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Resumo Alargado

As doencas cardiovasculares séo a principal causa de morte no mundo, contudo pouco progresso
tem sido efetuado na restituicdo da funcdo do tecido danificado em situacdes de doenca ou leséo.
Isto € atribuido a limitada capacidade regenerativa do cora¢do, uma vez que os cardiomiécitos, as
células fundamentais do coracdo, ndo sao capazes de se replicarem a uma taxa que compense a
perda de tecido.

O enfarte miocardio corresponde a morte celular generalizada resultante de uma leséo isquémica.
Caracterizada pelo bloqueio subito das artérias coronarias (vasos sanguineos responsaveis por levar
0 sangue ao coragédo) levando a falta de oxigénio e nutrientes que chegam ao tecido cardiaco. Para
evitar a rutura do tecido, causada pelo espago vazio deixado pela morte celular pés-lesdo, forma-se
uma cicatriz fibrosa secretada pelos fibroblastos cardiacos residentes. A fibrose cardiaca é
constituida por deposicao aberrante de matriz extracelular, rica em colagénio, que apesar de ter uma
funcdo estrutural essencial, também contribui para a insuficiéncia cardiaca e est4 associada a

prognésticos negativos.

Contrariamente aos animais adultos, os murganhos neonatais apresentam uma breve janela de
tempo para a regeneracdo cardiaca. Assim, no primeiro dia do nascimento (P1) o coracdo é capaz
de regenerar ativando a proliferacdo de cardiomiocitos. Ao contrario, no dia 7 pés-natal (P7), esta
capacidade ja ndo é observada. Resultando numa resposta reparatéria com formacao de fibrose
cardiaca. Presentemente, o papel dos fibroblastos cardiacos e da matriz extracelular por si produzida
na regeneracgao e na transicdo para uma fase reparatéria € desconhecido. O que € particularmente
importante considerando que os fibroblastos desempenham um papel significativo na remodelacéo

cardiaca.

Os resultados do nosso grupo mostraram que a expressdo do transcrito que codifica o fator de
crescimento semelhante a insulina 1 ou IGF1 est4 aumentada entre P1 e P7. IGF1 é conhecido por
ser capaz de induzir a proliferacdo e sobrevivéncia celular em cardiomiocitos e fibroblastos

cardiacos.

Subsequentemente, utilizamos um modelo de cultura celular de fibroblastos cardiacos humanos
(FCH), e dois modelos de enfarte do miocardio (EM) de murganho, um modelo adulto (de reparacao)
e um modelo neonatal (de regeneracédo) para descobrir o papel do IGF1 no processo reparador e de

regeneracgao, respetivamente.



No modelo adulto, observamos um aumento da expressao de IGF1 na regido do coracdo sujeita EM
96 horas poés lesdo quando comparado com o controlo. Contrariamente, no modelo de lesdo

neonatal, a expressdo de IGF1 diminuiu em comparag&o com o controlo.

Usando o protocolo de ativacdo de FCH avaliamos o papel do IGF1 na ativacdo de FCH. Apesar de
ao nivel transicional o aumento da expressédo de genes associados a ativagédo de fibroblastos em
resposta do tratamento com IGF1 ser modesto, ao nivel da proteina verificou-se um aumento
significativo de a-SMA (marcador de ativacao de fibroblastos cardiacos), indicando que o IGF1 induz
a ativacdo de fibroblastos cardiacos. Paralelamente, por meio de um ensaio de hipoxia,
demonstramos que o IGF1 é capaz de proteger o HCF da apoptose induzida por hipoxia, que é um

dos componentes da lesao isquémica.

Em suma, descobrimos que o IGF1 tem um papel importante na resposta a leséo isquémica cardiaca
e induz ativacdo de FC, podendo o seu aumento no periodo neonatal estar envolvido na transicdo

regeneragao-reparacao.

Palavras-Chave: Doengas Cardiovasculares; Coracgdo; IGF1; Reparagéo; Regeneragao.

Vi



Abstract

Cardiovascular diseases are the leading cause of death worldwide, with ischemic heart disease being
the most prevalent, yet no breakthrough in restoring healthy tissue function has been achieved. In
part, this has been attributed to the limited regenerative capacity of the heart since cardiomyocytes
after an injury do not replicate at a sufficient rate for regeneration to occur.

Myocardial Infarction, or MI, is the widespread cell death resulting from an acute ischemic injury
following sudden blockage of the coronary arteries, leading to a lack of oxygen and nutrients reaching
the myocardium. To prevent the tissue rupture caused by the hollow space left out by the cell death
post-injury, a collagen-rich fibrous scar is formed by the abnormal deposition of the extracellular matrix
(ECM) by cardiac fibroblasts (CF). Although essential, this provides structural support to the
myocardial wall after injury, cardiac fibrosis also contributes to heart failure and is associated with

poor clinical outcomes.

However, work in mice showed a brief time window for heart regeneration: at postnatal day 1 (P1),
the heart regenerates by the proliferation of cardiomyocytes, while at postnatal day 7 (P7), it engages
on a repair response. Yet, the role of CF and their produced ECM in this transition is still unknown.

This is especially important considering CFs are known to play a significant role in cardiac remodeling.

Herein, using RNA-sequencing, we showed that insulin-like growth factor 1 or IGF1, an ECM-
associated protein secreted by CF, is up-regulated between P1 and P7. IGF1 is known to induce cell
proliferation and survival in CMs and CFs. Following this, we combined an in vitro human CF (HCF)
activation protocol with adult (Repair model) and neonatal (Regenerative model) Ml mouse models
to unveil the role of IGF1 in repair and regeneration, respectively.

We observed an upregulation of IGF1 expression in different heart regions after Ml in the adult MI
model. Contrarily, IGF1 expression was downregulated following neonatal MIl. These findings
demonstrate that IGF-1 may be essential for the repair process and that IGF1 knockdown may be

determinant for effective regeneration.

Using an activation protocol of HCF, we measured the impact of IGF1 on CF activation and found
that although not very evident at the transcriptional level, IGF1 was able to increase the number of a-
SMA-expressing cells supporting IGF1 capability to induce fibroblast activation. Furthermore, we

demonstrated that IGF1 is capable of protecting HCF from hypoxia-induced apoptosis.

Vi



Briefly, we found that IGF1 has an important role in response to cardiac ischemic injury, is capable of

CF activation and that its modulation may be of therapeutic significance.

Keywords: Cardiovascular Diseases; Heart; IGF1; Repair; Regeneration.
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“The animal’s heart is the basis of its life, its chief member, the sun of its microcosm; on the heart, all

its activity depends, from the heart all its liveliness and strength arise.”

William Harvey, De Motu Cordis (1628)

XVI



Introduction

Nearly 400 years since William Harvey set the cornerstone of modern-day cardiology, heart disease
is still the leading cause of death worldwide®. Coronary heart disease and its sequelae, including
myocardial infarction (MI) and heart failure (HF), represent the bulk causes of this lethality?.

Coronary heart disease (or ischemic heart disease) is a pathology characterized by the narrowing or
blockage of the coronary arteries lumen. The coronary arteries are the blood vessels that carry blood
to the heart. Atherosclerosis is usually the leading cause of coronary heart disease. Atherosclerosis
(the hardening or the clogging of arteries) refers to fibrous lesions and the accumulation of fatty
deposits (called plaques) in the artery wall. As the atherosclerotic plague increases in size, it can
reduce, obstruct, or stop blood flow to the heart muscle. If the heart does not get enough blood, it
cannot get the oxygen and nutrients it needs to work correctly. Ml, or as it is commonly referred to as
heart attack, happens when a coronary artery becomes abruptly blocked, stopping the blood flow to

the heart, damaging it in the process?.

MI is characterized by acute necrosis of cardiomyocytes in the ischemic myocardium, with the
following generation of a reparative fibrotic scar that, although necessary to prevent ventricular wall
rupture, in the long-run aids in the establishment of HF, as interstitial fibrosis accumulates throughout
the heart, leading to wall and septal stiffening and progressively worsening cardiac function®.
Therefore, understanding the mechanisms behind fibrosis is necessary so that we may safeguard

ourselves from excessive scarring.
Heart

The mammalian heart is a muscular organ that pumps blood through the circulatory system. It has
four chambers, with the upper most two named atria, while the lower chambers are named the
ventricles?. It is further composed of three distinct layers: pericardium, myocardium, and endocardium.
The epicardium is a single continuous layer of the mesothelium that outlines the heart and comes into
contact with the pericardial cavity, which contains a fluid named pericardial fluid, which lubricates the
heart®. Whereas the endocardium lines the interior of the heart*, the myocardium is mainly comprised
of cardiomyocytes (contractile muscle cells) and supporting stroma cells such as cardiac fibroblasts

(CF), endothelial cells, mural cells, and immune cells®.
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ECM

One other important component of the heart is the extracellular matrix (ECM) which is a complex and
dynamic network of molecules, ranging from proteins, such as collagens, to glycoproteins, such as
fibronectin and proteoglycans®. These molecules are secreted locally by cells and remain strongly
associated with them, providing structural (e.g., collagen and elastin), adhesive (e.g., fibronectin), and
biochemical signaling support’. The ECM partly regulates cell behavior by influencing proliferation,
survival, shape, migration, and differentiation®, with both cardiomyocytes and noncardiomyocytes
being enmeshed in a network of ECM proteins®. One of the main functions of the ECM is to provide
tissue integrity and structural support, being 90% of the structural meshwork is composed of collagen

type | or type 110,

The ECM also serves as a milieu to matricellular proteins?!. Unlike structural matrix components (e.g.,
collagen and elastin), matricellular proteins do not provide mechanical support but bind to matrix
proteins and cell receptors, transducing signaling cascades'?3, Because matricellular proteins can
modulate all involved cells’ behavior and function in a myriad of processes, in roles as varied as
intervertebral disc function (through cell-ECM interactions and ECM synthesis)!*, priming the tumor
microenvironment (initiating signaling events associated with cancer development)*®, and maintaining
homeostasis in inflammation and immunity (modifying immune substrates or cleaving transmembrane
receptor)!® they have become desirable therapeutic targets!”8, In the cases of the heart, the
interstitial matrix is also a transductor of molecular signals, playing an active role in regulating

development!®, sustaining normal organ function, and inflammatory and reparative responses?.
Cardiac Fibroblasts

CFs are cells of mesenchymal origin capable of the production of connective tissue?. This dynamic
cell type is responsible for most ECM deposition and maintenance?®. They are further characterized
for their extensive rough endoplasmic reticulum and sizeable Golgi apparatus, and oval nucleus?.
Their primary function is tissue support producing a mechanical scaffold for cardiomyocytes?. CF can
also change the neighboring cell’'s electrophysiology by enabling cell to cell communication with
cardiomyocytes and endothelial cells through GAP junctions, or physically isolating the cells, thus
creating conduction barriers®24, Although past studies suggested that activated fibroblasts in the
heart originated from a wide array of unrelated cell types like endothelial cells, bone-marrow
progenitor cells, or pericytes that underwent a process of transdifferentiation?. This former paradigm
has disregarded the presence of fibroblasts already residing in the myocardium and their capacity to
mediate tissue remodeling and ECM production. According to Tallquist and Molkentin the

transdifferentiation hypothesis would lack rapid responsiveness and homogenous spatial coverage

18



throughout the tissue?®, and contrariwise the resident fibroblasts are geometrically interspersed
between cardiomyocytes and hold the appropriate molecular program to allow prompt responsiveness

after injury?®,

The previous paragraph’s theoretical framework, coupled with the recent development of genetic
mouse models (with CF-specific allele expression of Cre recombinase)?’-2° and multicolor flow-
cytometry®%3 has helped define the role and heterogeneity of CF. Hence, several CF markers have
emerged, namely CD90 (cluster of differentiation 90), Sca-1 (stem cells antigen-1), PDGFR-a
(platelet-derived growth factor receptor-a), and TCF21 (transcription factor 21). For example, lineage

tracing of TCF21 expressing cells has shown that CFs that express this transcription factor®! originate

from the epicardium during development?® and give rise to most injury-activated fibroblasts”- The
current consensus is that 80% of injury-activated, matrix-producing cells seem to expand from tissue-

resident fibroblasts poised to respond®2,

Cardiac fibroblast activation occurs in response to cardiac injury and inflammation. As defined in
cultured fibroblasts, a central cytokine involved in fibroblast activation is TGF-B1%3. In the canonical
pathway, TGF-B1 binds to and causes heterodimerization of TGF-B1 receptors 1 and 2, which induces

direct phosphorylation of SMAD2 and SMAD3. Both then translocate to the nucleus in complex with

SMAD4 to promote fibroblast differentiation-specific gene expressionze’gs- The non-canonical
pathways involve the Ras/ERK; JNK/p38; Rho-like GTPases, and PI3K/AKT pathways®*3®, TGF-B1
also promotes a profibrotic environment by upregulating microRNAs associated with a fibrotic

response such as microRNA (miRNA)-21337 or by downregulating anti-fibrotic miRNAs such as let-

737, activation of fibroblasts induces transcriptional activity of the ACTA gene leading to the

appearance of smooth muscle a-actin (a-SMA) stress fibers that confer cells mechanical integrity and
contractile capacity®®. Fully activated fibroblasts are named myofibroblasts. The latter are
phenotypically modulated fibroblasts that are larger than a nonactivated fibroblast, develop stress
fibers, present high contractibility ability (through the expression of contractile proteins), and secrete
different types of structural proteins (mainly collagen type | and lll) and numerous cytokines, all

necessary for effective wound healing?6:4042,
The Adult Heart Repair after Ml

Although cardiomyocyte renewal is observed throughout the lifespan, this renewal is modest*2. This
is why the heart, unlike other organs, has limited regenerative capacity*?. In the case of myocardial
ischemia resultant from a MI, massive loss of cardiomyocytes overwhelms the myocardium’s limited

regenerative capacity, causing a fibrotic scar formation?.
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The cardiac repair response to Ml can be roughly divided into three phases (Figure 1). The
inflammatory phase is characterized by an intense inflammatory response triggered by danger signals
released by dying cells*®. The second phase is called the reparative or proliferative phase and is
characterized by immunomodulation, myofibroblast proliferation, collagen deposition, scar formation,
and neovascularization, thereby resulting in wound healing*. The maturation phase follows the
collagenous matrix becoming crosslinked and a significant part of the myofibroblast population

becoming apoptotic*.
Inflammatory Phase

As hypoxia sets in, necrotic, stressed, or injured cells release substances that act as danger signals,

termed danger-associated molecular patterns (DAMPs)“S’46

- DAMPs bind to pattern recognition
receptors (PRRs) of the innate immune system of infiltrating leukocytes and surviving cells and
activate a cascade of inflammatory mediators, including inflammatory cytokines, chemokines, and
cell adhesion molecules*. On top of being passively released by cell death or damage to the ECM,
DAMPs may also be actively secreted by stressed cardiomyocytes, fibroblasts, or activated

leukocytes. Some examples of these DAMPS are high mobility group box-1 (HMGB1)*#, fibronectin
49

extra domain A, interleukin (IL)-1a, hyaluronic acid, and multiple nucleic acids™>*,
PRRs consist mainly of membrane-bound Toll-like receptors (TLRS), IL-1Rs, and nucleotide-binding
oligomerization domain (NOD-like receptors or NLRs)*°. The signaling pathways downstream of these

. . . . 51,52
PRRs have been comprehensively detailed in recent reviews™ ™ -

Downstream signaling converges on the activation of ERK and NF-kB. These pathways drive the
expression of a large panel of pro-inflammatory genes, including inflammatory cytokines and
chemokines (that attract monocytes and T-lymphocytes)®® and cell adhesion molecules (e.g., vascular

cell adhesion molecule, intercellular adhesion molecule)®2,

The resulting leukocyte recruitment further magnifies the inflammatory response (these effects are
partly mediated by M1 phenotype macrophages?*¥), increasing the production of DAMPs and
promoting both efferocytosis of dying cells and tissue digestion via the release of proteases and

oxidases. Efficient efferocytosis of apoptotic cardiomyocytes is crucial for transitioning from the

inflammatory to the resolution and wound healing phasesss-

Despite the relevance of the inflammatory phase for the clearance of dead cells and debris, its timely
suppression and spatial containment are necessary for effective wound healing. This event is

dependent on the release of secreted anti-inflammatory mediators and activation of intracellular
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signals that inhibit the innate immune response®. Defects in the molecular pathways responsible for

suppressing and resolving the inflammatory response may be involved in the pathogenesis of adverse

remodeling of the heart™
Reparative or Proliferative Phase

During this phase, which begins around day 3 post injury**, transient and highly plastic ECM rich in
fibrin and fibronectin is formed and serves as a scaffold for migrating and proliferating cells*°. Resident
CFs are recruited to the injury site, become activated, and undergo myofibroblast
transdifferentiation**%® (see above, “Cardiac Fibroblast” section). These proliferate through the
provisional ECM to the wound site and secrete large amounts of collagens (mastly collagen types |
and 1) which maintain the structural integrity of the infarcted ventricle®”°® and the provisional matrix
is degraded®®. Besides the deposition of structural ECM proteins, CFs are also responsible for the
synthesis and secretion of matricellular proteins (absent from heathy tissue). Although these have no
scaffolding function, they serve to modulate cell function and promote proper matrix assembly*4°,

At the same time, new capillary vessels (angiogenesis) mediated by the vascular endothelial growth
factor (VEGF) are being formed to deliver oxygen and nutrients to the infarcted area, as this is
essential for the recovery of the tissue after ischemic injury®®. This action is being potentiated by

infiltrated M2 macrophages that express anti-inflammatory, pro-fibrotic, and angiogenic factors*.
Maturation Phase

The proliferative phase of cardiac repair is followed by scar maturation, as the collagen in the
extracellular matrix becomes crosslinked®!, and reparative myofibroblasts are deactivated and may

undergo apoptosis®2.

The molecular signals involved in the quiescence of these myofibroblasts remain unexplained. The
withdrawal of fibrogenic growth factors, the activation of inhibitory stop signals that terminate TGF-31
and angiotensin Il signaling,®®%*, and the clearance of matricellular proteins? may be the cause since
a reduction in myofibroblast density during the maturation phase has been thoroughly

documented®°96,

Therefore, we can affirm that when fibroblasts become activated into myofibroblasts in response to
MI, ECM is produced to maintain the heart's structure. However, when excessive ECM is deposited,

cardiac insufficiently can ensue due to the formation of a fibrotic scar?®.
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Figure 1 — Three main phases of the cardiac injury —Adapted from Silva et al. 2020%°.
On the regeneration of the myocardium

Regeneration occurs when lost or damaged tissues, organs, or limbs are re-formed from the

remaining tissue, keeping their original function and tissue integrity®’.

There are multiple possible means by which injured tissues regenerate®®. First, new cell types could
be produced by resident stem cells®. Second, new cells could be originated through dedifferentiation
- loss of a cell type’s differentiated character - to form a dividing cell that acts as a progenitor cell’®.

Lastly, differentiated cells could divide to produce more cells™.

Unlike adults, mouse neonates on the first day of life (P1) can regenerate their hearts after injury,
forming new functional tissue by activating cardiomyocyte’ proliferation’2. This response is no longer
observed one week after birth (P7) when a repair process is observed’. This transition from a
regenerative to a reparative injury response seems to coincide with the maturation of cardiomyocytes
characterized by a phenotypic switch from hyperplastic (cell division) to hypertrophic (cell size) cellular

growth, binucleation, and subsequentially cell cycle withdrawal 3.
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However, the root triggers of binucleation are still rather ill-defined’. The transition from energetic
pathways from embryonic glycolytic metabolism to postpartum oxidative phosphorylation leading to
reactive oxygen species (ROS) accumulation is a widely accepted hypothesis™ 6. However, other
causes have been suggested, such as thyroid hormone sensing’” and cardiac pressure overload’®7®.

The current regeneration paradigm came about as both urodele amphibians, and teleost fish showed
a remarkable capacity for cardiac regeneration throughout life®>-82, Adult zebrafish, for example, can
undergo complete cardiac regeneration without scar formation after resection of up to 20% of the
ventricle, a response thought to occur primarily through cardiomyocytes proliferation®. Given the
similarities between the embryonic/immature mammal heart and the adult zebrafish heart, Porrello
and colleagues hypothesized that the cell regulation mechanism responsible for regeneration could

be conserved in the early mammalian heart’.

This insight proved to be fortuitous since, after apex resection on P1, Porrello’s group observed
cardiomyocyte mitosis and cytokinesis coupled with sarcomere disassembly. These findings were
consistent with the idea that the regenerative potential of heart tissue in neonatal mice involved
widespread dedifferentiation and proliferation of existing cardiomyocytes®®. Alas, myocardium
regeneration was no longer present at P7 as a repair response readily developed’.

To better understand said mechanisms, several models of neonatal cardiac injury had been
established, namely apex resection®, cryoinjury®, and Ml (by coronary artery ligation)®; and all have
proven to activate regenerative mechanisms at various extents. However, Ml is the injury model with
higher translational potential, and after this injury, complete regeneration has been consistently

reported®:8’,

However, our understanding of the ECM’s role in the regenerative and reparative response remains
limited. Recently Angel Raya’s group showed that ECM stiffness is crucial in determining the neonatal
mouse heart’s regenerative potential and perhaps more critical than the cell-associated mechanisms
behind the switch from a regenerative to a repair response, which occurs sooner than day 7, at around
postnatal day 28. Moreover, through decellularization experiments, it was shown that the heart ECM
from regenerative periods has a different composition than that of reparative periods®, namely being
richer in fibronectin, which has previously been referenced as a promoter of regeneration by
promoting cardiomyocyte proliferation®°. Additionally it was reported that the ECM protein agrin is able
to promote cardiac regeneration by activating the Yes-associated protein (YAP) signaling pathway®!

and subsequent cardiomyocyte re-entry in the cell cycle®:.
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Plus Wang et al.?? reported that adult CFs secreted proteins can induce significant cardiomyocyte
maturation. This understanding was achieved through a single-cell RNAseq of mice at multiple post-
natal periods and by a co-culture of neonatal mouse cardiomyocytes and human embryonic stem cell-
derived cardiomyocytes with the corresponding adult cardiac fibroblasts.

These works linking ECM and CFs secreted proteins to cardiac regeneration give strength to the
possibility of channeling these cell regulation mechanisms and inducing them later and restoring

cardiac function to patients with heart failure®.
The insulin-like growth factor family

Insulin-like growth factor-1 or IGF1 is a growth factor that triggers an intracellular signal-transduction
pathway leading to differentiation, proliferation, or other cellular response®. IGF1 is a 7kDa, 70 amino
acid polypeptide chain, cross-linked by three disulfide bonds. Both its sequence and resulting tertiary
structure are structurally and functionally related to the insulin hormone, sharing 48% homology®.
IGF1 acts as a ligand for insulin-like growth factor-1 receptor or IGF1R °, leading to the activation of
the intrinsic tyrosine kinase activity, which auto-phosphorylates tyrosine residues thus initiating a

cascade of down-stream signaling events involved in cell growth, apoptosis, autophagy, and aging®’.

IGF1 is part of the IGF family of proteins. This family comprises two ligands, IGF1 and IGF2, seven
associated biding proteins, IGFBP 1-7, three IGFBP associated proteases, hamed high-temperature
requirement A serine peptidases HTRA1-3 and two distinct receptors IGF1 receptor and IGF2
receptor (IGF1R and IGF2R respectively)®.

The IGF1 coding gene has 6 exons, and it is alternatively spliced into two classes of transcripts.
However, after processing, all isoforms give rise to the same mature protein®1%, Therefore, it is
suggested that the different classes of transcripts can be associated with IGF1 regulation. Namely,
that class 2 transcript possesses a motif associated with efficient secretion in the liver, while the class

1 transcript does not and is associated with an autocrine/paracrine action®-102,

The IGF1 found in circulation is mainly synthesized and secreted by the liver in response to
hypothalamic growth hormone (GH) signaling?®2. However, other tissues can produce IGF1, which
acts locally as an autocrine and paracrine hormone. These actions are thought to underpin the
regulation of cells growth, proliferation, and survival'®. The main synthesizers of IGF1 in the heart

are believed to be the cardiac fibroblasts*.

IGF1 is substantially regulated by IGF binding proteins (IGFBPs) and by IGFBP associated degrading

enzymes!®1% from the seven known forms IGFBP described IGFBP1-6 being high affinity and
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IGFBP7 being a low-affinity binding protein)!%’. These proteins bind to IGF1 with an equal or greater
affinity than the IGF1 receptor (IGF1R) and thus can modulate the outcomes of its signaling®®.
However, their actions are not equal as the most prevalent binding protein in the bloodstream IGFBP3
stabilizes IGF1 in circulation!®, while IGFBP4 has been known to interfere with IGF1 and IGF1R
interaction, hence having a negative impact on its signaling!?’. The effects of the binding proteins are
contrasted by the action of IGFBP associated degrading enzymes, which degrade and hence
counteract the effects of the IGFBPs, especially HTRA1%. The balance caused by these two classes

of proteins is partially responsible for IGF1 bioavailability and its interaction with IGF1R206,

Insulin-like Growth Factor-2 is structurally similar to IGF1. IGF2 expression is mainly circumscribed
to the embryonic periodi®11°, While IGF1 is expressed throughout life, peaking in adolescence/early
adulthood and slowly declining with age!'!-113. Most of the proliferative effects for both IGF1 and IGF2
can be attributed to the IGF1R pathway since IGF2 can also bind to IGF1R4, Interestedly, IGF2 has
been reported to support cardiac regeneration in neonatal mice!*®. These insights were accomplished
through IGF2 knock-out mice not regenerating but the paracrine introduction, IGF2 rescuing the

regenerative phenotype®®.

The structure of IGF1R is comprised of an a232 heterotetrameric complex of approximately 400 kDa.
IGF1R has two extracellular subunits that contain ligand-binding sites. Each subunit couples to one
of the two membrane-spanning subunits containing an intracellular domain with intrinsic tyrosine
kinase activity'®. The binding of IGF1 to its receptor initiates a complex signaling cascade®. IGF1R
is significantly regulated'’, mostly through receptor internalization however, post-translational
modifications such as ubiquitination have also been reported contributing to a higher dynamism of

the pathway?*!8.

The two major pathways involved in the IGF1R signaling in the heart are the PI3K-AKT and the Ras-
ERK pathway. Activating PI3K-AKT signaling cascade leads to a downregulation of FOXO genes
(resulting in an inhibition of autophagy) and an upregulation of both mTOR1 and mTOR2 genes!?®.
These effects are thought to underlie both the cell growth (hypertrophy) and the aging mechanisms
associated with IGF1R signaling??°. The activation of the Ras-ERK pathway has been linked to cell
growth, proliferation, and antiapoptotic effects!?*. Both pathways have been reported to be non-
canonical pathways of the TGF-B1 signaling®***®> and have been extensively studied and thoroughly

reviewed and we will not delve into them further!19.121.122,
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IGF1 effects in cardiomyocytes

Epidemiological studies on the cardiovascular system report that a lack of circulating IGF1 has an
adverse clinical outcome'?®, specifically associated with a higher prevalence of ischemic heart
disease'?. This suggests that IGF1 can have a protective role in the cardiac setting, and several
studies reinforce this observation. Duerr et al. demonstrated that treatment with IGF1 in rats with left
ventricular (LV) dysfunction after Ml showed a marked up-turn on cardiomyocyte hypertrophy*?*, This
hypertrophic response leads to a restoration of function of the cardiac tissue and is widely accepted
as a compensatory mechanism for the loss of cardiomyocytes after injury'?®. Q Li et al. found that
overexpression of IGF1 in mice protected cardiomyocyte cell death after ischemic injury?®, consistent
with the signaling mechanisms of IGF1R!?!, Also, in a transgenic mouse model expressing IGF1
restrictively on the heart, after Ml, cardiac repair and regeneration occurred more efficiently than in

the wild-type mice with higher cardiomyocyte proliferation and a smaller scar being formed?*?’.

Other studies have also found that IGF1 has a positive role in cardiac remodeling*?®. Interestingly,
these effects were not mediated through the IGF1R of cardiomyocytes but the modulation of the
surrounding microenvironment through the targeting of IGF1R of macrophages infiltrated in the tissue
post-injury, leading to the establishment of a pro-repair M2 phenotype?. A similar targeting of IGF1R

in macrophages was found in the regeneration of skeletal muscle!?°.

Meanwhile, Baez-Diaz et al. and O'Sullivan et al. found that porcine hearts treated with IGF1 after Ml
display a significant improvement of cardiac function and limited myocardial fibrosis*%3!, This work

is especially meaningful considering the similarities between the porcine and human hearts!2.

Additionally, Ceccato et al. findings in a cell culture model in which cardiomyocytes were treated with
conditioned medium from activated CFs (rich in cytokines and growth factors) ultimately leading to
cardiomyocyte hypertrophy and believed to be the result of IGF1 signaling®?, depict a clear picture of
CF importance in the cardiomyocyte development and function, with particular emphasis on the role
of IGF1.

Lastly, McDevitt et al. found, through the incorporation of BrdU, that IGF1 mediated the in vitro
proliferation of embryonic stem cells-derived cardiomyocytes through IGF1R*34, This was found both
through the stimulation of cells with IGF1 enriched media and by the blockage of its receptort3.
However, due to the inability to distinguish between binucleation and cell division in cardiomyocyte?®,

guestions remain whether the IGF1 does, in fact, lead to hyperplasic or hypertrophic growth.
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Overall, there is a broad consensus that IGF1 has a positive role in the cardiac response to ischemic

injury through its effect on cardiomyocytes.
IGF1 effects on Cardiac Fibroblasts

IGF1 has been reported to lead to fibroblast activation through upregulation of Acta2 and Collal
expression in mouse pulmonary fibrosis model mediated by IGF1R'%. Regardless of the
aforementioned fact and the known actions of IGF1 in cardiomyocytes (see above), our understanding

of the role of IGF1 in CFs remains meager.

Reiss et al. showed in CFs obtained from fetal and neonatal mice that IGF1R is essential for fibroblast
proliferation during myocardial development through BrdU incorporation*. Plus, Diaz-Araya et al.
using a primary CF cell culture model isolated from fetal, neonatal, and adult rats, showed that
treatment with IGF1 resulted in a substantial increase in the production of ECM proteins, namely
collagen type I, laminin, and fibronectin in CF from adult animals, characteristic of activated fibroblasts
while little to no effect was observed in neonatal CF. This work suggests that IGF1 is a CF gene
expression modulator and the response of CF to this growth factor is age-dependent, becoming more

pronounced with time?!%’.

The previous results in adult CFs were corroborated with Li et al. experiments demonstrating that
IGF1R signaling is responsible for a-SMA, collagen |, and metalloproteinases in a diabetic mouse
model**®, however conclusive evidence of CF activation was not provided. In this regard, Daian et
al.'s experiments in keloid fibroblasts found that IGF1 alone could not activate fibroblasts. However,
the latter also found that cells treated with both IGF1 and TGF-B1 had a more pronounced activation
profile than cells treated with TGF-B1 alone, suggesting a synergetic effect of IGF1 and TGF-B1%.

Diverging from the previous studies, but within the breadth of the positive role of IGF1 in the heart,
Ock et al. found that treatment with IGF1 prevented cardiac fibrosis induced by the angiotensin 1l and
found that the IGF1R mediated this effect*.

Besides the former study, an elegant experiment by Takeda et al. proved that in response to pressure
overload in the cardiac setting, far from being a passive actor, CFs through their secretion of paracrine
factors, namely IGF1, into the interstitial milieu were key mediators of myocardial hypertrophy and
adaptive responses in the heart'*!. With IGF1 playing an important protective role against pressure
overload by inducing cardiomyocytes hypertrophy*#. Plus, it was also shown that IGF1 could induce

proliferation of cardiac fibroblasts, suggesting both a paracrine and autocrine action for IGF14. This
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study, therefore, indicates that CFs, through IGF1, are key effectors in the cardiac hypertrophy and
remodeling of the cardiac tissue**.

All'in all, the regenerative capacity of the neonatal heart has sparked intense study by the scientific
community however, our understanding of the role of CFs in this transition remains meager. This is
especially concerning given that the existing scientific literature reveals that CFs’ secreted mediators,
particularly IGF1, are critical effectors in modulating the surrounding ECM and cardiomyocyte growth.

Therefore, this thesis aims at closing the gap in our understanding of this transition period.
Objectives

The main objective of this dissertation is to unveil the role of IGF1 on the mechanisms underlying
cardiac regeneration and repair, particularly through its activity on CFs. To achieve this goal, we

propose to:

- Characterize the expression of IGF1 and other IGF family proteins in mice at different stages of

development (embryonic, neonatal, and adult)

- Investigate how the IGF1 expression varies in response to injury in both an adult (reparative period)

and a neonate (regenerative period) mouse model of MI.

- Explore the role of IGF1 in fibroblast activation using mouse and human cardiac fibroblasts and

accessing the expression of activation associated genes.

- Access the protective role of IGF1 on cardiac fibroblasts, in vitro, upon hypoxic stress.
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Materials and Methods

Animal model and ethical statement

Animal experiments were performed in accordance with i3S (Instituto de Investigacdo e Inovagcédo em
Saude) Animal Ethics Committee and with DGAV (Dire¢do Geral de Alimentagdo e Veterinéria).
Humane endpoints were followed according to the OECD Guidance Document on the Recognition,
Assessment, and Use of Clinical Signs as Humane Endpoints for Experimental Animals Used in

Safety Evaluation. C57BL/6 strain of mice was used as an animal model in this study.
Targeted Transcriptome Sequencing

Total RNA from embryonic day 16 (E16), postnatal (P) day 1 (P1), P3 and P7 mouse ventricles (n=3
for all groups) was isolated using the RNeasy Plus Mini Kit (QIAGEN). High integrity RNA was used
to conduct the microarray-based Targeted Sequencing Analysis. Results were analyzed on
Transcriptome Analysis Console (ThermoFischer Scientific), and only genes with a fold change > £2
and False Discovery Rate (FDR) p-value < 0.05 were considered to be differentially expressed
between groups. Heatmaps were prepared using the Average Linkage Clustering Method and
Spearman Rank Correlation distance measurement. Gene ontology and KEGG pathways were

analyzed using Enrichr.
Myocardial Infarction by permanent ligation model in adult mice

8-weeks old female C57BL/6 mice were weighed and injected with buprenorphine (0.08 mg/kg;
Richter Pharma) intraperitoneally (IP) for analgesia purposes 20 min before anesthesia. Next, the
mice were anesthetized by IP injection of Ketamine (75 mg/kg; Clorketam; Vetoquinol) and
Medetomidine (1 mg/kg, Sededorm; ProdivetZN). The mice were hydrated by subcutaneous injection
with 1 mL of saline with glucose solution, and their eyes were protected with lubricant. The intervention
area hair was removed. The mice were put on the surgical table, over and under the stereomicroscope
(Olympus SzX 10; Olympus) and disinfected with alcohol and povidone-lodine solution, three times
alternating. Mechanical ventilation was initiated using a small-animal respirator (Minivent 845)
coupled with an endotracheal tube. Next, a left thoracotomy was commenced on the third intercostal
space, exposing the heart. Then the pericardial sac was removed. The first portion of the left anterior
descending (LAD) artery was permanently ligated by passing a non-absorbable 7/0 suture (Silkam;
B.Braun) under the artery and then knotting, thereby permanently occluding the vessel. Next, the
intercoastal incision was closed using an absorbable 6.0 suture (Safil, B.Braun), followed by closing

the skin incision using surgical staples. Next, anesthesia was reverted by IP injection of atipamezole
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(5 mg/Kg; Reverter; Virbac). After re-establishing the respiratory, the mice were removed from
assisted ventilation and recovered over a warming pad. After gaining the capacity to move, the
animals were returned to the cage (over a warming bed) and given hydrated food pellets. Sham-
operated animals underwent the same procedure except for LAD artery ligation. After this, analgesia
and fluid therapy by injection of buprenorphine (0.08 mg/kg; Bupaq, Richter Pharma) and
subcutaneous injection of 1mL of glycosylated saline were maintained every 12 hours up to 72 hours
after surgery or until full recovery. Animals were euthanized by cervical dislocation 96h after surgery,
and the hearts were harvested and processed for RNA extraction and western blot analysis. Heart
tissue was collected from two zones of the myocardium: the infarct zone (1Z) located in the apical
region of the heart in the animals subjected to Ml and from the correspondent location in the sham-

operated animals; and from a remote zone (RZ) located in the basal region as controls.
Myocardial Infarction by permanent ligation model in neonatal mice

Timed pregnancies were generated after overnight mating. The following morning, females with
vaginal plugs were considered to be at E0.5. 1-day-old (first 24h of life, P1). C57BL/6 neonate mice
were anesthetized by hypothermia for approximately 3 minutes until paw withdrawal reflex and
cardiorespiratory movements ceased. Animals were laid in a supine position, and immobilization of
the four limbs was done with adhesive tape on a cooled surface of the stereomicroscope Leica
S8APO. An incision was made in the chest cavity between the 3™ and 4™ ribs, and the left anterior
descending (LAD) coronary artery was localized. Myocardial Infarction (MI) was induced by
permanent ligation of this artery, with a non-absorbable 10/0 Dafilon® suture (B. Braun).
Subsequently, the musculoskeletal thorax and the skin were sutured with a 7/0 Silkam® suture (B.
Braun), and mice were exposed to the heat produced by a red-light lamp to revert anesthesia. Sham-
operated animals experienced the same procedure up until the ligation of the LAD coronary artery.
After confirmation of spontaneous breathing, the mice were marked with ink diluted in saline solution
(0,9% NacCl), and annotations about the surgery were made about each animal. After operating all
animals from the same litter, neonates were returned to the progenitor. To ensure analgesia in pups
during and after surgery through nursing, paracetamol was placed in the water bottle (1.32 mg/mL)
provided for the mother one day before birth and kept for four days.

Animals were weighed and euthanized at 3, 5 and 7days post-injury (dpi). Chest cavity was opened
to expose the heart, and an injection of 4 mM KCI was performed to stop the heart in relaxation.
Afterward, hearts were harvested and washed in Phosphate buffered solution (PBS). If needed,
removal of extra tissue or vessels was performed, and the hearts were weighted.

Images of the hearts were acquired using a stereomicroscope Olympus SZX10 with an Olympus

EP50 color camera. For histology, the hearts collected at 1 dpi were paraffin embedded as previously
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described in Sampaio-Pinto et al., 2018. Briefly, the hearts were fixed in 10% formalin neutral buffer
overnight for less than 16 hours at room temperature. Subsequently, hearts were processed for 13
hours in an automated processor (paraffin tissue processor Microm STP 120) through successive
bath washes of 1 hour in PBS, increasing series of alcohols (70%, 80%, 90%, 95%, 3x 100%), 3x
Clear Rite 3® (Richard-Allan Scientific) and 2x paraffin. Hearts were oriented with the ventral side
facing the bottom of the mold and included in paraffin using modular embedding system Microm STP
120-1. Leica RM2255 microtome was used to cut longitudinal sections with 3 um of thickness and cut
up to the central region of the heart. Sections were finally placed in an incubator at 37°C overnight
and then stored at 4°C.

For RNA isolation, hearts collected at 3, 5, and 7 days-post surgery were harvested and cleaned,
then were divided into ventricles (bottom 2/3 of the heart) and atria (top 1/3 of the heart), and snhap

frozen in dry ice inside eppendorfs, and stored at -80°C.
Histology Masson trichrome

Masson Trichome staining was performed using the Trichrome Stain (Masson) Kit (Sigma-Aldrich,
HT15) in heart sections. Paraffin sections were placed at room temperature for 30 minutes and
dewaxed as described in Sampaio-Pinto et al., 2018. After having dried, sections were mounted with
Entellan mounting medium and a 0.13 mm glass coverslip. Sections were stored at room temperature.
Whole heart section images were acquired with an Olympus SZX10 stereomicroscope with an
Olympus EP50 color camera. High magnification images (100x) were acquired with the inverted
fluorescence microscope Axiovert 200M and an AxioCam HRm camera (Zeiss), and the images were

analyzed with Fiji software.
Cell Culture

Adult C56BL/6 mouse cardiac fibroblasts (mCF) were isolated from a single cell suspension which
was obtained according to an adapted protocol of the gentleMACS™ Tissue Dissociator (Miltenyi
Biotec). Briefly, 6-to-12-week mouse hearts were mechanically and enzymatically digested. The
resulting cell suspension was left to adhere onto a tissue culture plate and removed 2 hours later to
promote fibroblasts' selective adhesion. Fibroblasts were further expanded in Claycomb medium
(Sigma Aldrich #51800C) supplemented with 10% Fetal Bovine Serum (FBS) (Lonza #DE14-801F),
1% L-glutamine (Gibco #25030-24) and 1% Pen/Strep.

Primary human cardiac fibroblasts (HCF) (Sigma #306-05A) were maintained and expanded in
Fibroblast Growth Medium (FGM) (Cell Applications #316-500) at 37°C and 5% CO. until confluence.
Cells (mCF and HCF) were dissociated with trypsin for cell passage, seeding, or freezing. And

counted using a hematocytometer.
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Cardiac fibroblasts activation assays

A cardiac fibroblast activation protocol using TGF- 31 has been previously established in the group.
Briefly, for CF activation with TGF-B1, cells were seeded at a density of 8000 cells/cm? (mCF) or
36500 cells/cm? (HCF) in high glucose- Dulbecco's Modified Eagle Medium (DMEM) (Gibco #41965-
039) supplemented with 10% FBS,1% Penicillin/Streptavidin (P/S) and 0.2 mM ascorbate-2-
phosphate (Asc 2-P, Sigma #49752) and incubated at 37°C 5% CO for 24h. (Day -3). The cells were
starved by changing the medium to high glucose-DMEM supplemented with 0.1% FBS, 1% P/S, and
0.2 mM Asc 2-P from day -2 onwards and were treated with TGF-1 5 ng/mL (mCF) or 10 ng/mL
(HCF) (Peprotech #100-21). 3 days after seeding and every second day after that.

To assess the effect of IGF1 on human cardiac fibroblast activation, HCFs were adapted the activation
protocol exchanging TGF-B1 for IGF1 (Novus Biologicus #NBP2-35000) at 0.1; 1 or 10 pg/mL.
Untreated cells and cells treated with TGF-B1 (10 ng/mL) were used as negative and positive controls
of fibroblast activation, respectively. HCF activation was assessed at different time points (from DO to

D7) by assessing the expression of genes associated with cardiac fibroblast activation.
RNA isolation

RNA was extracted from mice heart tissue from Sham and MI animals collected 24h, 48h, or 96h
post-injury in adult mice and 3, 5, and 7 days post-injury in neonatal mice. The tissue was
homogenized in QIAzol Lysis Reagent (Qiagen #79306) using a tissue homogenizer (IKA Ultra-
Turrax). RNeasy® Plus Mini Kit (Qiagen #1038703) was used to purify total RNA while ensuring the
removal of genomic DNA, according to manufacturer instructions.

For RNA extraction from cells, the cells were lysed with QIAzol Lysis Reagent (Qiagen #79306)
according to the manufacturer's instructions and kept at -80°C until further use. Briefly, cell extracts
were vortexed and incubated for 5 min at RT. Then 0.2 mL of Chloroform (Sigma-Aldrich #496189-
1L) was added per 1mL of initial QIAzol Lysis Reagent used. The samples were then capped and
shook vigorously for 15 s, incubated at room temperature (RT) for 3 min, and centrifuged at 12000g
for 15 min at 4°C. The aqueous phase (where the RNA remained) was transferred to a fresh RNAase-
free tube. The RNA was precipitated by adding 250 pL of isopropanol (Thermo Fisher Scientific
#327270010) per 500 pL of QIAzol used plus 1pL glycogen (20 mg/mL, Thermo Fisher Scientific
#R0561) to increase the precipitation recovery of RNA. Next, the tubes were vortexed and placed at
-20 °C overnight. The following day, the samples were centrifuged at 120009 for 30 min at 4°C, the
supernatant was removed, and the RNA pellet was washed twice with 1 mL of 75% RNase-free
ethanol (Merk Millipore #100983) per 500 pl of initial QIAzol used. followed by centrifugation at 7500g
for 5 min at 4°C. After the last wash the ethanol was removed, and the RNA left to air-dry. The RNA
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pellet was then resuspended in 10-15 pL of RNase-free water (Qiagen #129112) and RNA

concentration and quality determined using Nanodrop 1000 spectrophotometer (Thermo Fisher

Scientific).

Real-Time qPCR

Reverse transcription was performed to synthetize complementary DNA using PrimeScript RT

Enzyme Mix (Takara Bio #RR037A-2) according to manufacturer instructions. Real-time Polymerase
Chain Reaction (QRT-PCR) was performed in CFX96 Touch Real-Time PCR Detection System (Bio-
Rad) using iTag™ SYBR Green supermix (Bio-Rad #1725120). Primer sequences are specified in

Table 1 and the PCR cycles are indicated in Table 2. Gene expression was calculated using the

difference between the mean threshold cycle values between the reference (GAPDH) and the genes

of interest (272 method).

Table 1 - Primer sequences for gqRT-PCR

, PCR product Annealing
Gene Primer sequence (5'to 3")
length Temperature (°C)
mIGF1 FW: CACACCTCTTCTACCTGGCG 321 b 50
RV: GTACTTCCTTCTGAGTCTTGGGC P
mIGF2 FW: GTGCTGCATCGCTGCTTAC
222 bp 60
RV: ACGTCCCTCTCGGACTTGG
mIGFBP1 FW: ATCGCCGACCTCAAGAAATGG 187 60
RV: AGAGTCCAGCTTCTCCATCCA P
mIGFBP2 FW: CCCAGACGCTACGCTGCTAT
145 bp 60
RV: CCTCCCTCAGAGTGGTCGTC
mIGFBP3 FW: GCAGCCTAAGCACCTACCTC 1281 60
RV: CTTGGAATCGGTCACTCGGT P
mIGFBP4 FW: TGTCGGAAATCGAAGCCATCC 84 b 50
RV: AGGGGTTGAAGCTGTTGTTG P
mIGFBP5 FW: CAACGAAAAGAGCTACGGCG 105 b 50
RV: ACCTTGGGGGAGTAGGTCTC P
mIGFBP6 FW: CAACCCCGAGAGAACGAAGAG 167 bp 60
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RV: CGTGGATTCTTCTGCCGGTC

mIGFBP7  |FW: TGCGAGCAAGGTCCTTCCATA 4o o0
RV: CGCTGAACTCCAGAGTGATCC P

MHTRAL  |FW: AGTCACCACTGGGATCGTCA - o0
RV: AATCCCAATCACCTCGCCAT P

hACTA2 FW: GGCAAGTGATCACCATCGGA L00 b o0
RV: GTGGTTTCATGGATGCCAGC P

hCol1a FW: GAGGGCCAAGACGAAGACA

140 bp 60

RV: CAGATCACGTCATCGCACAAC

hCol3a1 FW: GGAGCTGGCTACTTCTCGC o o0
RV: GGGAACATCCTCCTTCAACAG P

hCTGF FW: CTTGCGAAGCTGACCTGGAAGA s o0
RV: CCGTCGGTACATACTCCACAGA P

hFAP FW: TCTGGAAAAATGAAGACTTGGGT e o0
RV: CAGTGTGAGTGCTCTCATTGTA P

hIGF1 FW: CTTCAGTTCGTGTGTGGAGAC 128 o0
RV: GGTAGAAGAGATGCGAGGAGG P

Table 2 - gRT-PCR cycling conditions

Cycle # Cycles Step Time Temperature (°C)
1 Activation 3min 30sec 95
Denaturation 20 sec 95
40
Annealing 30 sec 60
81 Melting Curve 10 sec 55

Immunofluorescence

For the immunofluorescence assay, HCF were seeded in 96 well Perkin Elmer Cell Carrier Ultra plates

at a density of 36500 cells/cm? and underwent an activation protocol as described above. On day 6
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of the activation assay, the cell media was removed, and the cells were fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min at RT. The PFA was removed, and the cells were washed
twice with PBS for 3 min and kept at 4°C until further use. The cells were then permeabilized with
0.1% Triton-X100 in PBS for 10 min at RT. Next, the cells were washed 2 times with PBS for 3 min
and blocked with 1% BSA plus 4% FBS in PBS-T (PBS plus 0.05% Tween®-20 for 1h at RT. Cells
were then incubated with mouse anti-a-smooth muscle actin (a-SMA) primary antibody (Sigma-
Aldrich #A5228) at 1:250 dilution in blocking solution overnight at 4°C. The next day, the cells were
washed 3 times with PBS-T for 3 min, followed by incubation with donkey anti-mouse Alexa Flour 594
(Thermo fisher #A21203) secondary antibody at 1:1000 in blocking solution for 2h at RT. The cells
were washed 3 times with PBS-T for 3 min and stained with Phalloidin 488 (Santa Cruz
Biotechnologies #363791) at 1:500 in PBS for 20 min at RT. Again, the cells were washed 3 times
with PBS-T for 3 min, and the nuclei were stained with 1 pg/mL 4,6-diamidino-2-phenylindole (DAPI)
for 5 min at RT and washed 2 times with PBS. The cells were kept in PBS protected from light at 4°C
until image acquisition using an INCell Analyzer 2000 (GE Healthcare Life Sciences, USA) with Nikon
20X/0.45 NA Plan Fluor objective and the 4,6-diamidino-2-phenylindole (DAPI), Texas Red and FITC
filters. The number of cells per field of view (FOV) was counted using Fiji software (ImageJ version
1.51j, NIH, USA)*42,

Survival Assay

Human CFs were seeded at 36500 cells/cm? in 24-well plates with coverslips in high glucose-DMEM
supplemented with 10% FBS,1% P/S, and 0.2 mM Asc 2-P until cell adhesion (aprox. 6h) at 37°C and
5% CO,. Then the cells were starved by changing the medium into high glucose-DMEM
supplemented with 0.1% FBS,1% P/S, and 0.2 mM Asc 2-P in the presence of 0, 0.1, 1, or 10 pg/mL
IGF1, in triplicate. The cells were then transferred into a hypoxia chamber (1% O;) at 37°C and
incubated for 72h. In parallel, cells were kept under normoxia conditions as a control. After 72h, cells
were fixed with 4% PFA in PBS for 15 min at RT washed, and apoptosis induced by the hypoxic stress
was assessed by a TUNEL assay (Tdt-mediated dUTP nick-end labeling) using the Apoptag®
fluorescein in situ apoptosis detection kit (Merk Millipore #S57110) according to the manufacturer's
instructions. Counterstaining was performed with 1 pg/mL of DAPI in PBS for 5 min at RT. The
coverslips were and mounted in a glass slide using Fluoroshield™ mounting media (Sigma #F6182).
Images were acquired using an Olympus BX53 fluorescence microscope (Hamburg, Germany) with
the 10x objective. Image Analysis was performed with Fiji software (ImageJ version 1.53j, NIH,
USA)¥2,
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Western Blot

Heart tissue was dissociated in Radioimmunoprecipitation assay buffer (RIPA) supplemented with
protease inhibitor cocktail (1:100, Sigma-Aldrich #P8340) using a PYREX® Potter-Elvehjem tissue
grinder with mechanical force. The tissue extracts were kept on ice for 30 min to ensure cell lysis and
centrifuged at 21000 g for 15 min at 4 °C to remove major tissue/cellular debris and the supernatant
collected and stored at -80 °C.

Human cardiac fibroblasts were washed with PBS and lysed with RIPA buffer supplemented with
protease inhibitor cocktail (1:100), and cell extracts were preserved at -80 °C until further use.

To ensure sample homogeneity, protein quantification was performed using the modified Lowry
method (DC™ Protein Assay Kit Il, Biorad #5000112) accordingly to the manufacturer's instructions.
Absorbance at 750nm was read using a Synergy™ Mx Microplate Reader (BioTek). The samples
(10-20 ug of protein) were boiled for 5 min at 95°C in SDS-PAGE loading buffer (50 mM Tris-HCI pH
6.8, 2% SDS, 0.05% bromophenol blue, 10% glycerol) and loaded into an 8% SDS-PAGE gel.
Precision Plus Protein Dual Colour Standards (Biorad #1610374) ladder was used as a molecular
weight marker. Next, the proteins were electroblotted into a nitrocellulose membrane (Amersham TM
Protran TM 0.45 um GE Healthcare Life science), using a semi-dry transfer system (Biorad #1703940)
accordingly to the manufacturer's instructions. Transfer efficiency and protein loading was controlled
using Ponceau Staining. The membrane was blocked with 5% BSA in Tris buffered solution (TBS)
supplemented with 0.05% Tween®-20 (TBS-T) for 1h at RT and incubated with rabbit anti-IGF1Rp
primary antibody (Cell Signalling Technology #A3027) 1:500 in blocking solution at 4°C overnight.
The membranes were then washed 3 times with TBS-T for 5 min and incubated with goat anti-rabbit
secondary antibody conjugated with horseradish peroxidase (HRP) at 1:10000 (SBI EXOAB-HRP) in
blocking solution for 1h at RT followed by 3 times wash with TBS-T. For the loading control, we used
a-tubulin (for tissue extracts) or GAPDH (for cell extracts), which were detected by incubating the
membranes with primary mouse anti-a-tubulin antibody 1:5000 (Santa Cruz Biotechnology, #sc-
38035) or mouse anti-GAPDH 1:10000 (Santa Cruz Biotechnology, #sc-32233) in blocking solution
for 1h at RT followed by goat anti-mouse HRP (Invitrogen #AP271) secondary antibody at 1:10000 in
blocking solution for 1h RT. Immunoreactive bands were revealed by chemiluminescence using
Clarity™ Western ECL substrate (Biorad #170-5061) and Bio-Rad ChemiDoc™ XRS+ Imager
(Biorad). Blots were quantified by densitometry analysis using Fiji software. Loading correction was
achieved by dividing the density of the IGF1RB band by the respective density of tubulin or GAPDH.
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Data and statistical analysis

Statistical testing was performed using GraphPad® Prism 7.0 Software. The normality of the data
was assessed through the Shapiro-Wilk test. In the data that passed the normality test (Figure. 2F,
3C, 4C, 6B, 6D, 7B, Sland S3), statistical significance was tested by One-way ANOVA. The p values
for individual comparisons were calculated using Tukey’s test. In Figure 3D, statistical significance
was tested by Two-way ANOVA and p values for individual comparisons calculated by Bonferroni's
test. In the data that did not pass the normality test (Figure 5B (right panel) and S4), statistical
significance was tested by non-parametric One-way ANOVA Kruskal-Wallis test, and p values for
individual comparisons were calculated using Dunn’s test. Results are presented as mean + SD, and

differences between groups were considered significant when p<0.05.
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Results

Igfl and 1gf2 are differently expressed during the cardiac regeneration-repair transition

Understanding the transcriptional alterations during the transition between cardiac regeneration and
repair is of utmost importance to identify key mechanisms regulating these processes'*. To this end,
we performed targeted RNA-sequencing of mouse ventricles at embryonic day 16 (E16) and postnatal
days 1, 3, and 7 (P1, P3, and P7, respectively). Unsupervised hierarchical clustering of all samples
showed a clear association of the three replicates from the same age group and the formation of two
main clusters E16-P1 and P3-P7 (Figure 2A). The clustering of samples by age group is found in the
principal component analysis (PCA) plot (Figure 2B). The horizontal axis, which explains 33.3% of
the differences between samples, indicates a progression of these differences with age, with the P7

group being more distant from E16 than any other group.

Regarding differentially expressed genes (DEG) between all possible pairwise comparisons, E16 vs
P7 yielded the highest number (1665 genes) and P3 vs P7 the lowest number (442 genes) (Figure
2C). Then, we focused our analysis on the transcriptional alterations between a regenerative (P1)
and reparative (P7) stage. Altered biological processes and pathways associated with DEG between
P1 vs P7 showed cell cycle genes were downregulated in P7, while genes related to ECM and the
matrisome were highly upregulated at P7 (Figure 2D). Gene ontology terms associated with DEG lists
of all possible comparisons consistently showed altered ECM and ECM-related genes, indicating that
the extracellular environment is severely remodeled around birth (data not shown). The IGF gene
family was identified in a cross-referencing with known matrisome-associated genes'#*!#* because
several family members were found differentially expressed with age (Figure 2E). Interestingly, not
all IGF family members followed the same expression trend during this development window. For
example, IGF2, IGFBP3, and IGFBP5 were downregulated at P3 and P7 when compared with E16
and P1, whereas IGF1, IGFBP7, and HTRAL showed an inverse tendency.

To validate these RNAseq results, the same samples were subjected to qPCR for the genes Igfl,
Igf2, and several IGF binding proteins (Figure 2F and Figure S1). In accordance with the RNAseq
data, we found that Igfl expression was significantly lower before birth (E16) and on the first day after
birth (P1), compared to P3 and P7, which correlates with the loss of regenerative ability and onset of
the reparative period. Regarding Igf2, and in accordance with RNAseq results, we observed a
statistically significant downregulation of Igf2 right from E16 to P1 and a continuous lowering
expression till P7. Overall, the data obtained from the RNAseq showed a differential expression of

the IGF family in the regenerative and reparative transition. These results support that the IGF family,
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particularly IGF1 and IGF2, may be involved in the complex signaling that underlies the transition

from the regenerative to the reparative response to injury in neonatal mice.
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Figure 2 — Igfl and Igf2 transcription is altered in the heart during the transition from regeneration to
repair. (A-F) Targeted sequencing analysis of mouse heart samples at E16 (blue), P1 (green), P3 (orange) e
P7 (purple). (A) Unsupervised hierarchical clustering and (B) PCA plot of RNAseq data. (C) Venn diagram of
the number of differentially expressed genes (DEG) in each pairwise comparison. (D) GO and KEGG pathways
enrichment analysis. (E) Heatmap of the differential expression of IGF family genes. (F) gPCR of Igfl (left) and
Igf2 (right) expression at E16, P1, P3, and P7 mice hearts. MI. Data was normalized to Gapdh, statistical
significance was tested by One-way ANOVA, and p values for individual comparisons were calculated by
Tukey’s test. Values are mean * SD, n=3, *p<0.05; **p<0.01, ***p<0.001.

Igfl expression is increased in mice after Ml

The differential expression of the IGF gene family during the transition from regenerative to reparative
stages led us to question how these genes were regulated upon injury.

Our first approach was to evaluate the expression of Igfl and Igf2 in heart samples already available
at the lab. Samples were harvested from adult mice subjected to Ml by surgical ligation of the left
anterior descending (LAD) coronary artery at 24h, 48h, and 96h post-injury (Figure S2). Tissue
samples were collected from the infarct zone, from a peripheral zone to the infarct, and from a remote
heart zone, not directly affected by the MI. Sham-operated animals were used as controls. Although
only one animal was analyzed per timepoint, these preliminary results indicate that Igf1 and Igf2 were

upregulated 96h after injury in the infarct region.

We repeated the experiment with more animals as schematized in Figure 3A and collected the hearts
96h post-MI (n=4) to explore these preliminary results further. Tissue from the infarct zone, on the
apical area of the left ventricle, and from a remote zone, on the basal area of the heart was collected.
Sham (n=3) operated animals were used as controls. Post-MI, the expression of Igfl, Igf2, and the
genes coding for other IGF-associated proteins, namely Igfbp1-7 and Htral, were assessed by gPCR
(Figure 3C and S3). Igfl expression significantly increased in the infarct zone after Ml compared with
the remote region and sham-operated animals. Contrarily to Igfl, Igf2 was not as evidently
upregulated after Ml in the infarct zone (Figure 3C).

Regarding the IGF associated proteins analyzed, Igfbp3, Igfbp4, and Igfbp7 presented a similar
expression response as Igfl to Ml. Igfbp6 and Hrtal did not show significant alterations after injury,
whereas Igfbp5 showed a tendency for increased expression, however, not reaching statistical
significance (Figure 3C). Igfbpl and Igfbp2 expression (Figure S3) was very low, which raised

guestions about their transcripts' biological significance in the context of the heart.
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Since IGF1R mediates IGF1 effects, we decided to assess the myocardial tissue levels of IGF1R by
western blot, in which a significant decrease of IGF1R was found in the infarcted region compared
with the remote region. No differences were observed in the sham-operated animals (Figure 3D).

Taking into consideration that Igf1 was upregulated after Ml in the adult mouse heart, and to explore
the translational relevance of these findings, we assessed the IGF1 concentration in pericardial fluid
and plasma samples collected from patients undergoing coronary artery bypass grafting, previously
available in the laboratory, using an ELISA assay (Figure S4). The study included two groups of
patients: a control group with stable angina and no history of the acute coronary syndrome and a Ml
group constituted by patients with a recent (<3 months) MI. The groups were similar in terms of age,
sex, age, cardiovascular risk factors, and medication at the time of surgery (data not shown). Our
results show that the IGF1 concentration was higher in the pericardial fluid of patients with Ml
compared with the control group, whereas no differences were detected in the plasma. These results
were relegated to the supplementary data because the values obtained in the samples of interest

were lower than those obtained for the assay standards.

Overall, these results suggest that the IGF1, together with IGFBPs that can regulate the IGF1
availability and receptor interaction, and IGF1R, which mediates its activity, are altered in response
to ischemic injury in adult mice (reparative period).
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Figure 3 — IGF family is differently expressed after Ml in adult mice. (A) Schematic representation of the
MI model in adult mice. Representation of the infarct zone location in the heart. (B) Left, stereomicroscope

representative image of a mouse infarcted heart 24h after surgery. Right, Masson’s Trichrome staining of a
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transversal section of a mice heart, collected 21 days after injury (MI). (C) gPCR of Igfi, Igf2, Igfbp3, Igfbp4,
Igfbp5, Igfbp6, Igfbp7, Htral expression in sham and MI animals 96h after MI. Data was normalized to Gapdh,
statistical significance was tested by One-way ANOVA, and p values for individual comparisons were calculated
by Tukey’s test. Values are mean = SD, n=2-5 *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. (D) Western blot
(left) and respective quantification (right) of IGF1R in the infarct zone (1Z) and remote zone (RZ) of Ml and sham-
operated hearts. Data was normalized to a-tubulin, statistical significance was tested by Two-way ANOVA, and

p values for individual comparisons were calculated by Bonferroni's test. Values are mean + SD, n=3.
Igfl and Igf2 expression is decreased during neonatal heart regeneration

Next, and with the transition between the regenerative and repair periods in mind, we evaluated the
expression of Igfl and Igf2 in the context of neonatal Ml at P1, a period in which animals can mount
an effective regenerative response (Figure 4A and 4B). Whole ventricles were harvested at 3, 5, and
7 days post-injury (dpi), and the expression of Igfl and Igf2 was assessed by gPCR (Figure 4C).
Sham-operated animals were used as controls. Differing from the results obtained in the
transcriptomics of non-manipulated hearts from E16 to P7 (and subsequent gPCR validation) (Figure
2) in which Igfl expression increased through time, in the neonatal Ml mouse model, there is a
decrease of Igfl between dpi 3 and dpi 5 and having a modest (non-statistically significant) uptick at
dpi 7 (Figure 4C, left panel). However, for Igf2, it was observed that both the sham and the Ml hearts
(Figure 4C, right panel) follow the same descending pattern as in the RNAseq data (Figure 2DE), not
showing to be influenced by the injury. Both Igfl and Igf2 were downregulated 3 days after Ml
compared to sham-operated controls. These findings contrast with the results obtained for the adult
counterparts (Figure 3C), especially in what concerns Igfl expression, supporting a different role for
IGF1 in response to Ml between neonatal and adult periods.
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Figure 4 — Igfl and Igf2 expression decreases with time after Ml in neonatal (P1) mice. (A) Schematic
representation of the MI model in neonatal mice. The whole heart was harvested at days 3, 5, and 7 post-injury.
(B) Representative images of neonatal mice regenerative potential, collected 21 days after injury, following
Masson’s Trichrome stain. Sham surgery (left) or myocardial infarction performed at 1 day of life (right); Scale
bar 2 mm (C) gPCR of Igfl and Igf2 expression in sham and MI animals 3, 5 and 7 dpi. Data was normalized to
Gapdh, statistical significance was tested using One-way ANOVA, and p values for individual comparisons were
calculated by Tukey’s test. Values are mean £ SD, n=4, * p<0.05; ***p<0.001.

IGF1 expression is increased during in vitro cardiac fibroblast activation

Cardiac fibroblasts have been shown to change their phenotype around birth and are involved in
neonatal regeneration and adult-heart repair?®#. In order to explore the role and the translational
potential of CFs and IGF1 in regeneration and repair, a cardiac fibroblast activation protocol, in vitro,
was used in both mouse and human CFs (mCFs and HCFs, respectively) (Figure 5A). CFs activation
to myofibroblasts was accomplished by treating the cells with TGF-B1 3 days after seeding and every
second day after that, namely days 0, 2, 4, and 6. We observed that when treated with TGF-1,
mouse and human CFs showed consistent upregulation of gene encoding IGF1, compared to

untreated cells (Figure 5B), however, without attaining statistical significance. Also, no significant
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variability was observed between the different activation timepoints. These results indicate that TGF-
B1-mediated cardiac fibroblast activation induces the expression of the IGF1 genes in both mouse

and human cells.

Besides the increase in the expression of the genes coding for IGF1, we also asked if TGF-31-
mediated CFs activation alters the levels of the IGF1R, and we assessed that by western blot in HCFs
(Figure 5C). When treated with TGF-B1, HCFs show an increased IGF1R on day 4 of activation
compared with the non-activated cells, whereas on day 6, this pattern reverses, and the untreated
condition revealed higher protein levels than the one treated with TGF-B1. These results will require
further investigation since they were obtained from only two independent experiments and present a

considerable high standard deviation.
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Figure 5 — IGF1 expression is increased in activated cardiac fibroblasts. (A) Schematic representation of
CFs activation protocol (B) Fold change on IGF1 expression after TGF-B1 stimulation of mCF (left, n=2) and
HCF (right, n=4) and untreated cells of the same day (dotted line at Y=1). Statistical analysis was tested by non-
parametric One-way ANOVA through Kruskal-Wallis analysis followed by Dunn’s test. No statistically significant
changes were found between the fold changes of different timepoints on HCFs (right panel). Values are mean
+ SD (C) Determination of IGF1R in HCF treated or not with TGF-B1 through time. Left panel, western blot
(representative blot of two independent experiments) of IGF1R. Right panel, quantification of IGF1R normalized
for GAPDH. Values are mean + SD, n=2.

IGF1 role on human cardiac fibroblast activation

To assess if IGF1 is implicated in fibroblast activation in vitro, we challenged HCFs with growing
concentrations of IGF1 (0.1 — 10 pug/mL) and assessed the expression of genes associated with
fibroblast activation by gPCR (Figure 6A and 6B). As a positive control, HCFs were treated with TGF-
B1. We observed increased transcription of a-SMA, Collagen I, CTGF, and FAP coding genes
compared with the untreated cells (Figure 6B). However, this observed tendency was not statistically
significant. We also observed that the increased expression of the activation markers with IGF1 was

not dose-dependent.

Following the gPCR results, we decided to examine the accumulation of a-SMA, a marker of activated
cardiac fibroblasts, in HCF treated with the highest IGF1 concentration (10 pug/ml) at day 6, by
immunofluorescence (Figure 6A and 6C). The results show that despite no significant increase in
ACTAZ2 expression after 6 days of treatment with IGF1, there is a statistically significant increase in
the number of a-SMA* CFs, compared with the untreated cells, although not as marked as following
TGF-B1 stimulation (Figure 6C). Also, no synergistic effect of IGF1 and TGF-B1 treatment in the
number of HCF activated was found.

Overall, our results indicate that IGF1 is able to induce HCF activation in vitro.
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Figure 6 — IGF1 is able to induce HCF activation. (A) Schematic representation of the adapted CF activation
protocol (B) Fold change expression of the activation markers ACTA2, COL1A1, CTGF, and FAP in HCF treated
with growing concentrations of IGF1 (0.1, 1, 10 ug/mL), relative to untreated cells of the same day (dotted line
at Y=1). TGF-B1 (10 ng/mL) was used as a positive control of activation. Data was normalized to GAPDH, and
statistical significance was tested by One-way ANOVA, and p values for individual comparisons were calculated
by Tukey’s test. Values are mean + SD, n=3 *p<0.05; ***p<0.001, ****p<0.0001. (C) Quantification of a-SMA
positive HCF upon treatment with IGF1 for 6 days. Left panel, representative images (two independent
experiments) of HCF treated with 10 ng/mL TGF-B1 and/or 10 pg/ml IGF1. Cells were immunolabeled for a-
SMA (red), phalloidin (green) was used as a cytoplasm marker, and the nuclei were stained with DAPI (blue).
Scale bar=100 pm. Right panel, quantification of the percentage of a-SMA positive cells per field of view (FOV),
at least 700 cells were counted per condition using Fiji software. The total amount of cells was achieved by
counting cell nuclei. Activated cells (a-SMA positive) were counted manually and divided by the total amount of
cells. Statistical significance was tested by One-way ANOVA, and p values for individual comparisons were

calculated by Tukey’s test. Values are mean + SD, n=2, ***p< 0.0001.
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IGF1 has a protective effect against hypoxia-induced apoptosis in human CFs

IGF1 has been described as involved in cell survival and proliferation pathways'#? in cardiomyocytes
and lung fibroblasts'3+13514¢  Knowing that Igfl is upregulated after MI, it was hypothesized if IGF1

could also have a protective role in response to an ischemic injury.

To investigate IGF1’s protective potential against cell death, we established an in vitro survival
protocol where we subjected HCFs to hypoxic conditions (1% O, for 72h) in the presence or absence
of IGF1 (0.1, 1 and 10 pug/mL) and assessed the levels of hypoxia-induced apoptosis using a TUNEL
assay (Figure 7A and 7B). Cells maintained under normoxic conditions were used as controls. We
observed that IGF1 was able to significantly protect HCFs from hypoxia-induced apoptosis,

independently of the dose used (Figure 7B), rescuing the apoptosis levels observed in control cells.

This result suggests that IGF1 can be involved in response to ischemic injury in the context of Ml by

promoting CFs survival and contributing to the repairing mechanisms.
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Figure 7 — IGF1 has a protective effect against hypoxia-induced apoptosis in human CFs. (A) Schematic
representation of the survival assay using HCFs. (B) Survival evaluation of HCFs subjected to hypoxic
conditions (Hypoxia, 1% Oz for 72h) in the presence or absence of IGF1 (0.1, 1, and 10 pg/mL). Cells maintained
under normoxic conditions (Normoxia) were used as controls. Upper panel, representative images of the
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (green) and nuclei staining with DAPI
(blue). Scale bar = 100 um. Lower panel, quantification of TUNEL positive (+) /DAPI counterstained cells at
least 700 were counted per condition using Fiji software. The total amount of cells was achieved by counting
cell nuclei. TUNEL positive cells were counted manually and divided by the total amount of cells. Statistical
significance was tested by One-way ANOVA, and p values for individual comparisons were calculated by

Tukey’s test. Values are mean + SD, n=1 ***p<0.0001.
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Discussion

Ever since antiquity, humanity has questioned, studied, and postulated on the heart’s function.
Nevertheless, as of this thesis writing, coronary heart disease remains the leading cause of morbidity
and death globally*. Millions of citizens (and their families) struggle with the dependence, wealth, and
medical burden caused by MI and heart failure. Newer ways and means of therapy are needed. This
work aimed to further our understanding of heart regeneration and repair, emphasizing the role of

IGF1 on cardiac fibroblasts, a master regulator of the injury response.

In this thesis, the transcriptome of whole mice hearts during the transition between regenerative and
repair window was evaluated by RNAseq to understand the mechanisms involved in the loss of
cardiac regenerative capacity after birth. Analysis of differently expressed genes highlighted multiple
ECM-associated genes altered between embryonic day E16 and P7, showcasing the important role
that the ECM has in the transition between regenerative and reparative periods. These results
corroborate other authors' discoveries, such as Angel Raya’s group work demonstrating that ECM
stiffness limits cardiac regeneration in neonatal mice® and Bassat et al.'s work demonstrating that

agrin (an ECM molecule) is capable of inducing cardiac regeneration post-MI°%,

Of note, in our RNAseq results, multiple IGF family-associated genes were changed, out of which
IGF1 was identified as a molecule of interest because of its known role in cell growth and
differentiation?® and its upregulation in the transition from regenerative to reparative periods.
Importantly, IGF1 is a pleiotropic molecule previously associated with cardiomyocytes' growth and

proliferation and the matricellular surroundings*4*.

The RNAseq also identified 1gf2 to be downregulated during the same period, consistent with the
previous reports reviewed in'%°, However, given that IGF2 is known to be a potent mitogen in the fetal
period!®® and has been reported to be involved in cardiac regeneration in neonatal mice'#” exerting
most of its function through IGF1R (its other function in nutrient sensing being associated with the
insulin receptor!4®), it begs the question why would Igf2 be downregulated and why would a
downregulation of Igf2 be accompanied by an upregulation of Igfl, especially considering that both
act mainly through IGF1R signaling??®®. One can hypothesize that a potent mitogen such as IGF2 is
endogenously downregulated because of the very notion of why cardiac regeneration in humans was
not selected in the first place. Namely, because from an evolutionary perspective, Ml was not a major
relative disadvantage since by the onset of MI, most organisms were already past their fertile
period'*°, plus the diet of ancient humans did not lend itself to the cardiovascular diseases observed

currently®s°,
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As to why would a downregulation of Igf2 be concurrent with an Igfl upregulation, although there is
no definitive answer, it could be argued that since IGF2 can function pleiotropically through the insulin
receptor and its downstream pathways and due to the changes in nutrition intake after the birth of the
animal, it may be beneficial to have a finer tunning over insulin signaling, hence leading to a
downregulation of Igf2. IGF1 could perform the mitogenic effect performed by IGF2 (even though
IGF2 is not associated with hyperplasia, its hypertrophic capabilities could serve as a functional
substitute!?®) hence justifying the Igfl upregulation. Effectively, this could mean that growth and
nutrient sensing are being, at least partially, regulated by the same signaling mechanisms during the
fetal period. However, there would be a split between nutrient sensing and mitogenic pathways after
birth, leading to more control over these two essential biological functions. This hypothesis would be
concurrent with the prevailing literature since it is known that with the birth of the animal, insulin
receptor isoforms switch from IR-A (associated with mitogenic effects)!4®1°! to IR-B (associated with
nutrient sensing)'®2. Both IGF1 and IGF2 proteins have roughly 5-fold lower affinity to IR-B when
compared to IR-A'3, plus IGF1 has a 10-fold lower affinity to both IRs than IGF2%. Together with
our results, the hypothesis of splitting signaling pathways with the animal's birth is reinforced.

Following the observed upregulation of Igfl in the transitional period between regeneration and repair,
we decided to assess IGF family-associated genes expression in the heart in response to Ml at P1
(regenerative outcome) and adult’ animals (reparative response), using a mouse model. In the case
of the adult model, a clear upregulation of Igfl, Igfbp3, Igfbp4, Igfbp7 were observed in the Ml region
96h after injury when compared with sham-operated animals. At the same time, no statistically

significant difference was found for Igf2, Igfbp5, Igfbp6, and Htral.

A similar experiment in neonatal mice was performed. After injury at P1, the Igfl expression contrarily
to what was observed in the adult was decreased in the MI group compared with the sham-operated
animals at day 3 post-infarction, with the values equaling at day 7 post-infarction. As for Igf2, adding
to the already existing descending pattern expression after birth, in all neonatal samples observed,
the expression of Igf2 was lower in MI than in sham samples while in the adult model no difference

was detected.

The difference in Igfl expression between the neonatal and the adult model suggests that IGF1
regulation depends on whether it is in the regenerative or reparative period, implying that 1gfl function

may need to be downregulated for regeneration to occur.

Several questions arise from the adult results: What could be the reasons for Igfl upregulation after
MI? What are the roles of Igfbp 3, 4, and 7 in the injury response? Moreover, why does this occur at

96h post-injury?
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The latter question, related to the timing where we see these genes' increased expression, could be
explained by the complex and multi-phase cardiac repair program?*. As for the biological reason for
Igfl upregulation, our results suggest that IGF1 has a role in response to cardiac injury. Whether this
role is pro-regenerative or pro-reparative is unclear. Our results and the mouse model used (adult
and hence reparative) suggest a reparative role for IGF1 however, this is inconsistent with the
scientific literature, which has reported a regenerative and cardioprotective role for IGF1, namely by
exerting an antiapoptotic effect on cardiac cells promoting cardiomyocyte proliferation and attenuating
angiotensin ll-induced cardiac fibrosis®®%134141 However, regarding cardiomyocyte proliferation, it
must be taken into account that significant published literature concerning IGF1 and IGF2 considers
the number of nuclei as a direct measurement of the number of cardiomyocytes, which is not
necessarily correct since binucleation in cardiomyocytes may arrive through hypertrophic and not

hyperplasic growth®>4,

Simultaneously, it was also observed that Igfbp 3, 4, and 7 were upregulated. These IGF-binding
proteins have the ability to modulate IGF1 signaling by directly binding IGF1 and prolonging its half-
life or by interfering with the IGF1 receptor interaction'®’. These molecular mechanisms of IGF family-
associated genes lead to a thorough fine-tuning of IGF1 signaling'®’. IGFBP3 is the most common of
all IGFBPs and has been associated with the stabilization of IGF1 protein'*®. As for IGFBP4 and
IGFBP7, the former has been known to interfere with IGF1 and IGF1R interaction, hence having a
negative impact on its signaling!®’. The latter binds weakly to IGF1 and has been reported as a
biomarker for MI*®, which our results corroborate. Both the regulation and the very existence of
IGFBPs and their correspondent degrading enzymes reinforce the importance of IGF1 signaling
because from an evolutionary point of view, only an important pathway would receive such in-depth

modulation.

Besides the expression of IGF1, we also looked for the presence of IGF1R on the tissues collected
from the adult mice hearts subjected to MI, and an interesting result emerged. IGF1R levels were
lower after Ml in the infarcted zone compared with the remote zone of the heart and corresponding
areas of the heart in sham operated animals. So even though Igfl itself is upregulated, its receptor
decreases in the same region. This result can be justified by a delay between the expression of the
Igflr gene and the production of the protein itself or, the internalization and degradation of the IGF1R
could be involved since it has been shown to be a key in the modulation of IGF1 signaling®’:11,
Another valid hypothesis is that the cells most affected by the Ml injury (i.e., cell death) were the ones
with higher levels of IGF1R, resulting in an overall lower receptor level. Lastly, it could also be argued
that since IGF1 is a secreted molecule, its effects may be not only on the immediate surrounding cells

but on more remote areas of the heart.
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Based on our results, IGF1 appears to be an essential factor in cardiac remodeling, and its intricate
regulation is a part of a multi-phase cardiac repair program, with CFs being responsible for most of
its synthesis and secretion, and themselves and cardiomyocytes as targets!#’. However, an
unorthodox argument could be made, namely, that Igfl increased expression does not result from the
resident heart cells but from immune cells that are recruited and migrate to the heart after injury since
it is established that immune cells are necessary for cardiac remodeling®®’. This would be consistent
with the reported action of macrophages capable of secreting IGF1 (linked to regeneration) in the
skeletal muscle'?. It would also justify why, in the Ml models, Igfl shows upregulated only after a few
days after MI, corresponding to the infiltration and action of the immune cells®8, It is unclear whether
immune infiltrate plays a part in the transition from the regenerative and repair period in neonatal

mice.

To explore these results’ translational potential, we assessed the IGF1 concentration in the pericardial
fluid, which is known to concentrate secreted molecules from the heart'*®, and plasma of control and
with a recent Ml and compared them to a control group. Despite the issues regarding this
guantification (raised in the results section), a higher concentration of IGF1 was found in the
pericardiac fluid of our patients after M, further strengthening that IGF1 is secreted by heart cells
during the repair process.

Owing to the opposing regulation of IGF1 during the repair response of the adult and the regenerative
response of the neonate, one can speculate that this molecule may be involved in the pro-fibrotic
signaling observed in the adult. In line with this, the suppression of Igfl expression observed after
neonatal injury could be related to the activation of an anti-fibrotic program during regeneration. In
fact, our in vitro experiments demonstrated that not only 1gfl is up-regulated upon CF activation, but
most importantly, IGF1 per se is able to i) induce mild CF activation and transdifferentiation into
myofibroblasts and ii) robustly protect CF for ischemia-induced apoptosis. Despite these effects, no
apparent dose-dependent was observed, relating to IGF1 receptor saturation or a downstream
pathway reaching a rate-limiting step. Regardless, the results are in line with others that evaluated
the effect of IGF1 in CF135-137.141,

The role of CFs in the complex transition from a regenerative to a reparative period remains unclear?.
However, they are critical regulators of the injury response!® and are the main synthesizers of IGF1
in the heart!*!. To explore the potential effect of IGF1 on cardiac fibroblast we used, an in vitro cardiac
fibroblast activation model using TGF-B1 as a mediator of fibroblast differentiation into myofibroblasts
in both mouse and human cardiac fibroblast. Whit this model, we assessed both the 1gfl expression

in activated and non-activated CFs and the effect of exogenous IGF1 in fibroblast activation.
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We observed that in both mouse and human CFs, activation by treatment with TGF-B1 leads to an
Igfl upregulation, sustained with time. It was also found that human CFs after the same treatment led
to a modest increase in the presence of IGF1R. This result corroborates with the autocrine role
described for IGF1162,

IGF1 has been reported to be involved in myofibroblast differentiation in the lung, in both in vivo (by
blocking IGF1R with an antibody) and in vitro (by adding IGF1 to cultured cells) model*** however, a
recent study by Ock et al. using mice models of cardiac fibrosis, demonstrated through both IGF1R
knockout and IGF1 infusion that IGF1 is capable of reducing angiotensin-1l induced cardiac fibrosis*.
Therefore, our next question was if IGF1 itself could lead to CF activation. We found that when treated
with growing concentrations of IGF1, a small but persistent upregulation of activation markers was
present, namely a-SMA, Collagen | and CTGF2, Interestingly this increase in expression of activation
markers was not dose-dependent (this will be addressed afterward). We decided to look at the
accumulation of a-SMA, the canonical marker for CF activation'®? at a later day of the protocol by
immunofluorescence. And found that when treated with IGF1, there was an increase in the number
of CFs positive for a-SMA corresponding to CF differentiated into myofibroblasts. However, this
increase was not as substantial as when treated with TGF-B1. The combination TGF-B1 and IGF1
was hot synergetic, despite crosstalk between these two effectors being predicted in the
literature?®121.163 with Daian et al.»*® reporting on a synergistic effect between IGF1 and TGF-B1
regarding the stimulation of ECM production by keloid fibroblasts. Speculating on the reason for the
nonexistence of synergy, it could be argued that since there is no noticeable difference between the
condition with TGF-B1 and the condition with both TGF-1 and IGF1, the activating pathways
responsible may be being subjected to a rate-limiting step. These results indicate that not only IGF-1
is upregulated after CF activation but also is capable of CF activation itself.

Regarding the protective effect of IGF1 on CF, although not previously evaluated in the context of the
heart, this protective effect has been shown to be important in other contexts'®* such as vascular
endothelial cells reviewed in Conti et al. where IGF is indicated to contribute to the orderly coronary
blood flow and stifle endothelial dysfunction through its antiapoptotic effects!®®. Plus, IGF1R knockout
impaired endothelial function and increased renal fibrosis, leading to kidney disease and
dysfunction®. A similar protective role for IGF1 has been described in neurons after ischemic
injury*®”. In our experiment, we observed that IGF1 was able to protect human CF from hypoxia -

induced apoptosis.
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When paired with the upregulation of Igf1 post-MI in the adult mouse model, these results reinforce
the potential protective role of IGF1 after ischemic injury, and therefore depict IGF1 as an essential
molecule in the response against Ml and the cardiac remodeling thereafter.

In conclusion, we established that IGF1 is a molecule of significant importance in response to
ischemic cardiac injury. Our results suggest a reparative role for IGF1 rather than a regenerative one,
unlike the prevailing literature. This may have implications for future studies and the development (or
not) of newer therapies regarding restoration of healthy tissue function. How could this be justified?
Our in vivo results do not necessarily dismiss a regenerative role but simply associate endogenous
Igfl expression with a known reparative period rather than a regenerative one. As for our cell culture
results, again, these do not disprove a regenerative role but simply describe that IGF1 has previously
undescribed roles in cardiac fibroblasts and that it may help the latter accomplish its function in cardiac
remodeling, in either repair or regeneration. This would be consistent with a previous model of
neonatal regeneration described by the group in which a hybrid model is proposed® where after injury,

both regenerative and repair mechanisms seem to be activevated®®.
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Conclusion and future perspectives

Understanding the molecular mechanisms and key players that mediate the cardiac response to injury
represents an effective tool for discovering new therapeutic targets that may integrate anti-fibrotic
therapies. Herein, we provide new insights into the potential role of IGF1, an autocrine and paracrine
signaling molecule produced by cardiac fibroblasts in response to ischemic injury in the heart.

The primary findings of our research are that IGF1 is differentially regulated after ischemic injury
between the neonatal (regenerative response) and adult (reparative response) timepoints, with IGF1
being upregulated after Ml in the adult mouse model. Plus, we found that IGF1 can induce cardiac
fibroblast activation and promote cardiac fibroblast survival in a hypoxic setting correlating with a

reparative response upon injury.

Altogether, our budding results suggest that IGF1 is involved in the transition from the regenerative
to reparative response through the mechanism of fibroblast activation and that IGF1 action may be

suppressed in the post-natal period. Therefore, our future experiments should:

- Include an in vivo assay on neonatal mice treated with IGF1 to investigate if IGF1 can induce an

early reparative response (ongoing).
- Determine if IGF1 has any role in the establishment of binucleation in cardiomyocytes.
- Evaluate if IGF1 can rescue cardiomyocytes from hypoxia-induced cell death.

Therefore, these studies should i) Establish a solid foundation for the role of IGF1 and cardiac
fibroblast in the heart ii) Further our understanding of IGF1 in both neonatal and adult cardiomyocytes.

We anticipate with expectation that our contributions may lead our community to a greater
understanding of itself and the pathologies studied, ultimately shepherding a better clinical outcome
for patients.
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Supplementary Data

Supplementary materials

Quantification of IGF1 in human pericardial fluid and plasma by ELISA

Peripheral blood and pericardial fluid (PF) were collected from two patient cohorts undergoing
coronary artery bypass grafting: i) a control, stable coronary artery patients (stable angina, without
previous Ml or acute coronary syndrome) and ii) a Ml group, composed of patients with a recent first
MI episode (maximum 3 months before surgery). The two groups were characterized in terms of age,
sex, age, cardiovascular risk factors, and medication at the time of surgery. The Ml group comprised
two types of patients: the STEMI, patients with ST-elevation myocardial infarction, and the NSTEMI,
patients with non-ST-elevation myocardial infarction.

Quantification of the free form of IGF1 in PF and plasma samples collected from the Ml and control
patients was performed using an enzyme-linked immunosorbent assay (ELISA) kit for detecting
human IGF1l (RayBiotech #ELH-IGF1-1) according to the manufacturer's instructions. Briefly,
biological samples and standards were incubated in sealed wells for 2 h and 30 min. They were
washed and added a previously prepared biotinylated antibody solution, and incubated for 1h. Wells
were washed and incubated for 45 min with horseradish peroxidase (HRP)-coupled streptavidin
solution. Wells were washed once again and incubated with a 3,3',5,5'-tetramethylbenzidine (TMB)
solution for 30 min. This step yields a blue color caused by the oxidation of TMB as a result of the
hydrolysis of hydrogen peroxide by HRP. To stop the before-mentioned reaction, a solution containing
sulfuric acid was added to the wells after incubation, changing the color of the solution to yellow. The
absorbance was then read immediately at 450 nm in a Synergy™ Mx Microplate Reader (BioTek). All

incubations were done at room temperature and in slight agitation.
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Figure S1 - Validation by qPCR of RNAseq results of Igfbp2 Igfbp5 and Igfbp7 expression in mouse heart
ventricles. Data was normalized to Gapdh, statistical significance was tested by One-way ANOVA and p values
for individual comparisons were calculated by Tukey’s test. values are mean + SD, n=3, *p<0.05; *p<0.01,
***n<(0.001, ****p<0.0001.
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Figure S2 - Igfl and Igf2 expression analyzed by gPCR at different timepoints (24h; 48 and 96h) after injury in

an adult mice MI model. Heart tissue was collected from three zones, the infarct zone, a peripheral zone of the

injury, and a remote zone of healthy tissue. Sham operated animals were used as controls. Data normalized to

Gapdh.
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Figure S3 — IGF family is differently expressed after in the adult expression. Expression of Igfbpl and, Igfbp2,
in sham and MI animals 96h after MI. Data was normalized to Gapdh, statistical significance was tested by One-
way ANOVA, and p values for individual comparisons were calculated using the Tukey’s test (sham n=4, MI

n=5). Values are mean = SD * p<0.05.
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Figure S4 — IGF1 concentration in pericardiac fluid and plasma samples collected from Ml and control patients
guantified by an ELISA assay. Comparison between control patients, patients with Ml STEMI (ST-elevation
myocardial infarction), and patients with Ml NSTEMI (non-ST-elevation myocardial infarction). Statistical
significance was tested by non-parametric One-way ANOVA Kruskal-Wallis analysis, and p values for individual
comparisons were calculated with Dunn’s test. In the pericardial fluid, a statistically significant difference was
found between the NSTEMI and the control group (*p=0.0117). This difference was not observed for the STEMI

patients. No difference was found in plasma samples. Control n=8; STEMI n=5; NSTEMI n=7
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