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Abstract

Acute myocardial infarcts (AMI) are responsible for over half of the global cardiovascular disease
deaths. AMI survivors are prone to a lowered quality of life and a high chance of heart failure (HF).
After an infarct, the cardiac repair will take place in three overlapping phases. The inflammatory
phase, fibrotic phase and the remodeling phase. Resulting in fibrotic scar tissue and loss of
cardiomyocytes in the infarct zone. Thereby contributing towards a decrease in cardiac function.
Most therapies focus on treatment during the inflammation phase. However, disrupting the balance
of the inflammatory response can lead to an increase in tissue damage. Therefore, this article
focusses on a regenerative therapy post-remodeling phase when most repair processes are
stabilized. The therapy uses stem cells and a hydrogel to regenerate a new and healthy myocardium.
An injectable OPF/GO hydrogel can provide structural integrity and conductivity for increased stem
cell survival. Together with the capability of delivering biomolecules to the infarct zone. Included are
proteins periostin and TGFB. These could possibly return homeostasis in the infarcted tissue and
reduce collagen through their ability to recruit MMP and TIMP releasing fibroblasts. The OPF/GO
hydrogel will carry encapsulated mesenchymal stem cells (MSCs). Due to immune tolerance and the
ability to differentiate into multiple cell types needed in cardiac repair, MSCs are a promising
candidate for cardiac regeneration. It is demonstrated that MSCs can differentiate into
cardiomyocytes in the human body making it viable for therapy. Combined with hepatocyte growth
factor (HGF), the survival rate of MSCs is increased showing an enhancement of the cardiac function.
In conclusion, the concept of an OPF/GO hydrogel with encapsulated MSCs combined with fibroblast
recruiting factors can regenerate myocardium and possibly degenerate the fibrotic scar tissue.
Improving cardiac function and decreasing morbidity.
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Introduction

The leading cause of global morbidity and mortality is cardiovascular disease (CVD). CVDs are
responsible for 31 percent of global deaths. This translates to a death toll of 17.9 million people
(World Health Organization, 2017). Half of these deaths are caused by ischemic heart disease,
otherwise known as coronary heart disease (World Health Organization, 2018). Ischemia arises due
to insufficient circulation of oxygen rich blood towards tissues. A sustained lack of oxygen in the
heart muscle eventually leads to myocyte necrosis. This occurrence is called a heart attack or an
acute myocardial infarct (AMI) (Cahill & Kharbanda, 2017). Nowadays most of the people survive the
initial AMI due to advancements in medical care. The introduction of primary percutaneous coronary
interventions and the addition of improved drug therapy reduced the AMI mortality rate with 15
percent in the last 30 years (Cahill & Kharbanda, 2017). However, survivors of an infarct are six times
more likely to lose their life to heart failure (HF) compared to people in the same age group without
an infarct (World Health Organization, 2013).

An AMlI is induced through a severe restriction or even blockage of the coronary artery. This blockage
in most of the cases is caused by atherosclerosis, an inflammation induced plaque build-up in the
artery. When this plaque ruptures due to mechanical stress (e.g. rise in blood pressure) a blood clot
can form and severely reduce the oxygenated blood flow toward the heart muscle. If the blockage is
severe enough acute ischemia will occur causing myocyte death (Institute of Medicine (US), 2010).
The period after the infarct (acute ischemia phase) is commonly divided in three overlapping stages.

Inflammatory phase

The inflammatory and necrotic phase takes place during the first week after an AMI. The necrosis of
the cardiomyocytes induces the wound healing cascade. This cascade is triggered by cardiac mast
cells that release the pro-inflammatory cytokines TNFa, IL-1B and IL-6 after ischemia (Frangogiannis
et al., 1998). TNFa induces the synthesis of chemokines and adhesion molecules in inflammatory
leukocytes. Secreted and activated matrix metalloproteinases (MMP’s) start to degrade matrix
components due to the MMP’s ability to cleave collagens, gelatins and proteins (Richardson et al.,
2015). Simultaneously, chemokines of the C-C and C-X-C family and cytokine IL-1B mediate the
mobilization of leukocytes like macrophages (Dewald et al., 2005). Macrophages will phagocytize the
degraded material. A temporary tissue consisting fibrin, fibronectin, laminin and glycosaminoglycans
will form as a support structure before fibrillar collagen is upregulated and become the primary
component of the scar tissue (Holmes et al., 2005). During the formation of the temporary structure
IL-1 inhibits the activation of myofibroblasts until the infarct zone is cleared from the dead myocytes
and extra cellular matrix (ECM) components (Saxena et al., 2013).

Fibrotic phase

After the removal of the dead cells the repair response is activated by inhibiting inflammatory
signaling. Due to high levels of IL-1, the IL-1 receptor-associated kinase 3 (IRAK-3) is induced. IRAK-3,
found in macrophages and fibroblasts, inhibits cytokine expression and reduces the inflammatory
responsiveness in cells (Kobayashi et al., 2002). When the inflammation is suppressed, mesenchymal
cells migrate towards the infarct zone. Together with already present cardiac fibroblasts the cells
proliferate and differentiate into myofibroblasts (Ma et al., 2014). The migration of the future
myofibroblasts is induced by the activation TGF-f and the inhibition of pro-inflammatory cytokine IL-
1. During an AMI, latent TGF-B that is stored in the myocardium is activated. Infiltrated leukocytes
and fibroblasts also synthesize new TGF-B (Frangogiannis, 2014). The lowered inflammatory
responsiveness causes TGF-B to stimulate myofibroblast transdifferentiation. TGF-B also upregulates
the synthesis of TIMPs (Tissue inhibitors of MMPs). TIMPS inhibit the previously activated MMPs and
thereby stimulation the increase of collagen (Sun & Weber, 2000). The differentiated myofibroblasts



start the expression of collagen (type |, lll, IV and VI) around a week post infarction. The collagen
content in the infarcted zone can increase 10-fold in the following weeks (Richardson et al., 2015).

Remodeling phase

In the final phase of scar development, the infarct scar matures. This phase is called the remodeling
phase and lasts for a couple of months post infarction. A small number of myocytes survived and are
present in the infarcted zone. Most of the processes that formed the scar stabilize including the
expression of collagen. However, there is an increase in collagen crosslinking stimulated by the
expression of lysyl oxidase (cross-linking enzyme). Together with the secretion of decorin and
biglycan, proteoglycans that influence the organization of collagen, the cross-linking is essential for
stabilization of collagen (Richardson et al., 2015). Due to the cross-linking the strength and stiffness
of the infarct is increased, interrupting efficient cardiac contraction. The metabolic activity of the
infarct zone decreases with the clearance of myofibroblasts and vascular cells. Both contributing to
diastolic dysfunction and heart failure due to the disruption of the cardiac ECM changing the

ventricular geometry (Dobaczewski et al., 2010).
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Figure 1: Cardiac response after an acute myocardial infarction. Cellular response: Displays response in inflammatory phase,
fibrotic phase and remodeling phase. Biomaterial strategy: Therapeutic strategies per phase. (Ferrini et al., 2019)

Heart failure is the disability of the ventricular diastole or systole after a structural or functional
cardiac disorder. HF can occur as a result of failure to restore the blood flow during the event of an
AMI. This induces progressive cell death and contractile dysfunction. However, late-onset HF
occurrence is also possible that due to the scar formation and ventricular remodeling (Cahill &
Kharbanda, 2017). The scar tissue nevertheless prevents the ventricle wall from rupturing. But it does
not have the same mechanical properties as myocardial tissue. In contrast to the myocardium it is
not possible for scar tissue to contract or conduct electrical signals. It also stresses the heart muscle
because there is less myocardial tissue that has to produce the same output resulting in
compensatory hypertrophy (Ongstad & Gourdie, 2016).

While there are treatments for reducing the scar tissue most of them are focused on the intervention
immediately after an AMI or during the first week post-AMI. After an AMI, the blood flow should be
re-established to prevent further damage and eventually a smaller scar. This is realized by admitting
blood clot dissolving drugs like streptokinase or urokinase. Too fully clear the clot, angioplasty is
performed. A catheter with a balloon at its tip that is inflated at the location of the plaque. Causing



the artery to be expanded and the plaque to be flattened. When multiple blockages are present
coronary bypass surgery is needed to restore reperfusion (Lu et al., 2015). Adequate and immediate
treatment can decrease the infarct size, but scar tissue is still formed. Most of the current treatments
are focused on reducing the infarct size. Targeting the inflammation response is thought to be a
promising therapeutic intervention. The inhibition of pro-inflammatory signaling can prevent the
cardiomyocytes from apoptosis. By inhibiting leukocyte signaling there is also a damage reduction in
surviving cardiomyocytes. However, the inflammation cascade also plays an important role in the
repair of the infarct. Thus, while preventing injury with anti-inflammation therapy the repair function
of the cascade is also impaired. Resulting in a decrease in progenitor cells that stimulate angiogenesis
in the infarct weakening the remaining cardiomyocytes. (Huang & Frangogiannis, 2018). Altering the
balance of the inflammatory phase and fibrotic phase can eventually lead to an increase in tissue
damage, scar formation and cell loss (Prabhu & Frangogiannis, 2016).

The research in cell-based regenerative therapies after the occurrence of an AMI has gained
considerable interest. These therapies mainly focus on placing functional cardiomyocytes into the
infarct zone. These functional cells are derived from multiple sources like embryonic stem cells or
induced pluripotent stem cells (iPSC) as well as cardiac progenitor cells (CPC) and bone marrow-
derived cells (BMCs). There is substantial disagreement which of these sources is optimal for therapy
(Spath et al., 2016). Regardless, both sources can generate functional cardiomyocytes. In this article
focus is laid on the application of stem cells not on their origin.

Another novel cardiac regeneration method is the usage of hydrogels. These can be used to
distribute biomolecules that improve the affected cardiac tissue (e.g. VEGF, Periostin, TGF-B and
Intermedin) or aid cell-based therapies. Hydrogels are semi-liquid solutions that can be used as
scaffolds in tissue engineering as well as a drug delivery structure. The benefit of hydrogels is that it
can be delivered to the desired tissue with a minimally invasive procedure (Pefia et al., 2018).

The ultimate treatment of a post-AMI is replacement the scar tissue with a functional new
myocardium. This article explores the possibility of post-AMI cardiac tissue regeneration primarily
focused on cell-based regenerative therapy combined with supporting hydrogels. The therapy is
focused after or during the remodeling phase since the patient needs the time to recover from the
infarct. In addition, the ongoing processes stabilize during the final phase and thereby are more
accurate to predict.

Injectable hydrogels to provide structural integrity and deliver biomolecules
Biomolecules and stem cells are an important factor in the regenerative treatment of an AMI. These
are targeted to improving myocardial function and decreasing the influence of the scar tissue.
However, the administration of these biomolecules brings difficulties such as a short half-life,
nonspecific delivery and poor targeting towards the affected area (Pefia et al., 2018). To overcome
this problem, biomaterials that mimic the ECM are used to secure the biomolecules and stem cells
against degradation. For example, by mimicking the ECM, the chance of implant-repulsion due to an
immune response is reduced. Biomaterials also increase the survival rate and can improve the
targeting (Truskey, 2016).

The constructs used for cardiac regeneration should not only improve cell retention but also mimic
the biochemical and electromechanical function of the cardiac tissue. Additionally, it is beneficial that
the biomaterial is biodegradable, biocompatible and holds matching mechanical properties as the
myocardial tissue. Biocompatibility is important reduce the effect of the immune system willing to
reject the material (K. Y. Ye & Black, 2011). When delivering the material to the infarcted zone it is



desired that this is done in a minimally invasive procedure. Further damage to myocardial tissue will
only increase the change of HF.

There are three primary delivery methods used in cardiac regeneration. Biomaterial patches are
scaffold like structures that can be fitted with cells and biomolecules. These scaffolds can be
implanted on the heart wall (L. Ye et al., 2013). Another promising method are cell sheets cultured on
a thermos-sensitive polymer. Due to the thermo-sensitivity it is possible to regulate the detachment
of the cells. These sheets will be implanted on the heart wall (Matsuura et al., 2014). The last
procedure is the injectable hydrogel, a liquid cross-linked polymer solution that transforms into a gel
after a stimulus. The solution, which can contain biomolecules and cells, will be injected into the
heart wall (Hasan et al., 2015).

Both procedures for biomaterial patches and cell sheets require invasive surgery. However,
injectable hydrogels provide a minimally invasive procedure (catheter delivery) to achieve cardiac
regeneration (Sepantafar et al., 2016). In addition to a favourable procedure, hydrogels also can be
synthesized to consist needed biochemical and electromechanical functions (Pefia et al., 2018).
Therefore, it seems promising to focus on hydrogels in cardiac regeneration. Even though, hydrogels
are lacking the biomechanical properties of cardiac tissue.

Hydrogels, as seen in figure 2, can be constructed with natural polymers (fibrin, collagen and
chitosan), synthetic polymers (PLGA and PEG) or a combination of both. Natural hydrogels contain a
high biocompatibility due to preservation of the biochemical properties of the polymers. However,
they provide little control over the mechanical properties being conductivity and antioxidant abilities.
In contrary, synthetic hydrogels lack biocompatibility but are more accessible to control
mechanically. Furthermore, synthetic polymers are more stable and reproducible. Combining
properties of both hydrogels is most likely the best option to comprise the advantages of natural and
synthetic gels (Pefia et al., 2018). For the cardiac regeneration, hydrogels should be used as a
supportive structure to increase the survivability of the stem cells. Moreover, it should also contain
biomolecules that promote cell growth and decrease the scar tissue.

During a 2012 study (Wang et al., 2012), the hydrogel OPF (oligo(poly(ethylene glycol) fumarate)
combined with encapsulated mESCs significantly decreased the infarct size and collagen contents and
overall improving cardiac function. OPF is a hydrogel made from fumaryl chloride and polyethylene
glycol (PEG). The OPF hydrogel was encapsulated with mouse embryonic stem cells (mESC) and was
injected in rats 7 days post-induced MI. The study was divided into four distinct groups, injection
surgery of PBS, OPF, PBS + mESC and OPF + mESC. It was demonstrated that the OPF increased the
survivability as well as the retention of the mESCs. mESCs encapsulated in OPF also inhibited
ventricle remodelling after infarct improving the cardiac function. This improvement is probably
induced by the structural and mechanical support that the hydrogel provides. It is remarkable that
the hydrogel promotes regeneration of the infarcted tissue without the addition of cells or growth
factors (OPF group). Besides the positive effects of OPF it also possesses useful properties. With
thermal radical initiators, compounds that generate cations or radicals during heat exposure, added
to the hydrogel it is possible to crosslink OPF at 37 degrees Celsius. Causing the hydrogel solution to
solidify after exposure to body temperature (Wang et al., 2012). OPF contains a high-water content
making it water soluble. It is also more biodegradable and biocompatible than natural biomaterials
(Hui et al., 2013). According to a study in 2018 it is possible to create conductivity in the OPF
hydrogel by adding graphene oxide nanoparticles (GO). After injection of the OPF/GO hydrogel
improves conductivity between the healthy myocardium and cardiomyocytes in the infarcted scar
tissue. The conductive hydrogels also promote cell adhesion, cell alignment and interaction between



cells (Zhou et al., 2018). However, the mechanisms responsible for the improvement of cardiac
function after OPF/GO injection are unknown and still under investigation.

Besides functioning as a structural component, the hydrogel can also be used to deliver molecules to
the infarcted area. To return the contractile function after an AMI not only the myocardium has to be
restored but also the scar tissue has to be removed. Since this regenerative approach is focused on
treatment during and after the scar tissue maturation, regenerated myocytes are likely to be
surrounded by a higher collagen content (French & Holmes, 2019). The removal of collagen should be
done carefully because the post-AMI fibrosis is a reparative and strengthening process for the heart.
And interruption could cause an increased chance of heart failure (Jugdutt, 2009). After scar
maturation the deposited collagen is accumulated and cross-linked, stiffening the scar structure. The
insertion of a structure providing hydrogel combined with encapsulated stem cells can stimulate and
contribute to the formation of a healthy myocardium on top of the scar tissue. Theoretically it could
be possible to degrade the cross-linked collagen from the scar structure without the risk of post-Ml
rupture. Due to the regenerated myocardium that created a new supporting ECM. A mature scar
predominantly consists of collagen | and Ill, these are the same types of collagen found in a healthy
heart. However collagen levels in a post-AMI heart are increased significantly (Richardson et al.,
2015). The myocardial fibrosis is linked to increased levels of MMP2 and MMP9 expressed by cardiac
fibroblasts. After depositing collagen, fibroblasts leave the scar tissue or go into apoptosis
(Vellaichamy et al., 2005). The increased collagen shows that MMPs do not only degrade ECM, but it
can also promote production of ECM proteins by activation of TGFB. Matrix metalloproteinases are
divided in 23 enzymes in humans. Normally, MMPs remain in a low active state. However, the
transcription is induced by inflammation. Apart from ECM molecule removal MMPs can also affect
cell migration, growth factors, apoptosis, cytokine release and more (Nagase et al., 2006). MMP
activity is regulated at multiple extents. This is done at gene expression, MMP release from the cell,
enzyme activation and by specific and non-specific inhibitors. Because MMPs are part of an
important signalling network in tissues, uncontrolled MMP release can be detrimental to tissues
(Loffek et al., 2011). This control is in vitro regulated by the cardiac fibroblasts.

Cardiac fibroblasts (CFBs) primarily maintain the structure of the cardiac ECM but also transduce
electrical and mechanical signals (Humeres & Frangogiannis, 2019). CFBs produce not only ECM
molecules but also the regulatory proteins TIMPs and MMPs. These are critical to maintain ECM
homeostasis (Krenning et al., 2010). However, the function of CBFs can also be changed by TIMPs
and MMPs. It is shown that by cleaving collagen type | fibrosis can be triggered. A Membrane-Type
MMP (MT1-MMP) can cleave and activate the inflammatory TGFB causing new collagen production
(Zavadzkas et al., 2011). Post-AMI, the homeostasis is changed since there are no fibroblast
expressing MMPs or TIMPs (Fan et al., 2012). It could be possible to return these cells and restore the
homeostasis and decrease the collagen deposition in the matured scar tissue. CFBs are generated
from mesenchymal cells during the epithelial-mesenchymal transition. After myocardial injury CFBs
can be derived from recruited bone marrow progenitor cells, monocytes and fibrocytes (Krenning et
al., 2010). The transition to CFBs is induced by the proteins periostin and TGFp. Periostin is essential
in regulating the mechanical properties of the myocardium (Norris et al., 2008). TGFp stimulates the
epithelial-mesenchymal transformation and induces the transition to CFBs by activation of ALK2
(TGFB receptors) (Olivey et al., 2006). Adding both periostin and TGFp to the hydrogel, cardiac
fibroblasts could be recruited and possibly return the homeostasis by decreasing collagen in the scar
tissue.
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Figure 2: Overview on the beneficial components of the OPF/GO hydrogel

In conclusion, the hydrogel is supposed to provide structure to the stem cells thereby improving
survival rates. Besides the structural component, the hydrogel should also be used to deliver
periostin and TGFp to return cardiac homeostasis. By adding graphene oxide to the OPF gel,
conductivity between healthy myocardium and infarct affected myocytes will be increased overall
improving cardiac function as seen in figure 2.

Regenerating infarcted myocardium with stem cells

To increase the contractile function of a post-AMI ventricle, lost cardiomyocytes have to be replaced.
Without these cardiomyocytes, the working capacity of the heart will decrease, and the morbidity of
the patient will increase (Pfeffer & Braunwald, 1990). Because cardiomyocytes are not able to self-
regenerate, stem cells can be used as a therapeutic intervention. In scientific literature there are
found two groups focusing both on different types of stem cell therapy.

The first group of stem cells are targeted on remuscularizing the scar tissue. These stem cells are
transplants of cells with the ability to form myocardium, like embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs). Furthermore, precursors from cardiomyocytes can also be used
(Golpanian et al., 2016). Studies have shown that it is possible to engraft these cells and that the cells
successfully differentiate into cardiomyocytes in rodents. However, the differentiation of ESCs into
cardiomyocytes did not correlate with a functional improvement of the left ventricle (Riegler et al.,
2015). In a non-human primate model, it is also displayed that ESC-cardiomyocytes can be produced
and preserved. The cardiomyocytes displayed gradual but incomplete maturation after three
months. These cells showed that a small vascular system was established between the host cells and
the graft as well as a regular ECG output. But ventricular arrhythmias were seen in the graft, most
likely due to asymmetry between conduction velocities between host and graft. Making it susceptible
to HF (Chong et al., 2014). The remuscularization of the scar tissue seems viable but there are still
questions if this model is ample for cardiac repair. Since some long term studies fail to show
improvement of the cardiac function after engraftment (Golpanian et al., 2016).

The second group focuses on inducing the internal repair mechanism with the engraftment of stem
cells that have less capacity to form myocytes but are used to stimulate cardiomyogenisis from host
cells (Hatzistergos & Hare, 2015). In this group mesenchymal stem cells (MSCs), bone marrow
mononuclear cells (BMCs) and cardiac progenitor cells (CPCs) are used to establish interactions with
the host myocardium inducing vasculogenisis and cardiomyogenisis due to differentiation of MSCs
(Quevedo et al., 2009). A 2010 study in swine demonstrates that MSCs derived from the bone
marrow stimulate myocardial repair through cell-autonomous response and differentiation. The
MSCs differentiate into cardiomyocytes directly after transplantation which contribute to an 8%
increase in new myocardium. This also induces endogenous cardiac repair and a decrease in scar
tissue. It should be noted that the delivery of MSCs was done 3 days post-AMI. However, there is no
consensus if timing has an substantial impact on the treatment (Hatzistergos et al., 2010). Bone
marrow cells engraftment in mice also show an increase in newly formed myocardium. As well as the



development of proliferating myocytes and neovascularization (Orlic et al., 2001). Compared to
remuscularizing the scar tissue, this therapy leads to a lower amount of MSCs but there is a
significant increase in the regeneration of the heart function.

Overall, MSCs are the most promising candidate for cardiac regeneration because they are relatively
easy to isolate from a biopsy of the bone marrow or the cardiac stroma. MSCs are found in nearly
every tissue, contributing towards maintenance and homeostasis. In the human body MSCs also
show immune tolerance creating the option to use allogenic MSCs without tissue rejection.
Furthermore, MSCs are capable to differentiate into cardiomyocytes, endothelial cells and vascular
smooth muscle cells which are all important in cardiac repair. However, the efficiency of the MSCs
engraftments are still low and need improvement before they are deemed feasible for treatment
(White et al., 2016).

Due to the absence of the Major Histocompatibility Complex Type-Il (MHC-II), there is no allogeneic
tissue rejection. But MSCs also lack MHC-1 making them susceptible for natural killer cells. However,
studies show that there is no difference between autologous and allogenic MSCs (Rasmusson et al.,
2003). This is explained due to a lower expression of receptors on the MSC membrane that naturally
stimulate natural killer cells into cell lysis (Spaggiari et al., 2008). Additionally, pro-inflammatory
cytokines released by the immune system are suppressed by MSCs. Antigen-presenting dendritic cells
in the innate immune system are downregulated by MSCs. Dendritic cells produce tumor necrosis
factor a (TNF-a), a pro-inflammatory cytokine, when MHCs are presented. However, the production
of the cytokine is suppressed through the presence of MSCs due to the capability of inhibiting TNF-a
producing regulatory T cells (Aggarwal & Pittenger, 2005).

Apart from the immunosuppressive properties, MSCs are also able to synthesize MMPs and TIMPs.
Making them proficient in cardiac remodelling, degrading the fibrotic scar tissue and stimulate
angiogenesis (Traktuev et al., 2006). By addition of factors that promote MMP expression it can be
possible to reverse the maturation of the fibrotic tissue. When heme oxygenase-1 (HO-1) is
presented to MSCs and injected in an infarcted myocardium, cardiac function was improved
significantly. As well as an increase in peripheral blood vessels (Shu et al., 2010). Even though the
MSCs were engrafted one hour after AMI, days before maturation of the scar tissue. This shows the
possibility of remodelling the infarcted heart by stimulating MSCs with regenerative factors.
Furthermore, CFBs are also regulated by MSCs, counteracting the fibrotic mechanism of the CFBs.
Stimulating the return of homeostasis and the degradation of fibrotic tissue through the release of
TIMPs and MMPs (Mias et al., 2009). The improved angiogenesis after engraftment with MSCs is due
to the fact that it can also differentiate into endothelial and vascular smooth muscle cells. While
MSCs also produce proangiogenic factors like VEGF and other angiogenic molecules (Merfeld-Clauss
et al., 2010).

MSCs are capable of differentiate into multiple cell types like epithelial cells, osteoblasts, pulmonary
cells and adipocytes. Numerous factors can be used to mediate the differentiation process. For
example, addition of VEGF mediates the differentiation into osteoblasts and adipocytes (Liu et al.,
2012). For the regenerative treatment of an AMI the differentiation of MSCs into cardiomyocytes is
the most important. To achieve this, ex-vivo studies present that MSCs can be exposed to growth
factors like bone morphogenetic protein-2 (BMP-2), fibroblast growth factor-4 (FGF-4) and
antioxidants to form cardiomyocytes. The derived cardiomyocytes show the expression of cardiac
transcription factors and form cell-cell interaction with already present myocytes (Shim et al., 2004).
The addition of growth factor can be used to precondition the MSCs before implanting. However, the
engraftment of MSCs in vivo in the infarcted zone also demonstrates differentiation into
cardiomyocyte like cells without supplemental growth factors. Although this is researched in swine, it
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displays that growth factors are already present around the infarcted zone (Kamihata et al., 2001).
Unfortunately, when implanted in humans only a three to four percent increase in heart function is
measured, most likely caused by the low survival rate and poor differentiation of the engrafted MSCs
(Roura et al., 2017).

In a recent study bone marrow human-MSCs (BM-hMCs) are primed to increase survival and
retention. This is done by the incorporation of genetically modified HGF releasing MSCs with BM-
MSCs in a hydrogel. HGF has the property of being an antiapoptotic factor. Therefore, increasing the
survival rate of BM-MSCs (Park et al., 2020). The results showed a longer survival period of the BM-
MSCs and an increase in the activation of antifibrotic and angiogenic pathways through HGF. This
treatment looks to be promising in treating and regenerating the infarcted heart.
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Figure 3: Overview of MSC capabilities ultimately improving cardiac function

In short, the ability to differentiate into multiple cell types like cardiomyocytes and endothelial cells
is beneficial for maintaining all aspects of cardiac repair. The lack of allogenic rejection due to the
absence of MHC-Il is also positive. An overview of the MSCs functions is found in figure 3. These
findings combined with the MSCs induced increase of cardiac function make them feasible for
regenerative therapies. However, the efficiency of the MSCs needs an enhancement before viable.

Discussion

Therapeutic interventions after an AMI have been researched intensively. Most of the research
focusses on inhibiting the inflammatory response in the inflammatory phase. This article focused on
regenerative intervention post-fibrotic phase. To intervene after maturation of the scar brings
advantages and disadvantages. The possibility of HF will increase when waiting for the infarct
cascade to have settled. But intervening before maturation can disrupt the balance in the healing
process and causing an increase in tissue damage (Prabhu & Frangogiannis, 2016). Intervening after
the maturation process is therefore more viable. By combining the regeneration of cardiomyocytes
together with the degradation of scarred tissue an increase in heart function can be achieved but
research is needed. To accomplish this, an OPF/GO hydrogel with encapsulated MSCs should be
injected on to the infarcted zone. This article displays which types of hydrogel and stem cells are the
most promising to achieve this goal. Hydrogel can be used to service not only as structure for the
MSCs but also to improve conductivity within the infarcted zone. In combination with CFB recruiting
factors tissue homeostasis can possibly return. The MSCs show a high potential in increasing heart
function and tissue regeneration. However, in vivo studies demonstrated a low survival and retention
rate after implantation. By exposing the MSCs to antiapoptotic factors this rate can be increased
significantly. By encapsulating the MSCs in a hydrogel the retention rate will improve as well.
Together with the possibility to release growth factors through the hydrogel, a combination of both
MSC and hydrogel seems unavoidable.

The OPF/GO hydrogel provides both structure and an improvement in conductivity as well as a higher
biocompatibility and biodegradability. Improved conductivity is thought to have beneficial effects on
the regeneration, the mechanism behind it is not yet fully understood. OPF/GO gel is only used in
combination with embryonic stem cells. However, several papers show that OPF gels are compatible



with MSCs (Zhou et al., 2018). The hydrogel will cross-link and solidify after exposure to 37 degrees
Celsius. Making it useful in implanting in the human body without the addition of external factors.
The OPF/GO hydrogel could be the desired material for cardiac regeneration due to the high
biocompatibility and biodegradability, together with the conductive properties.

Returning the lost ECM homeostasis in the infarcted zone is important. In the heart homeostasis is
mediated by cardiac fibroblasts. After scar maturation the fibroblasts cease expressing both MMPs
and TIMPs. By exposing MSCs to periostin and TGFpB, cardiac fibroblasts can be recruited through the
epithelial-mesenchymal transition (Moustakas & Heldin, 2016). The exposure can be facilitated by
releasing both periostin and TGFB through the hydrogel. There is a lot of research done towards the
effect of cardiac fibroblast induced homeostasis in a healthy myocardium. However, the influence of
returning homeostasis through fibroblast in fibrotic tissue after an AMlI is not fully understood. There
is a possibility that fibroblasts will not reduce the fibrotic tissue resulting in a sustained
compensatory hypertrophy. Nonetheless, when combined with the MSCs and the OPGF/GO hydrogel
cardiac function will improve.

Implanted MSCs showed to have the most potential in developing new cardiomyocytes and
regenerate myocardium post-AMI. Due to their immunosuppressive nature it is possible to use
allogeneic MSCs without tissue rejection. After implanting the MSCs secrete antifibrotic and
angiogenic factors increasing the viability of the tissue (Traktuev et al., 2006). These antifibrotic
factors also regulate the cardiac fibroblasts making it unnecessary for external regulatory factors.
Research has shown that implanted MSCs are not capable of surviving for an extended period of time
in the graft (Roura et al., 2017). However, with the addition of HGF releasing MSCs in a hydrogel, the
survival time can increase significantly. Improving the regeneration of the myocardium.

It is important to understand that most of the information stated results form research where is
intervened directly post-AMI. It is possible that these results do not correlate if these therapeutic
interventions are used when the infarcted scar tissue has matured. However, some cardiomyocytes
still survive in the scar tissue (Richardson et al., 2015). Creating the impression that it is possible to
still intervene and regenerate the infarcted tissue.

Injectable hydrogels Bioactive factors
= Natural = Anti-apoptotic
! = Synthetic = Pre-angiogenic
i = Anti-inflammatory
£ § = Immunomodulatory
A | <N
| \ 1 ST
gy
Injured heart
<
Q21
Angiogenesis Attenuated left
5 ventricular
— g —e — remodelling
g
[ -
8 Immunemodulation Improvad_cnrd:ac
Time function
Hydroge! loaded with Release = = .
bioactive factors —= -
Cardiomyocytes survival

Figure 4: Schematic overview of components in injectable hydrogel. A synthetic OPF/GO gel will be used as an injectable
hydrogel. Hydrogels are treated with Periostin, TGF8 and HGF as bioactive factors. Encapsulated MSCs will be present in the
hydrogel (Not shown in figure). (Ferrini et al., 2019)



These findings demonstrate that the concept of an OPF/GO hydrogel combined with HGF releasing
MSCs and fibroblast recruiting factors can regenerate the infarcted myocardium and decrease
fibrotic tissue. Overall improving heart function and decreasing morbidity. However, many
mechanisms in this concept are still unknown and need thorough research.
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