residing surviving cells initiate an inflammatory cascade. The
release of cytokines from resident cardiac mast cells causes circulating neutrophils to infiltrate
the injured area (Frangogiannis, 2014). The onsite neutrophils produce ROS and proteases for
degradation of dead cells (Frangogiannis, 2014). Phagocytic monocytes also infiltrate the
infarcted area in order to clear debris, and are attracted by chemokines, like CCL2
(Frangogiannis, 2014; Forte, Furtado and Rosenthal, 2018). Macrophages, differentiated from
monocytes, exert a variety of effects depending on their phenotype which can be of either proinflammatory phenotype, M1 (CD80 and CD86; LYC6hi) or of pro-reparative M2 phenotype
(CD163 and CD206; LYC6lo) respectively (Sanmarco et al., 2017; Zhou et al., 2017).
Pro-inflammatory CCR2+/LY6Chi monocytes are recruited to the infarcted area after a
myocardial infarction. By using an experimental mouse model, roughly 40% of these cells were
shown to originate from the spleen (Forte, Furtado and Rosenthal, 2018). Monocytes have been
suggested to exit the spleen in response to elevated levels of angiotensin-II and subsequently
be dependent on the renin-aldosterone-angiotensin-system (Knorr, Münzel and Wenzel, 2014;
Forte, Furtado and Rosenthal, 2018). After a few days, pro-reparative monocytes (CCR2-,
LY6Clo, CX3CR1hi) are recruited, attracted by the chemokine fractalkine, which has been found
to be present at day 5 to 16 post-infarction (Forte, Furtado and Rosenthal, 2018).
Shortly after the myocardial infarction, matrix metalloproteases (MMPs) like MMP9, are
started to be produced by for example neutrophils, peaking during the first few days post-MI
(Becirovic-Agic et al., 2021). On the other hand, MMP2 increases after one week following an
infarction (DeLeon-Pennell et al., 2017). Emphasizing that there is a range of MMPs produced
by different cell types. Neutrophils, macrophages and fibroblasts generate the majority of these
in a time-dependent manner (Becirovic-Agic et al., 2021).
2.4.3 Proliferation and Maturation
The LY6Clo macrophages stimulate tissue-remodeling by deposition of collagen 1, activation
of angiogenesis and accumulation of myofibroblast (Knorr, Münzel and Wenzel, 2014; Forte,
Furtado and Rosenthal, 2018), where TGFβ is the main regulator of fibroblasts to transition
into myofibroblasts (Rönty et al., 2006; Souders, Bowers and Baudino, 2009; Van Linthout,
Miteva and Tschöpe, 2014). The myofibroblasts express α-SMA and produce collagen 1, which
causes fibrotic remodeling of the heart (Frangogiannis, 2014; Forte, Furtado and Rosenthal,
2018). The long-term effect of a myocardial infarction entails maturation of scar-tissue, which
is composed of dense and crosslinked collagenous structures, with embedded differentiated
fibroblasts or myofibroblasts. This process can proceed for more than a year after initial event
(Forte, Furtado and Rosenthal, 2018).
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2.5

CELLS AND BIOMATERIALS AS TREATMENT OF ISCHEMIC HEART
DISEASE

Acute heart disease has not changed for the last three decades as relates to prevalence, death
and years lived with disability (YLWD) when taken population size into consideration (Roth
et al., 2020). Therefore, there is still a great need for the development of new strategies in
treating the consequences of IHD. Throughout the years, both cells and biomaterials have been
explored for treating myocardial infarctions (MI), although with minor success so far.
By revisiting the literature and past history, previous pre-clinical and clinical trials aid in
planning for future strategies to reduce or treat the consequences of ischemic heart disease. In
the following sections pivotal studies and strategies are summarized.
2.5.1 Myocytes and Patches
During the 90s and in the beginning of the century, cells were injected directly into the infarcted
area in the experimental settings (Chiu, Zibaitis and Kao, 1995; Taylor et al., 1998; Dowell et
al., 2003; He et al., 2005; van den Bos et al., 2005). In 2008, professor Menasché and his team
demonstrated that myoblasts in a fibrin patch or collagen sponge had a better effect on
myocardial function than cells alone, supporting the importance of matrix to support cell
survival and govern differentiation (Hamdi et al., 2009). Even though the collagen sponge was
proven slightly more efficient, the fibrin patch was easier to handle and required less suturing
for adherence to the epicardial surface. In large animal studies, the fibrin patch together with
cardiac progenitor cells derived from embryonic stem cells were reported to be effective in
improving myocardial function in chronic ischemic heart failure in sheep (Menasché,
Vanneaux, Fabreguettes, et al., 2015) and laid the foundation for a clinical trial (Menasché,
Vanneaux, Hagège, et al., 2015; Menasché et al., 2018).
Other groups have generated cardiomyocytes from induced pluripotent stem cells (iPS-cells)
and transplanted, either cells alone or in combination with tissue or biomaterials. In 2016
Funakoshi and co-workers demonstrated that cardiac-fated iPS-cells injected into ischemic
myocardium of rats improved cardiac function, partly depending on the maturation of the iPScells (Funakoshi et al., 2016). Later in 2017, another study by Kawamura and co-workers
(Kawamura et al., 2017) utilized both iPS-cells in combination with omental flaps. They used
implantation of iPS-cell derived cardiomyocyte cell-sheets together with an omental flap in a
porcine ischemic cardiomyopathy model. This study reported a significant improvement of
ejection fraction when using cell-sheets alone, as well as for the combination with omental
flaps in comparison to sham controls or omental flaps only. However, after 3 months, the
combination of cell-sheet and omental flap had significantly better ejection fraction even in
relation to cell-sheets only. Conclusively the omental flap or cell sheets alone were less
effective than the combination, which highlights the importance of supporting tissue, like ECM
and cells, for the therapeutic function of cells after implantation (Kawamura et al., 2017).
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2.5.2 Mesenchymal Stromal Cells and Encapsulation
Mesenchymal stromal cells have also been combined with omental flaps, in rat ischemic
models, again demonstrating a beneficial effect of supporting scaffolds (Lilyanna et al., 2013).
Thus, the addition of ECM might support the immune-modulatory properties of the MSCs. As
demonstrated by Levit and co-workers in 2013 (Levit et al., 2013), alginate-encapsulated
human MSCs contained in a poly (ethylene glycol) (PEG-) based gel prevented fibrotic scartissue formation when compared to cell-(PEG-gel) or (PEG-gel)-(alginate-capsules) only. In
contrast, after direct injection of MSCs alone, the cells were gone after 7 days, while cells
delivered in gel or gel-capsules were retention at this time point (Levit et al., 2013). Mayfield
and co-workers demonstrated in 2014 that encapsulation of cardiac progenitor cells derived
from atrial appendage of patients, exhibited comparable proliferation and survival to 2Dcultures on matrices (Mayfield et al., 2014). This supports the prospect of encapsulating cells
in order to provide natural points of adhesion and thus inhibit anoikis, while the cell phenotype
is retained (Mayfield et al., 2014). These promising results encouraged us to further develop
the encapsulation concept by thermo-responsive microcapsules in Study II (Mak et al., 2015).
2.5.3 Clinical Trials
The first cell type to be used in clinical trials of heart failure was skeletal myoblasts (Menasché
et al., 2001, 2003). The cells were harvested as autologous cells and could rapidly be expanded
ex-vivo before injection. Pre-clinical studies have demonstrated that these cells survive in
ischemic myocardium of rodents, but they do not engraft (Agbulut et al., 2004). Instead, these
cells passively contribute to contraction, since increased tension in the cells stimulate
contraction. In the final MAGIC trial (ClinicalTrials.gov Identifier: NCT00102128), patients
with heart failure undergoing concomitant CABG, were randomly assigned to two doses of
skeletal myoblasts or placebo. Unfortunately, no beneficial effect could be detected by the
skeletal myoblasts (Menasché et al., 2008).
The first years of clinical trials mainly involved treatment with myoblasts, starting from 2001,
whereas biomaterial-based approaches did not enter clinical trials until 13 years later, in 2014.
Thus PRESERVATION-1 (ClinicalTrials.gov Identifier: NCT01226563), represents the first
biomaterial-based clinical trial that demonstrated the feasibility of delivery of an alginate
hydrogel called IK-5001 (Frey et al., 2014). However, later the alginate gel did not demonstrate
superiority over saline controls in improving myocardial function in patients with ischemic
heart disease (Rao et al., 2016).
Following this work, another alginate-based study was started in 2011, AUGMENT-HF
(ClinicalTrials.gov Identifier: NCT01311791). This study was published as a 6-month (Anker
et al., 2015) and a 12-month follow-up, respectively (Mann et al., 2016). The 6 and 12-month
follow-ups reported similar improvements as regards 6 minutes walking test (6MWT) and VO2
max, while the control group remained unchanged. Furthermore, quality of life was higher in
the treated group compared to the control group, but no improvement in left ventricular ejection
fraction was reported (Anker et al., 2015; Mann et al., 2016). In short, the study had clinically
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relevant results, but more studies are needed in order to make use of biomaterials as treatment
of myocardial infarction.
In the ESCORT trial (ClinicalTrials.gov Identifier: NCT02057900), cardiac-fated cells derived
from embryonic stem cells together with a fibrin patch was used, which mainly demonstrated
safety and feasibility with only limited improvement in cardiac function (Menasché, Vanneaux,
Hagège, et al., 2015; Menasché et al., 2018).
In 2019 the PERISCOPE study (ClinicalTrials.gov Identifier: NCT03798353) was initiated and
is currently recruiting patients, where Wharton´s jelly MSCs (WJ-MSCs) are being used
together with pericardial extracellular matrix applied by surgical glue onto non-revascularized
areas of the infarcted heart at the time of open-heart surgery.
In the VentriGel study (ClinicalTrials.gov Identifier: NCT02305602), complex matrix
compositions from decellularized heart tissues were used for injection into mature infarcted
myocardium, 60 days up to 3 years after the event (Traverse et al., 2019), with slightly positive
effect on walking distance, viable mass, BNP-levels and ventricular remodeling (Traverse et
al., 2019).
Mononuclear cells from the bone marrow have also been tested to improve myocardial function
after myocardial infarction but where a meta-analysis of 12 of these randomized studies could
not support their use (Gyöngyösi et al., 2015). Bone marrow-MSCs have not been proven
effective in neither acute nor chronic ischemic heart disease (Hare et al., 2012; Karantalis et
al., 2014), which might in part be ascribed to anoikis-related problems and additionally that the
inherent immunomodulatory capacities are diminished during in vitro expansion.
Recently,
highlighted
by
the
journal
Nature
(Nature
2020,
https://www.nature.com/articles/d41586-020-01285-w), two patients were recruited into the
HEAL-CHF (ClinicalTrials.gov Identifier: NCT03763136) that started in 2018. The study uses
cardiomyocyte-fated iPS-cells for treating myocardial infarction by direct injection into the
epicardium of the heart. Another study using iPS-cell technology, in the combination of cellsheet technology, was approved for a safety clinical trial in Japan and is ongoing (Nature 2020,
https://www.nature.com/articles/d41586-020-01285-w). However, both studies are in the stage
of recruiting patients, and no results are published so far.
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3 RESEARCH AIMS
The main aim of this thesis is to optimize the use of stromal cells by the use of extracellular
factors in an attempt to provide therapeutic cells for ischemic heart disease.
This aim is addressed in different aspects in three studies, each designed to answer technically
or fundamentally specific questions.
Study I
Develop a delivery system of cells using biomaterials
Study II
Develop a model for the study and analysis of cell- and matrix dynamics
Study III
Optimize culturing conditions for clinically applicable cells
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4 MATERIALS AND METHODS
4.1

ETHICAL APPROVAL

Dnr. ID 6-17: For decellularizing rat hearts (Study II); Dnr. S27-14: Isolating rat fetal cardiac
MSCs (Study II); Dnr. ID 2015/1369-31/2: For use of abortion material, isolation of human
fetal cardiac MSCs (Study III).
4.2

ANIMALS (STUDY II)

All animal experiments were performed at the animal facility of the Karolinska University
Hospital in accordance with the ethical committee’s approvals ID 6-17 and Dnr. S27-14. Male
Sprague Dawley rats of age 7-10 weeks were used for decellularization of the hearts. Pregnant
Sprague Dawley female rats (gestational day, GD, 13 to 14) were used for isolation of the
Mesenchymal Stromal Cell fraction.
4.3

CELL CULTURE (STUDY I, II, III)

4.3.1 Human Fibroblasts (Study I)
Human fibroblasts (CRL-2522; ATCC, Germany) were cultured in DMEM containing 10%
fetal bovine serum, 100 U·mL−1 penicillin and 100 µg·mL−1 streptomycin.
4.3.2 Human Umbilical Vein Endothelial Cells (Study I)
Human umbilical vein endothelial cells (HUVECs) were cultured on gelatin-coated cell culture
flask in M199-medium supplemented with 50 µg·mL−1 ECGS, GlutaMAX™ 1X, heparin 50
µg·mL−1, 5% fetal bovine serum, 100 U mL−1 penicillin and 100 µg·mL−1 streptomycin.
HUVECs were immortalized using the human papilloma virus E6E7 proteins, which are
believed to restore telomere length to primary human cells as previously published
(Klingelhutz et al., 1994; Gagnon et al., 2002). For this study, they were transfected with
lentiviral vectors containing eGFP (LV/eGFP) to produce cells that fluoresced green for easy
tracking after encapsulation. VSV-G-pseudotyped LVs were generated by transient
transfection of 293T cells with three plasmids (LV plasmid construct, packaging plasmid
pCMVΔ8.91 and the VSV-G envelope-coding plasmid pMD.G) using the TransIT-LT1
transfection reagent (Mirus Nio LLC, Madison, WI, USA). The concentrated virus was
suspended in serum-free DMEM medium and stored at −80 °C until use. The viral titers were
then determined by flow cytometric analysis using a FACS Calibur (BD Biosciences).
HUVECs were grown in DMEM supplemented with 10% FCS. They were then transduced
with LV/eGFP (M.O.I. = 5) and then enriched by 0.5 μg·mL−1 of puromycin selection.
4.3.3 Rat Mesenchymal Progenitor Cells (Study II)
For isolation of MPCs, 10 pregnant Sprague-Dawley rats (GD 13-14) were used. The fetal
hearts were removed and predigested overnight at 4°C in a 0.5 mg/mL Trypsin-solution in
Hank's balanced salt solution (HBSS). The mesenchymal fraction was prepared according to a
modified version of the protocol previously developed by Laugwitz et al. (Laugwitz et al.,
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2005) The predigested heart pieces were treated for 15 minutes with 2 to 3 mL collagenase
type II (Worthington Biochemical Corp, Lakewood, New Jersey) 240 U/mL in HBSS at 37°C
under gentle stirring. The supernatant was centrifuged at 330 to 350g for 8 minutes and the
pellet was resuspended in ice-cold HBSS. The collagenase digestion was repeated until the
tissue was completely dissociated. The pooled cells were washed twice and resuspended in
Dulbecco's modified Eagle's medium (DMEM) 4.5/M199 (4:1) (GibcoBRL) containing 10%
horse serum (GibcoBRL) and 5% fetal bovine serum (FBS) (PAA Laboratories Inc.)
supplemented with MycoZap (Lonza, Switzerland). The adherent cell fraction (MPCs) was
separated from the cardiomyocytes and endothelial cells by two rounds of culture on plastic for
1 hour each in an incubator at 37°C, 5% CO2 in 3% O2. To expand the MPC-fraction, the
adherent cells were detached using TrypLE Express (GibcoBRL) and replated at a density of
10 000 cells/cm2 on cell culture treated dishes and cultured at 37°C, 5% CO2 and normoxia in
DMEM high glucose (GibcoBRL), MycoZap (Lonza), Hepes (25 mM) (GibcoBRL),
glutamine (2 mM) (Fisher Scientific, Sweden) and 10% FBS (PAA). When confluent, the cells
were detached using TrypLE Express and washed with Dulbeccos' Phosphate Buffered Saline
(DPBS) without Ca2+ and Mg2+. A portion of the cells was frozen in Recovery-freezing medium
(GibcoBRL) and stored at −180°C for later use. The remaining cells were further propagated
as described above. At each passage, a portion of the cells was harvested for
immunocytochemical analyses as described below.
4.3.4 Human Mesenchymal Stromal Cells (Study III).
Human fetal cardiac MSCs were derived and expanded as previously described (MånssonBroberg et al., 2016) from abortion material, gestational week 4,5-6 (ethical permit Dnr:
2015/1369-31/2). Human bone-marrow MSCs were isolated from iliac crest bone marrow
aspirates from healthy donors after informed consent and approval from the Regional Ethics
Board in Stockholm (Dnr: 2016/1582-31) using a similar protocol as previously described
(Simonson et al., 2015). The expanded MSCs fulfill the International Society for Cellular
Therapy (ISCT) guidelines (Horwitz et al., 2005) of being mesenchymal stromal cells by
expressing mesenchymal surface markers, in combination with their clonogenic expansion
potential and multi-lineage differentiation capacity (Simonson et al., 2015; Månsson-Broberg
et al., 2016). After characterization of MSCs from adult and fetal sources, we cultured the cells
for one week in either normoxia (20%) or hypoxia (3%).
4.3.5 Adipocyte, osteoblast, and chondrocyte differentiation of rat MPCs
(Study II)
The MPCs were characterized with regard to their ability to differentiate into the mesenchymal
lineages including adipocytes, osteoblasts, and chondrocytes using Rat Mesenchymal Stem
Cell Functional Identification Kit (SC020, R&D Systems, Inc.), according to the
manufacturer's instructions with minor modifications. In short, MPCs were seeded at
10 000 cells/well in a 96 well plate precoated with gelatin type A (G2500, Sigma, Sweden).
When confluent, the cells were exposed to adipocyte and osteoblast differentiation media as
described in the manufacturer's instructions and, subsequently, analyzed with
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immunohistochemistry. For chondrocyte differentiation, 100 000 cells were pelleted in a 15 mL
falcon tube, and cultured in the chondrocyte differentiation medium as described in the
manufacturer's instructions for 21 days. After medium removal, the pellets were covered with
Optimal Cutting Temperature (O.C.T.) medium (Cryomount, Histolab, Sweden), snap frozen
on dry ice, sectioned using a CM1950 cryostat (Leica, Germany) and thereafter analyzed with
immunohistochemistry.
4.3.6 Smooth muscle cell and endothelial cell differentiation of rat MPCs
(Study II)
The MPCs were seeded at 30 000 cells/cm2 in 96 well plates. Smooth muscle cell
differentiation was performed according to a previous protocol (Cheung et al., 2014), with
some modifications. In brief, wells were coated with laminin-521 (BioLamina, Sweden) and
the MPCs were seeded and maintained in DMEM/F12 w/Glutamax containing 0.5% HI-FBS
(Gibco, 11550356, Fisher Scientific), B27 (Gibco, 17504044, Fisher Scientific), Mycozap,
with the addition of 10 ng/mL of PDGF-BB (PHG0044, Thermo Fisher Scientific) and 2 ng/mL
TGF-β1 (PHG9214, Thermo Fisher Scientific) for 21 days.
Endothelial differentiation was carried out on laminin-coated wells; 1:1 of laminin-521 and
laminin-421 (BioLamina), with M200 medium containing 1X of Large Vessel Endothelial
Supplement (LVES) (M200500 and A1460801, Gibco, Thermo Fisher Scientific), Mycozap
with the addition of 10 ng/mL Vascular Endothelial Growth Factor 165 (VEGF165) (293-VE010, R&D, Bio-Techne, Sweden) for 21 days.
4.3.7 Culturing of cells on decellularized heart cryosections with
subsequent fixation and nuclei staining (Study II)
Prior to cell seeding, six-well plates containing the tissue sections were incubated overnight in
DPBS supplemented with 0.05% of sodium azide (3 mL/well) to prevent pathogenic growth.
After incubation, the wells were washed three times with DPBS and incubated with 3 mL cell
culture medium (DMEM Low Glucose with GlutaMAX and with phenol red; 10% HI-FBS;
1X Mycozap) per well for >30 minutes while preparing cells for seeding. The MPCs were
incubated with TrypLE (Gibco,12604039, Thermo Fisher Scientific) for 5 to 10 minutes,
centrifuged at 500g for 5 minutes and resuspended in culture medium. The cells were seeded
at a density of 100 000 cells/well in 3 mL medium per well. The plates with the cells were
incubated at 37°C with 5% CO2 in normoxia for 2 hours, followed by a washing step to remove
unattached cells, and subsequent addition of fresh medium.
The sections with cells were fixed using 80% methanol (~0.2 mL medium and 0.8 mL
methanol) for 10 minutes at room temperature or for 10 minutes at 37°C in the incubator. The
methanol was replaced with 3 mL of DPBS with 0.05% sodium azide per well. Once all wells
in a plate were fixed, the cells were stained with 4',6-Diamidino-2-Phenylindole (DAPI)
(D2149, Invitrogen) in PBS (09-8912-100, Medicago) for 10 minutes, washed three times with
PBS for 10 minutes each time, and imaged as described below.
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4.4

CELL ENCAPSULATION AND CHARACTERIZATION (STUDY I)

4.4.1 Materials
Low-gelling temperature agarose (A9045), gelatin (300 bloom from porcine skin; G2500),
fibrinogen (F8630), mineral oil (M8410), Endothelial Cell Growth Supplement (ECGS;
E2759), heparin (H3149), Span-80 non-ionic surfactant (S6760) and fluorescein isothiocyanate
(F3651) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DEAD/LIVE® staining
kit was purchased from Molecular Probes-Life Technology (Stockholm, Sweden). Dulbecco’s
Modified Eagle Medium (DMEM), M199-medium and GlutaMAX™ were purchased from
Gibco®-Life Technology (Stockholm, Sweden).
4.4.2 Cell Encapsulation
For encapsulation, 2.0 × 106 to 8.0 × 106 cells were re-suspended in approximately 500 μL of
medium, DMEM for fibroblast or M199 for HUVECs, then mixed with 500 μL of the
encapsulation hydrogel, which comprised a mixture of 2% low-gelling temperature agarose,
1% gelatin and 10 mg·mL−1 fibrinogen in medium at 40 °C. Control experiments included
encapsulation of cells in agarose only, and empty agarose–gelatin capsules. A diagram showing
our cell encapsulation system is given in Figure 7 of this thesis. In brief, cell-hydrogel mixtures
were loaded into a syringe and extruded through a regulated nozzle of 25 μm in diameter,
warmed at constant temperature of 40 °C. The flow rate was controlled by use of a syringe
pump that was set at a flow rate of 0.3 mL min−1 that created a spray of microdroplets. The air
pressure was set at 350 mBar. The microdroplets were collected in an ice-cooled mineral oil
bath containing 0.5% Span-80. The bath was stirred for 5 min allowing the solidification of the
hydrogel droplets. The solution mixture containing encapsulated cells was then transferred to
a 50 mL centrifugation tube. They were then washed by addition of 15 mL of medium followed
by centrifugation at 350 r.c.f. at 4° for 10 min. The bottom, aqueous fraction containing the cell
capsules was collected and transferred to a 15 mL centrifuge tube. The cell capsules were then
washed another two times with medium followed by centrifugation (350 r.c.f., 10 min) at room
temperature. Finally, the cell capsules were re-suspended in medium and filtered through a 100
μm cell strainer followed by a 40 μm cell strainer where the captured cells were used for further
experiments.
4.4.3 Decomposition Study of the Temperature Responsive Hydrogel
Microcapsules
Thermal destabilization or decomposition of the temperature responsive hydrogel
microcapsules was achieved by incubation of 5 mL of the hydrogel microcapsule suspension
at 37 °C in 10 mM phosphate buffer (pH 7.4) over a period of 72 h. The thermal decomposition
was measured as a function of melted gelatin released from hydrogel microcapsules at 37 °C.
Control experiments were performed by incubating the hydrogel microcapsules at 4 °C under
the same conditions. Supernatants were collected at various time intervals and the amounts of
gelatin released into the supernatants were quantified by using a BCA total protein assay kit.
The presence of gelatin resulted in the formation of a water-soluble complex with an optical
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density at 562 nm that was recorded with a UV-Vis spectrophotometer (Shimadzu UV-2450,
Kyoto, Japan).
4.4.4 Cell Delivery and Release from Capsules
Optical and fluorescence microscopy images were recorded on a light microscope (Zeiss Axio
Vert.A1, Oberkochen, Germany) connected to a CCD color digital camera (AxioCam Cm,
Zeiss, Germany). Images of cells within their capsules were captured and analyzed using the
accompanying imaging software (Zen2012 blue edition, Zeiss, Germany).
Temperature regulated cell delivery and cell release were performed by placing cell capsules
composed of microencapsulated human fibroblasts onto surface of type I collagen coated tissue
culture plates incubated at 37 °C. To follow the cell delivery and release behavior, the cell
capsules were monitored by a live image capturing system with pictures taken every 15 min.
Live video capture of the differential rates of cell escape from their microcapsules was
performed using a live image capturing system, the JULI-Smart fluorescent cell imager
(Ruskinn, ME, USA) with images taken every 15 min. The viability of the encapsulated cells
was visualized with a LIVE/DEAD® staining kit composed of probing dyes of calcein AM for
viable cells and ethidium homodimer (EthD-1) for dead cells. For statistical analysis of survival
rates the general linear model (GLM) with Tukey post hoc tests were used.
4.4.5 Zeta Potentials Analysis
The zeta potential (surface charge) of the hydrogel microcapsules was measured using a
Zetasizer Nano ZS90 (Malvern Instruments Ltd., Worcestershire, UK), based on the laser
doppler micro-electrophoresis principle. The electrophoretic mobility (μ) was converted to the
zeta-potential (ζ) by using the Smoluchowski relation ζ = μη/ε, where η and ε are the viscosity
and permittivity of the solution, respectively. One milliliter of suspended hydrogel
microcapsules in 10 mM phosphate buffer with various pH values were loaded into a zeta
potential measuring cell. The measurements were performed at 25 °C and the mean zeta
potential values were calculated by taking an average of 3 repeated measurements.
4.4.6 Fourier Transform Infrared Study
Fourier Transform Infrared (FTIR) characterization of microcapsules was performed using a
VERTEX 70 instrument (Bruker, WA, USA) equipped with a germanium attenuated total
reflectance (ATR) sample cell. Hydrogel microcapsule suspensions were dropped onto the
surface of the ATR cell and FTIR spectra were recorded in the frequency region of 600–4000
cm−1 with a resolution of 4 cm−1 and run for 100 cycles.
4.5

EXTRACELLULAR MATRIX MODEL PREPARATION (STUDY II)

4.5.1 Retrograde perfusion decellularization
The decellularization was performed using a modification of the protocol from Ott et al. (Ott
et al., 2008). We combined sodium dodecyl sulfate (SDS) and Triton X100, thereby lowering
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both the effective concentration and critical micellar concentration of the combined detergents
(Owoyomi et al., 2005). The advantage of this strategy is the improvement in decellularization
and prevention of tissue-collapse (Cho et al., 2019) while the retention of detergents is reduced
(White et al., 2017).
From each rat, the lungs and thymus were gently removed before the decellularization process
in order to receive an intact integral package of the ascending aorta together with the heart (n
= 6). The excised hearts were stored at room temperature in 0.05 M hypotonic tris buffer pH
8.4 (T3253 and 6066, Sigma-Aldrich) containing 0.05 mM of EDTA (EDS, Sigma-Aldrich)
and 0.05% of sodium azide (S200, Sigma-Aldrich) until final dissection. For decellularization,
the packages were further dissected from redundant tissues, such as remnants of the thymus,
lungs, excessive fat, and connective tissue surrounding the ascending aorta. The aorta was next
cannulated with a 20G IV Venflon (Becton Dickinson, BD) and attached with Ethilon sutures
6-0 (Ethicon), flushed with fresh buffer: 0.05 M hypotonic Tris buffer pH 8.4 containing
0.05 mM of EDTA and 0.05% of sodium azide, to ensure proper ligation and free flow. The
hearts were attached to a custom-built stainless-steel lid and perfused with the same buffer as
above overnight at a rate of 2 mL/min using a peristaltic pump (Ismatec). Next day, the buffer
was changed to 0.05 M hypotonic tris buffer pH 8.4 with 0.05 mM of EDTA, 2.02 g/L of SDS
(L377, Sigma-Aldrich), 530 μL/L of Triton X100 (X100, Sigma-Aldrich), and 0.05% of
sodium azide, and the hearts were perfused overnight at a rate of 2 mL/min. The buffer was
changed using a total of 600 mL of the decellularization buffer for a period of >72 hours. The
detergents from the buffer were removed using hypotonic Tris buffer with 0.05 mM of EDTA
and 0.05% of sodium azide via perfusion for >90 minutes at a rate of 2 mL/min; followed by
>90 minutes of perfusion with dH20, and, finally, for >90 minutes of perfusion with DPBS
(Gibco, 14190169, Thermo Fischer Scientific) containing 0.05% sodium azide for
>90 minutes. The hearts were stored in DPBS with 0.05% sodium azide at 4°C, until further
processing.
4.5.2 DNA-quantification of decellularized and native hearts
Decellularized (n = 3) and native rat hearts (n = 3) were dissected and pieces of the left
ventricles were weighed and subjected to proteinase K treatment. The DNA was isolated using
DNeasy Blood and Tissue kit (Qiagen, Germany) and subsequently quantified using a
Nanodrop Spectrophotomer DeNovix DS-11 measuring double-stranded DNA (dsDNA).
4.5.3 Cryosectioning of decellularized whole heart

The decellularized rat hearts were subjected to stepwise sucrose infiltration (10%, 16.7%,
23.3%, and 30% sucrose in DPBS with 0.05% sodium azide). In each step, the hearts were
incubated for >1 hour before they were transferred to the next step. After sucrose infiltration,
the hearts were immersed in a 1:1 mixture of O.C.T. and 30% sucrose in DPBS with 0.05%
sodium azide for 30 minutes before embedding in O.C.T and snap freezing at −80°C.
Cryosections of 10 μm thickness were generated using a CM1950 cryostat (Leica, Germany)
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and transferred to empty wells of room temperature six-well cultures plates (TPP, Techno
Plastic Products). The tissue sections were allowed to melt and dry at room temperature before
storage at 4°C.
4.6

IMMUNOHISTOCHEMISTRY (STUDY II)

4.6.1 Immunohistochemistry
Sections for in situ cultures were stained with DAPI and subjected to imaging prior to antibody
staining or hematoxylin and eosin (H&E) staining. All other immunohistological samples were
counterstained with DAPI after antibody staining. The in situ and in vitro cultures were fixed
in 80% methanol with 20% medium. All other immunohistological samples were fixed in 80%
methanol with 20% dH2O. All samples were washed three times 10 minutes in PBS and
blocked with 5% serum (goat serum, PCN5000, Fisher Scientific; donkey serum, ab7475,
Abcam) in PBS for 30 minutes at room temperature, then incubated overnight at +4°C with
primary antibodies at a dilution of 1:200 in blocking solution followed by four 10 minutes
washes with PBS. Secondary antibody was then added at a dilution of 1:700 in blocking buffer
and incubated for 1 to 3 hours at room temperature, followed by final washing with PBS three
times 10 minutes.
4.6.2 Antibodies
The following primary and secondary antibodies were used: Apelin receptor (APLNR)
(Thermo Fisher Scientific Cat# 702069, RRID:AB_2633058), PDGFR-α (Abcam Cat#
ab96569, RRID:AB_10687154), Periostin (Abcam Cat# ab14041, RRID:AB_2299859),
CD31 (Abcam Cat# ab64543, RRID:AB_1141558), CD45 (Abcam Cat# ab33923,
RRID:AB_726543), CD90 (Abcam Cat# ab225, RRID:AB_2203300), CD105 (Abcam Cat#
ab2529, RRID:AB_303134), CD73 (Abcam Cat# ab133582), CD146 (Abcam Cat# ab75769,
RRID:AB_2143375), NG2 (Abcam Cat# ab83178, RRID:AB_10672215), PDGFR-β (Abcam
Cat# ab32570, RRID:AB_777165), VE-cadherin (Abcam Cat# ab33168, RRID:AB_870662),
Calponin/CNN1 (Abcam Cat# ab700, RRID:AB_305697), Collagen 1 (Millipore Cat#
234167, RRID:AB_2074634), Laminin α5 (Thermo Fisher Scientific Cat# PA5-49930,
RRID:AB_2635383), VEGF (Abcam Cat# ab46154, RRID:AB_2212642), and Histone 3
phospho S10 (Abcam Cat# ab14955, RRID:AB_443110). Aggrecan (967800, RnD), FABP-4
(967799, RnD), and Osteocalcin (967801, RnD) from the RnD kit (SC020, RnD). Goat-antiMouse (Thermo Fisher Scientific Cat# A-11004, RRID:AB_2534072; Thermo Fisher
Scientific Cat# A-21121, RRID:AB_2535764), Goat-anti-Rabbit (Thermo Fisher Scientific
Cat# A10040, RRID:AB_2534016), Donkey-anti-Rabbit (Abcam Cat# ab150061,
RRID:AB_2571722), Donkey-anti-Mouse (Thermo Fisher Scientific Cat# A-21202,
RRID:AB_141607), Donkey-anti-Goat (Abcam Cat# ab175704, RRID:AB_2725786), and
Donkey-anti-Rabbit (Thermo Fisher Scientific Cat# A10040, RRID:AB_2534016).
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4.6.3 Microscopy and image acquisition setup
Images of the H&E-staining, in situ, and in vitro cell cultures were acquired with Olympus
IX73 inverted microscope using objectives UPlanFLN 4x (17 mm WD, N.A 0,13, PHL) and
UPlanFLN 10x (10 mm WD, N.A 0,30, Ph1), with filter cubes detecting DAPI, Fluorescein
isothiocyonate (FITC), and Tetramethylrhodamine (TRITC) respectively. The fluorescence
images were taken with an exposure time of 1 second with 2x digital gain. When phase contrast
images were acquired, the exposure time was manually adjusted. Images displaying MPC
differentiation into adipocytes, osteoblasts, and chondrocytes were acquired by confocal
microscope LSM 700 AxioObserver (Zeiss). Using objective Fluar 10x/0.50 M27 and
excitation lasers 405, 488, and 555 with corresponding detection wavelength 420 to 480, 300
to 630, and 560 to 800, respectively. One channel was acquired at a time with pinhole size ~1
AU, at core facility BioVis, Uppsala University. Exposure time and gain were set below pixel
saturation visualized within the software's live view in the acquisition window. Samples with
secondary antibody only (technical negative control) had the same exposure time and pinhole
settings as positive samples.
4.7

IMAGE ANALYSIS (STUDY II)

4.7.1 Preprocessing of images with ImageJ
The phase contrast images were opened and processed in FIJI (Fiji Is Just ImageJ) distribution
package of ImageJ (Fiji, RRID:SCR_002285), .vsi-files were read with the plugin
“OlympusViewer” (Olympus Corporation). Images captured before and after staining were
opened and stacked together. Since OlympusViewer automatically normalizes the intensities
across all images, the image with the highest intensity was opened first. We used the “BaSiC”
plugin (Peng et al., 2017) to remove vignette effects on the images. Images captured before
and after staining were adjusted for vignette simultaneously. For images acquired with the
DAPI channel, only the images acquired before staining were needed to be processed for
vignette effect. The corresponding field of view of phase contrast images was opened in the
same order as the channels of interest; each channel had different order of opened images,
prioritizing the image with the highest intensity. Contrast and contours of the phase contrast
images were subsequently enhanced through the “find edges” function followed by stitching
(Preibisch, Saalfeld and Tomancak, 2009). The stitching generated a .txt-file with coordinates
of the same order as the images in the folder that was stitched. As such, the corresponding field
of view images from the fluorescence channels could be stitched together according to the
coordinates using stitching again, with the option “Coordinates from file.” Images acquired
before and after staining were stitched together and thus automatically aligned. To separate
images captured before and after staining and generate tiled images, images of the unstained
samples were set to brightness = 0 and Stitching was performed with “Max Intensity” as a
setting for the merging calculations. After that, the same procedure was performed for the
images of the stained samples and set to brightness = 0, while unstained images of the samples
were kept as they were. All subsequent image calculations were then performed in the R
software.
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4.7.2 Image processing with R
An R script is provided in the Supporting Information of the published article (Supplementary
R code) (Olesen et al., 2021). In short, images from each channel were read into R (R Project
for Statistical Computing, RRID:SCR_001905) using the EBImage package (Pau et al., 2010).
The ratio was then calculated between the modes of tiled images of samples before and after
staining, multiplying the images of stained samples with the calculated ratio. This was done
under the assumption that background noise was the source for the majority of signal in the
images. The images of stained samples were then subtracted with the unstained images of the
samples, removing the majority of background and auto fluorescence signal. For the DAPI
channel, subtraction was performed using the FITC filter from the same image. This yielded
an intensity histogram similar to one-half of a normal distribution. Extending the graph by
mirroring the histogram and adding it to existing data, a bell-shaped histogram could be
generated. Based on this new histogram, the SD could be estimated. We assumed that the
majority of the data was from the background and low-intensity boundaries of the nuclei. We
therefore set a threshold of 2 SDs for our original data of the DAPI channel, which generated a
binary image of the nuclei that could be used for segmentation.
4.8

BIOENERGETICS PROFILING (STUDY III)

4.8.1 Mitochondrial characterization
Mitochondria were stained for 1h with 500nM MitoTracker Red (TermoFisher, Waltham, MA
USA) and visualized with LSM 780 confocal microscope, objective alpha Plan-Apochromat
100x/1.46 Oil DIC M27, Ex 561/488/405, Em 671/534/448. Electron microscopy (EM) was
performed as previously described (Folmes et al., 2013). Mitochondrial quantification was
done by calculating the ratio of nuclear and mitochondrial DNA by qPCR QuantStudio5
thermocycler (ThermoFisher) after DNA isolation using DNeasy Kit (Qiagen). Primer pairs:
mitochondrial
ND1
TTCTAATCGCAATGGCATTCCT,AAGGGTTGTAGTAGCCCGTAG;
ND5
TTCATCCCTGTAGCATTGTTCG,GTTGGAATAGGTTGTTAGCGGTA;
nuclear
TYR3M
AGGGTATCTGGGCTCTGG,GGCTGAAAAGCTCCCGATTAT;
B2M TGCTGTCTCCATGTTTGATGTATCT,TCTCTGCTCCCCACCTCTAAGT. 1μl of
DNA was loaded into a 96-well plate together with 10μM primer pairs and SYBR™ Green
PCR Master Mix (ThermoFisher).
4.8.2 Extracellular Flux Analysis (Seahorse)
Oxygen consumption rates (OCR) and extracellular acidifications rates (ECAR) were
measured using a XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA). Cells
were seeded (30 000-50 000 cells) per well coated with Geltrex™ (ThermoFisher) the day
before analysis, which was carried out in XF assay medium (25mM glucose, 2mM glutamax,
1mM pyruvate, 1x non-essential amino acids, 1% FBS). Serial injections of oligomycin (final
concentration 0.5mg/ml), Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone FCCP
(1μM) rotenone (0.5μM) and antimycin (1mM) were carried out. The following OxPhos
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indexes were calculated: Coupling efficiency ((1-(oligomycin sensitive/ basal))*100), Spare
respiratory capacity (FCCP respiration/ Basal), ECAR increase (oligomycin/ basal) and
OCR/ECAR (basal OCR/basal ECAR). Each value was normalized to total protein quantified
using a Bradford protein assay (Bio-rad, Hercules, CA, USA).
4.8.3 Oroboros respirometry
Cell respiration was measured with high resolution respirometry (O2-K, Oroboros, Innsbruck,
Austria) at 37°C, at 20% and 3% oxygen tension. Complex activities were measured on
permeabilized cells by titration of digitonin at 20%O2 in medium: (EGTA 0.5mM, MgCl2
3mM, K-lactobionate 60mM, Taurine 20mM, KH2PO4 10mM, HEPES 20mM, Sucrose
110mM, BSA fatty acid free 1g/L). Complex I (CI) state 2 was measured with the addition of
Pyruvate (5mM) and Malate (2mM), then state 3 was induced by the addition of ADP (2.5mM).
Maximal respiration (state 3, CI + Complex II (CII)) was measured by the addition of succinate
(10mM), and CII state 3 after adding CI inhibitor rotenone (0.5μM). Antimycin (2.5μM) was
added to control for non-mitochondrial respiration. Ratios of Complex-activities were
calculated by dividing CI-linked OCR with CI+CII-linked OCR (CI) and CII-linked OCR
divided by CI+CII-linked OCR (CII).
4.9

STATISTICS (STUDY I, II AND III)

4.9.1 Study I
Generalized Linear Model (GLM) using Tukey post hoc with significance considered p-value
less or equal to 0.05.
4.9.2 Study II
Gap-statistics (boot-strapping) and k-means clustering (unsupervised machine learning) on 8,
48, 96h time point images of two and three dimensions (spatiotemporal samples).
4.9.3 Study III
Statistical analyses were performed using R V.3.6.3 (R Foundation for Statistical Computing,
Austria). The data were analyzed with Welch’s t-tests or paired t-tests when appropriate. All
experiments were performed with three biological replicates unless otherwise mentioned. All
tests were two-sided, and a p-value < 0.05 was considered to be statistically significant.
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5 RESULTS
5.1

ENCAPSULATION AND DELIVERY OF STROMAL AND VASCULAR
CELLS (STUDY I)

In order to address the aim of producing a delivery system for cells, we developed thermoresponsive microcapsules containing human cells. Cellular survival and release dynamics were
studied and we demonstrated a proof-of-concept for thermo-responsive release systems (Fig.
7) (Mak et al., 2015).

Figure 7. Schematic diagram illustrating (A) the concept of cell delivery and release with temperature responsive
microcapsules and (B) the hypothesized mechanism of cell release from a composite temperature responsive
hydrogel comprising two materials with different phase transition temperatures. Mak, W.C., Olesen, K. et al. J.
Funct. Biomater. 2015, 6 (Mak et al., 2015). Reproduced under terms of Creative Commons CC-BY license:
Attribution 4.0 International (CC BY 4.0)

We verified the composition of the capsules by ZETA potential and FTIR. The ZETA potential
is determined by targeting the isoelectric point (IP) of each molecule, where each component
will have a total net charge that is neutral at its IP. Thus, when targeting the IP of gelatin,
fibrinogen was charged and gave a signal in the measurement, while targeting the IP of
fibrinogens, gelatin instead displayed a charge and gave a signal in the measurements. Agarose
does not give a net charge, because it is consistently neutral. The FTIR showed the presence of
different amino acids, indicating the incorporation of proteins into the capsules.
To verify the idea of decomposing capsules for release of cells in a thermos-responsive fashion,
we measured decomposition by the release of FITC-tagged gelatin, and additionally by
measuring protein-concentration of the supernatant from the capsule-solution. At 37°C we
observed increased background staining in the green spectrum, while at 4°C this remained
relatively low. While the protein-concentration of the supernatant increases when capsules
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were incubated at 37°C, at 4°C the protein-concentration remained unchanged over time. This
indicates that the capsules are stable at 4°C, while decomposing at 37°C (Fig. 8).
An initial increased cell-death related to the encapsulation process could be observed, most
likely due to the pressurized ejection of hydrogel-cell solution from the nozzle. Fibroblasts
survived to a higher extent in the capsules, with no change of viability at 24h, however after
48h there was a significant decrease in viability. For HUVECs the viability on other hand
dropped after 24h but remained stable between 24 and 48h. The observed drop in viability of
the fibroblasts can either be due to a release of viable cells over time, leaving a higher portion
of dead cells within the capsules or alternatively there is an increment in the number of dead
cells related to the number of retained cells. The initial drop and subsequent stabilizing of
viability of the HUVECs suggests that these cells leave the capsules earlier, while later, cells
that do not leave the capsules remain inside. Although further studies are needed to study cellspecific release kinetics, we showed that cells are viable over time after encapsulation

Figure 8. Decomposition kinetics of hydrogel microcapsules measured by release of gelatin (A) at 37 °C and
(B) control at 4 °C as a function of time. (C,D) Optical images showing the decomposition and release of
fluorescent-labeled gelatin into the suspended PBS solution, causing an increase of background fluorescence
intensity at 37 °C, but not at 4 °C. Mak, W.C., Olesen, K. et al. J. Funct. Biomater. 2015, 6 (Mak et al., 2015).
Reproduced under terms of Creative Commons CC-BY license: Attribution 4.0 International (CC BY 4.0)
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Fibroblasts were gradually released from the capsules containing agarose, gelatin and
fibrinogen. After 24 and 48h respectively, 23% vs 70% of the cells had been released. At 72
and 96h the cell release rate decreased, and most cells had been released (~85% and 90%
respectively). We demonstrated that HUVECs were also released from the capsules and we
observed tubular appearance and that cells connected with each other (Fig. 9), similar to
endothelial cell behaviors during angiogenesis (Deroanne, Lapiere and Nusgens, 2001).

Figure 9. (A) Micrographs of HUVECs within agarose–gelatin–fibrinogen microcapsules at Day 0 and after
their release. On Day 1, released HUVECs are seen attached and spread after their release onto gelatin-coated
tissue culture plastic. By Day 2, several cells have migrated and have aligned themselves into a cord-like structure
that is typical of HUVEC in vitro tubulogenesis behavior (Deroanne, Lapiere and Nusgens, 2001). (B) Nonencapsulated HUVEVs control. Mak, W.C., Olesen, K. et al. J. Funct. Biomater. 2015, 6 (Mak et al., 2015).
Reproduced under terms of Creative Commons CC-BY license: Attribution 4.0 International (CC BY 4.0)
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5.2

EXTRACELLULAR MATRIX MODELLING WITH MESENCHYMAL
PROGENITOR CELLS (STUDY II)

In order to deduce suitable biomaterials for incorporation and delivery of cells in tissue
engineering, we developed a model that anatomically represents an organ, however devoid of
cells. The spatial information extracted was intended to determine the influence of ECM on
cell phenotype, based on the anatomy and hence the ECM composition. With this approach we
tried to refine the choice of molecules from a tissue-specific ECM in order to customize
biomaterial constructs tailored for use with specific cells and tissues (Fig. 10) (Olesen et al.,
2021). Since the model contributes to understanding the ECM and cell dynamics in anatomical
spatially resolved systems, other spatially segregated features of organs can be studied as well,
such as cell layers, and as presented in the article, cell niches. Thus, the system can help to
understand not only which ECM molecules that might be of interest in regenerative medicine
and tissue engineering, but also for understanding the basic biology of the heart.
Figure 10. Spatiotemporal Extracellular
Matrix Modeling (StEMM) facilitates the
identification of cell-niches by combining
decellularized whole organ sections and
recellularization with a new algorithm for
automatic generation of density maps and
cluster-analysis for identification of regions
of interest. K. Olesen et al., Stem Cells.
2021;1–15 (Olesen et al., 2021).
Reproduced under terms of Creative
Commons CC BY-NC license: Common
Attribution-NonCommercial
4.0
International (CC BY-NC 4.0).

To create a purposeful model we isolated syngeneic cells from rat fetal cardiac MPCs in the
adherent fraction of third trimester fetal hearts. The cells showed ability to differentiate into
calponin-expressing smooth muscle cells and into the mesenchymal lineage; fat, bone and
cartilage. They did not differentiate into CD31+ endothelial cells but instead they proliferated
extensively and showed extensive presence of VE-cadherin. During culture, the cells stained
positivie for pericyte markers NG2, PDGFR-beta and CD146, while devoid of MSC markers
CD105, CD73 and showed low presence of CD90, along with the absence of hematopoietic
marker CD45 and endothelial marker CD31. Finally, the cells had an active proliferative
marker histone 3 phospho S10 and a mesenchymal progenitor marker APLNR, suggesting a
phenotype of a mesenchymal progenitor cell (Fig. 11).
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Figure 11. Characterization
of cultured and differentiated
rat
fetal
cardiac
mesenchymal
progenitor
cells. Cells derived from third
trimester fetal rat hearts expressed
several markers characteristic for
pericytes: abundant expression of (A)
APLNR, PDGFR-β, CD146, NG2;
lower expression of CNN1 and VEcadherin; only a few cells showed the
expression of CD90 and none showed
expression of CD31, CD45, CD105,
and PDGFR-α. B, The cells were able
to differentiate into the mesenchymal
lineage, which included bone, fat, and
cartilage, defined by their respective
expression of Osteocalcin, FABP-4,
and Aggrecan. (C) The cells were also
able to differentiate into smooth
muscle
cells
with
increased
expression of CNN1 and (D) to cells
with endothelial progenitor properties,
defined by VE-cadherin, but no CD31
expression. Nuclei were visualized by
4',6-Diamidino-2-Phenylindole (DAPI) staining (magenta) and specific antibody (green). Scale bars = 100 μm.
APLNR, apelin receptor; CNN1, calponin; FABP-4, fatty acid binding protein-4; NG2, neural/glial antigen 2;
PDGFR, platelet derived growth factor receptor; VE-cad, vascular endothelial-cadherin. K. Olesen et al., Stem
Cells. 2021;1–15 (Olesen et al., 2021). Reproduced under terms of Creative Commons CC BY-NC license:
Common Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

To create an environment where the anatomical structure as well as a complex composition of
ECM components are preserved, we used decellularized rat hearts for studies of cell-ECM
interactions and dynamics. Upon decellularization, the hearts retained a range of important and
representative molecules, including fibrillary collagen 1 (COL1), basement membrane proteins
laminin alpha 4 and 5 (LAMA4 and LAMA5), periostin (POSTN), which is important for
valvular development and function, and additionally the paracrine factor vascular endothelial
growth factor (VEGF), which occurs both as matrix-bound and free in solution.
The cells successfully attached and proliferated on the decellularized sections. We cultured the
MPCs in the log- and lag-phase and processed images were clustered. Clustering nuclear
staining with pericyte marker CD146 revealed localization of CD146+ cells in the
atrioventricular junction (AVJ) and perivascular niche (PVN) (Fig. 12).
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Figure 12. Regions of interest were identified through clustering of CD146 and nuclei
densities. k-means clustering with 16 clusters at 96 hours of cultured mesenchymal progenitor cells (MPCs) on
sections (A) clustering of nuclei only; (B) clustering of CD146 only; (C) clustering of the combination of nuclei
and CD146; (D) edges of the phase contrast. Region of interest (ROI) is magnified with arrows indicating clusters
of CD146 and nuclei in (C) and (D). Third row (A-C) represents fluorescence images of the corresponding ROI,
and in (D) the fluorescence image is merged with the edges of phase contrast. The fourth row is the result of
binning each image of the third row. *With arrow indicates the atrial wall close to the mitral valve, **With arrows
indicate a branch from the circumflex coronary artery. In the figure, nuclei are labeled in magenta and CD146 in
green. Scale bars in (A) = 1000 μm, scale bars in (B) = 100 μm. PH edges, edges of phase contrast. K. Olesen et
al., Stem Cells. 2021;1–15 (Olesen et al., 2021). Reproduced under terms of Creative Commons CC BY-NC
license: Common Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

Different anatomical regions appeared to be expressing different levels of pericyte markers,
CD146 and PDGFR-beta in relation to LAMA4. We found clusters of CD146 to the AVJ, and
the PVN, and PDGFR-beta to cluster more peripherally in the heart than CD146.
Comparing the distribution in histological sections of the native heart, we saw the same cluster
of CD146 appear in the AVJ, and less in PVN. In line with these observations, PDGFR-β was
more prevalent outside the AVJ, mostly in the interstitial valvular root, and in the PVN. Not
only did the results from the cell cultures display similarities to native hearts (Fig. 13), but they
also indicate that these niches might be ECM-dependent. This highlights the potential
importance of incorporating ECM molecules into tissue constructs and delivery systems, for
successful bioengineering in regenerative medicine.
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Figure 13. Region of interest identified by the StEMM is also present in the native heart
and partly defined by laminins. The region of interest which was identified in the StEMM was confirmed
by immunohistochemistry of native rat hearts: (A) CD146 expression was clustered in the middle of the AVJ
region (dotted region), as well as in the PVN (dashed circle). B, PDGFR-β was also expressed in the PVN, in the
aortic valves and aortic root, but not in the AVJ. C, LAMA4 was more generally expressed in the heart, with
predominance in the AVJ. D, LAMA5 was also found in all parts of the heart, but with no predominant regions.
E, POSTN was identified in the aortic valves and root with thin streaks into the AVJ. F, The aortic valves and root
together with the PVN also stained positive for COL1, but not the AVJ. In the figure: scale bars = 200 μm. AVJ,
atrioventricular junction; COL1, collagen 1; LAMA4, laminin α4; LAMA5, laminin α5; PDGFR, platelet derived
growth factor receptor; POSTN, periostin; PVN, perivascular niche; StEMM, spatiotemporal extracellular matrix
model. K. Olesen et al., Stem Cells. 2021;1–15 (Olesen et al., 2021). Reproduced under terms of Creative
Commons CC BY-NC license: Common Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
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5.3

OXYGEN TENSION AND ENERGY SOURCE FOR MESENCHYMAL
STROMAL CELLS (STUDY III)

For optimal expansion and therapeutic delivery of cells, understanding cell metabolism is of
great importance. We therefore explored the bioenergetics profile of adult and fetal MSCs, to
investigate the effects of normoxia and physoxia, as well as determining the main source for
ATP-production (Fig. 14A).
Even though the cells demonstrated similar oxygen respiration rate (OCR) (Fig. 14B), fetal
cells had lower coupling efficiency in normoxia (Fig. 14D) and higher proton leak although
not statistically significant (Fig. 14C). These results could indicate that they uncouple the
mitochondrial electron transport chain complex upon increased oxygen availability (Fig. 14CD). Adult cells also demonstrated higher spare respiratory capacity (Fig. 14F), which could
partly be explained by higher coupling efficiency (Fig. 14D).
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Figure 14. Schematic workflow and mitochondrial function. A) Schematic overview of the
workflow from isolation and characterization of cells according to ISCT guidelines, in addition to bioenergetics
profiling using the Seahorse and Oroboros system. Analysis was performed 1 week after either normoxia or
hypoxia culture, representing oxygen tension close to physoxia, versus the standard culture conditions of MSCs in
vitro. B-F In the bar graphs; upper rows are comparisons between the culture oxygen conditions for the cell sources
individually, whereas bottom rows are comparisons between the cell sources from either normoxic or hypoxic
culture. B) Basal respiration. C) Proton leak. D) Coupling efficiency. E) Maximum respiration. F) Spare respiratory
capacity. G) Mitochondrial amount; mitochondrial DNA versus nuclear DNA with two representative
mitochondrial genes ND1 and ND5. B-G was analyzed with Welch's t-test or paired t-test when appropriate,
biological repeats indicated by the number of dots in bar charts; minimum n=3. All bar charts are expressed as
mean ± SD. * = p-value < 0.05.
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MSCs from adult and fetal cells did not differ in mitochondrial amount (Fig. 14G), and similar
distributions in the cytosol were revealed by confocal microscopy using mitotracker (Fig. 15AB). Transmission electron (TEM) also demonstrated similar morphology between the two cell
sources (Fig. 15B).
Cells cultured at different oxygen tensions demonstrated different responses in the seahorse
analysis although, at the time, the acute response was not possible to measure. Whereas we
utilized the Oroboros system, to analyze the cells in acute response when transitioning from
normoxia to hypoxia (physoxia 3%). The relative drop in oxygen tension did not seem to be
different when culturing them in either normoxia or hypoxia for a week (Fig. 15G). Thus,
preconditioning the cells with oxygen does not seem to change their response to the two
different tensions of exposures from oxygen that the cells are normally subjected to, which is
normoxia for in vitro culture, and hypoxia or physoxia for the in vivo oxygen tension.
Adult cells demonstrated a lower OCR/ECAR in hypoxia than in normoxia, while for fetal cells
this ratio did not change (Fig. 15F). Due to the fact that adult cells had unchanged OCR in
different oxygen tension, they seem to adjust their glycolytic activity in response oxygen
availability by an increase in ECAR.
To further characterize the electron transport chain when exposing the cells for longer
normoxia or hypoxia, we measured CI, CII and CI+CII at different substrate states to estimate
their activity (Fig. 15H). We found no major differences in complex activities between the
different cells and culture conditions. Although adult cells in normoxia might demonstrate a
lower CI and higher CII activity, indicating a possible change from glycolysis to lipids, as lipid
oxidation has been linked to higher CII-activity. Thus, collectively it seems like the oxygen
tension during culture with normoxia or hypoxia does not condition the cells to better adapt to
hypoxia. Normoxia culture of adult MSCs seems to be the only cell type and condition that had
demonstrated a clear shift from glycolysis to oxidative phosphorylation. This may negatively
affect the cells, as glycolysis is linked to stemness, and loss of this bioenergetic profile may
result in loss of properties linked to stem cells. This points to a different adaptability to oxygen
depending on developmental stage, but also supports the use of hypoxic conditions for
culturing adult MSCs.
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Figure 15. Mitochondrial morphology, glycolytic activity, oxygen-sensitive respiration
and complex activity. A) Mitotracker stained the mitochondria of live cells, which were visualized by
confocal microscopy, demonstrating similar morphology and distribution patterns in adult and fetal MSCs. B)
Transmission electron microscopy revealed similar morphology as well C) Basal extracellular acidification
(ECAR) D) Maximum ECAR. E) Reserve ECAR. F) OCR/ECAR; basal respiration / extracellular acidification
rate. G) Oxygen-sensitive respiration, relative decrease in respiration from 20% to 3% oxygen. H) Complex
activity, Complex I and II activities in relation to their combined state (CI & CII-linked respiration). C-H was
analyzed with Welch's t-test or paired t-test when appropriate, biological repeats indicated by the number of dots
in bar charts; minimum n=3. All bar charts are expressed as mean ± SD. * = p-value < 0.05. Scale bar in A = 5μm
and B = 200nm.
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6 DISCUSSION
None of the clinical trials that involve cells and biomaterials as treatment of IHD have been
successful enough to reach continued clinical evaluation. It seems thereof to be fundamental
aspects of knowledge missing, whether being in the disease itself or in the strategy of the
therapy. Regardless, both are subjects for further research. In this thesis and discussion, I touch
upon some of the possible reasons and strategies that may help in future cell and biomaterial
based therapies.
6.1

MODE OF ACTION IS IMPORTANT FOR TRANSLATION

As mentioned in the literature review, the first clinical trial for treatment of acute IHD using
biomaterials, was the alginate study PRESERVATION-1 (Frey et al., 2014). In contrast to this
study, we used agarose in our first study. Both agarose and alginate are derived from seaweed
and humans lack the enzymes necessary for their degradation. Thus degradation and clearance
are dependent on hydrolysis and phagocytosis by phagocytic cells, which limit their clinical
use. Regardless, they are still considered to be good candidates due to their low
immunogenicity and advantages when it comes to manufacturing and also mechanical
properties. When comparing the two carbohydrates, the transition from liquid to solid phase is
interestingly different. Agarose depends on heating and cooling to form a thermos-gel, whereas
for alginate the transition occurs in presence of Ca2+ that coordinates the alginate gelling. Both
molecules go through gelling in a non-covalent fashion. The question then arises if alginate
provides mechanical support or if it acts as a divalent cation scavenger in the infarcted region
upon delivery. In theory, alginate would prevent extracellular Ca2+ ions from being pumped
into cells and overload the cytosol and subsequently the mitochondria. Therefore studying the
agarose, alginate and cation scavengers for acute IHD might further determine not only if
alginate acts through mechanical support or through the action of ion scavenging. This might
also provide clues regarding mechanisms of cell-death in cardiomyocytes.
Determination of the mode of action of alginate should be better characterized before going
into clinical trials. An ion scavenging mode of action might be too late if applied later in the
reperfusion process. Thus many studies, like the PRESERVATION-1 clinical trial (Frey et al.,
2014), might perhaps be negatively affected by their unfortunate and untimely implementation.
6.2

CREATING RESPONSIVE CELLS THROUGH EXTRACELLULAR
FACTORS

In Study I (Mak et al., 2015) we demonstrated how agarose, gelatin and fibrinogen capsules
could be used for encapsulation and next release of cells by thermoregulation. Fibrinogen was
added for increased attachment. Mayfield and co-workers (Mayfield et al., 2014) have
previously demonstrated that fibrinogen increases integrin expression, although in our study
the release of cells was possible also without the addition of fibrinogen. The partial
decomposition and inherent ability to adhere to gelatin, made it possible for cells to exit the
capsules. It was later demonstrated by Mak and co-workers (Mak et al., 2017) that the release
was dependent on the rheological changes of the melting capsules. This extends the possibility
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to add other molecules for manipulating cellular phenotypes, while retaining the release
mechanism of the capsules by thermo-responsive partial decomposition. The addition of other
components able to direct differentiation, maintenance, quiescence and proliferation might
therefore be an attractive strategy to tailor cell therapy.
In our Study II (Olesen et al., 2021), we demonstrated an in vitro model that could pinpoint
regions of an organ that harbor specific ECM components of importance for cell preservation
and theoretically could be used for cell-encapsulation. Extracting niches by dissection of an
organ, including isolation of the ECM molecules, or alternatively producing recombinant
molecular cocktails, are viable options for producing biomaterial constructs. This advances the
possibility to produce artificial stem cell niches or to direct the differentiation and maturation
of both exogenously added and endogenous cells in vivo.
6.3

A NICHE IN THE HEART

Regarding the potential generation of artificial niches, understanding the ECM composition
and characterizing the cells within niches of tissues are essential for such a purpose. The
existence of different niches and stem-/progenitor cells in the heart and also their involvement
in regeneration are still extensively debated.
In Study II, we found cells positive for the pericyte marker CD146 in our StEMM model as
well as in the native heart, they were detected in the AVJ, and PVN but not to the interstitial
valvular root. PDGFR-β was not found in the AVJ, but instead extensively expressed in the
interstitial valvular root, and to some extent in the PVN. These findings imply different
phenotypes of the pericytes depending on anatomical localization (Litviňuková et al., 2020)
and consequently defined by the ECM-composition.
Pericytes and their relationship to MSCs and fibroblasts are still not clearly defined, but a
central theory involves the notion that they have the same origin and might even be the same
cell with phenotypes based on contextual circumstances (Crisan et al., 2008; Yamazaki and
Mukouyama, 2018). However, from the literature it is clear that PDGFR-β is a marker for
pericytes, while only a few articles mention subsets of MSCs expressing this receptor
(Tokunaga et al., 2008; Wang et al., 2018). Most articles covering MSCs and fibroblasts
instead associate them with expression of PDGFR-α, thereby implying the PDGF-receptors as
an interesting variable in mural and stromal cell biology and identity.
The cells used in our study (Olesen et al., 2021) characterized as MPCs were PDGFRβ+/PDGFR-α-, indicating somewhat a more pericyte-like phenotype, but they were also VEcad+/CD31-, which is a known expression profile of endothelial progenitor cells (EPCs) (Nolan
et al., 2007; Gao et al., 2008; Patel et al., 2017). This adds another cell-source of interest to the
potential niche of AVJ, being the endothelial cells.
However, in our study the MPCs did not differentiate into mature CD31+ endothelial cells.
Instead, they continued to express VE-cad. The question then arises whether the MPCs
remained in a possible progenitor state or not. Thus, assessing additional markers might further
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explain their progenitor status and requirements for maintenance and differentiation. EPC
markers, like VEGFR-2 (KDR or Flk1) (Friedrich et al., 2006) are known to act as co-receptors
with PDGFR and CD146 (Borges, Jan and Ruoslahti, 2000) and determining their expression
might aid to verify the progenitor state of the cells. Additionally, not only pericytes express
CD146, but also MSCs and endothelial cells (Bardin et al., 2001; Schrage et al., 2008; Leroyer
et al., 2019). As such the cells present in the AVJ of the native heart still remain to be
determined, as they could be either mesenchymal or endothelial cells. The co-existence of
multiple progenitors is also a viable scenario, or perhaps a cell-type that is a progenitor of both
mesenchymal and endothelial cells, known as mesoangioblasts (Vodyanik et al., 2010; Chong
et al., 2011; Zhang et al., 2018).
6.4

MIMIC A NICHE FOR CULTURE OF CLINICALLY APPLICABLE CELLS

Extracellular factors greatly impact cells in vivo, and in particular when expressed within niches
that can retain a certain phenotype of interest in favor of tissue regeneration. Although it is
clear that not only stemness is important in cell therapy, but also a specific phenotype and
response to the pathological process of each individual disease. As MSCs have been shown to
exert immunomodulatory functions, the focus has shifted from attempting to integrate them
into the target tissue through transplantation, to the use as a means of immunomodulation. This
is done by either delivery of cells following mass-expansion to generate efficacious doses, or
by extracting the entire, or parts of their secretome. In order to do this, appropriate culture
protocols are needed that support not only expansion, but also preserve their inborn phenotype.
In Study III, we studied the impact of oxygen tension during culture for phenotype preservation
of MSCs of different developmental stages.
We found that adult MSCs had an increased glycolytic activity and an unchanged oxidative
phosphorylation during hypoxic culture, which support previous notion of a preferred
glycolytic activity in adult MSCs (Nuschke et al., 2016). Additionally, MSCs are known to
shift in the metabolic ratio between glycolysis and oxidative phosphorylation when they
differentiate to chondrocytes, bone and fat (Fig. 16) (Chen et al., 2008; Pattappa et al., 2011;
Tormos et al., 2011; Shum et al., 2016; Salazar-Noratto et al., 2020). Based on this it was
suggested that the cells retain their undifferentiated state during the culture. Others have in turn
demonstrated an increased proliferation rate and maintained immunomodulatory properties of
MSCs during hypoxic cultures (Dos Santos et al., 2010; Roemeling-van Rhijn et al., 2013;
Caroti et al., 2017). In relation to this, hypoxia is a relatively cheap and simple approach and
easy to incorporate into good manufacturing practice (GMP) production. Therefore, hypoxic
cultures should be considered, validated and used for the expansion of clinically applicable
MSCs.
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Figure 16. Metabolism in mesenchymal stem cells and progenitors. (A) Bone marrow
mesenchymal stem cells remain quiescent in a hypoxic niche and use glycolysis. (B) Pre-adipocytes upregulate
oxidative phosphorylation (OxPhos), and reactive oxygen species (ROS) production from the electron transport
chain (ETC) complex III is highly active, to prime adipocyte differentiation. (C) Adipocytes upregulate glycolysis
and ATP citrate lyase (ACL), which leads to increased cytosolic acetyl-CoA (Ac-CoA) synthesis and, hence, an
increase in histone H3 acetylation (H3ac) and in lipid synthesis. H3ac, in turn, leads to activation of the
carbohydrate-responsive element-binding protein (ChREBP) transcription factor to promote GLUT4-mediated
glucose uptake and glycolysis in order to generate the acetyl-CoA needed. (D) In osteoblasts, which give rise to
bone, OxPhos and O2 consumption are upregulated, but ROS is suppressed via superoxide dismutase (SOD) and
catalase (CAT). (E) Glycolysis is further upregulated during chondrogenesis in chondroblasts, which give rise to
cartilage. Ng Shyh-Chang, George Q. Daley, Lewis C. Cantley. Development 15 June 2013; 140 (12): 2535–2547
(Shyh-Chang, Daley and Cantley, 2013). Reproduced under terms of COMPANY OF BIOLOGISTS (License ID
1159780-1).
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Furthermore, the use of a relevant ECM as a substratum might provide additional improvement
for the expansion of MSCs. The general concept of maintaining cell-specific phenotypes was
demonstrated back in 2009 by Zhang and co-workers who used decellularized tissues and
subsequent culture of their corresponding cell types (Zhang et al., 2009). Later the concept of
ECM-substratum was applied on MSCs as well, which could thereby retain their phenotype
while proliferating (Lai et al., 2010; Månsson-Broberg et al., 2016). Another study successfully
explored 3D-culture of MSCs, which arguably would enhance not only cell-to-cell adhesions
but also the ability for the cells to create their own 3D-microenvironment and cell-to-ECM
adhesions (Bartosh and Ylostalo, 2019), where both types of adhesions are important for celldivision dynamics (Uroz et al., 2018). Thus incorporating a complex ECM during the
expansion of MSCs is another viable option. In combination with a hypoxic environment, this
might provide a culture system that supports mass-expansion of MSC for clinical use, by
basically mimicking the bone marrow niche.
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7 CONCLUSIONS
I. Thermogels can support encapsulation and release of human cells upon exposure to
physiological temperatures, while at the same time, provide flexibility in the
composition of components.
II. The decellularized heart can be used to create semi-3D anatomical cross-sections as an
in situ representation of the ECM, in order to identifiy regions of interest
(or cell niches), defined through the combination of cellular and extracellular markers.
III. Clinically applicable cells retain stem-like metabolism during culture in hypoxia, which
implies the need for oxygen control during culture of MSCs mimicking physoxic
conditions.
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8 POINTS OF PERSPECTIVE
Taken together, myocardial fibrosis following ischemic heart disease is a complex process. It
is however clear that mitochondria, stromal cells and the innate immune system are collectively
involved and seemingly key-drivers of the deteriorating development towards fibrosis.
Targeting these parameters by using immunomodulatory cells, muscular progenitors or
biomaterials have been and continue to be extensively researched. Even though cells and
biomaterials show promise, they are equally unrefined and require technical advances together
with an increased fundamental knowledge for their successful applications. Determining cell
niches provides an approach that gives great insight to the requirements of cells during culture
and engraftment. Providing the extracellular factors associated with a given cell type’s niche
might overcome hurdles in expansion of therapeutic cells in vitro, and in the delivery and
engraftment in vivo.
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