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Problem statement: Myocardial infarction

"Heart attack”

Caused by decreased or
complete cessation of blood
flow to a portion of the
myocardium.

Normal Artery

Myocardial infarction is usually '
due to thrombotic occlusion of a partal Block v
coronary vessel caused by rupture i
of a vulnerable plaque. iR Q
Figure 1. Myocardial infarction. Figure 2. Heart attack.
Source: [2]

Source: [1]
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Problem statement: Myocardial infarction

. ' l/ Healthy coronary artery

Blood flow

Cleveland
Clinic

2022 .

Ischemic heart

muscle Blood flow

Figure 3. Myocardial ischemia. comp romised

Source: [3]

Ischemia induces profound metabolic and ionic
perturbations in the affected myocardium and causes rapid
depression of systolic function.
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It extends from the subendocardium to
Figure 4. Heart walls.

Source: [4] the subepicardium
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Some statistics: Myocardial infarction

The leading cause of death worldwide, causing around
17.3 million deaths annually

(representing 30% of all registered deaths),
making it one of the major public health problems

LIMA 51.5%
CALLAO  27.3%

HUANCAYO 0.5%
anterior wall infarct

cusco 5.1%
ICA 22%
Red thrombus on a ruptured

AREQUIPA  4.8%
atherosclerotic plaque, JULIACA  05%

causing blood flow blockage

Figure 5. Thrombotic occlusion.

Figure 6. Percentage of patients in the registry according to geographic location.
Source: [5] Source: [6]
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Treatments: Myocardial infarction

Angioplasty

Artery

Catheter

Balloon

Guidewire

Figure 7. Angioplasty.
Source: [7]

The painkillers such as morphine or meperidine
can also be administered to relieve pain.

A nitroglycerin and antihypertensive drugs such
as Beta-blockers, ACE inhibitors or Calcium
channel blockers may be administered to lower
the blood pressure and to reduce the heart’s
oxygen demand.

Anticoagulants such as heparin, aspirin or
warfarin may also be administered to reduce the
risk of blood clots.

Dopamine or dobutamine is administered to
increase the blood flow to the heart and
strengthen the heartbeat.
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Potential and drawbacks: Myocardial infarction

Traditional treatment Myocardial infarction New atrategies

Drug therapses e — Embryonic stem cells

— |[nduced pluripatent stem cells

Thrombolybc therapy — —— Skeletal muscle stem calls
— Bana marrow cells
Fercutaneous coronary —

irtervention — Mesanchymal stem cells

— Cardiac stem calls

Coronary artery ——
bypass grafting Stem call-derived exosomes

Figure 8. New strategies for myocardial infarction treatment.
Source: [8]
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Potential and drawbacks: Myocardial infarction

e The cell microenvironment does not release
determined factors or control cellular adhesion or
mechanical function.

e  Matrix does not include the decrease of inflammatory
response and prolongation of the absorption delay by

bt additional chemical and/or physical cross-linking
treatments.

e Electrostimulation and shear stress are not
incorporated to precondition matrices.

Healthy
artery

Figure 9. Anatomy of a heart attack.
- Source: [9]
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Objectives

General objective:

Design a phase I/II clinical trial to test the effectiveness of a tissue engineering based product for the
treatment of acute myocardial infarction (MI).

Specific objectives:

Define a suitable biomaterial for scaffolding construction and other additional components to
enhance the regeneration process.

Determine the inclusion and exclusion criteria to select the participants for the clinical trial.

Determine the primary and secondary outcomes that indicate the safety and effectiveness of the
proposed therapy.

Determine the techniques and assays for patient monitoring and outcomes measure.

DA
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Clinical Trial Conclusion

Scaffolds may enable myocardial regeneration by mimicking the
cardiac extracellular matrix

Growth Factors, Proteins,
Peptides, Antibodies, etc

Stem Cells or
Stem Cell
derived cells

* Porosity

* High surface area to volume
ratio

* ECM-like microenvironment

* Appropriate mechanical
properties

« Appropriate conduction
properties

» Biodegradability

* Biocompatibility

* Non-thrombogenic

Collagen

Fibrin

PGS

PCL

Peptides
Polyurethanes
P(3HB-co-4HB)

Engineered Cardiac

Replacement Tissue / |
5

Functional cardiomyocytes,
Patch myofibroblasts and
vasculature

™

@/_ /6_\
\ —-e >
‘ o
b -
/@i »
| * Ventricle dilation

* Thinning

Injectable Hydrogel * Cell apoptosis and
necrosis

* Mechanical stability of
myocardium
« Cardiac output

Figure 10. Tissue Engineering Strategies
Source: [10]
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There are different approaches for myocardial regeneration

| Acellular | Cellular | Engineered cell culturel | Multi-cellular model '
=] =, e ~
o 58S s ALSZ
° (=3 =1 o
o S r? Cell Sheets A
o 0 LA | e o o
e 0 © & O Electrospun yA
fibers
L~ y fibroblasts
o © . = e
growth and angiogenic - b ) s
factors cardiomyocytes o © 0 - inmune cel
matrix fibers Combinatorial = host-derived cardiomyocytes
Approach
Main Advantages:  Reduced Ventricular wall remedeling Reduced Ventricular wall remodeling  Reduced Ventricular wall remadeling Sustained cardiac function in vitro
Mechanical support Mechanical support Improved mechanical stability Uimited inmune reaction
Limited vascularization Improved vascularity Partial host-tissue integration
Off-the-shelf availability Reduced Ventricular wall rernodeling/stability?
Limited immune reaction Improved vascularity?
Low cost and extended shelf-life Complete host-tissue integration?
Challenges:  Lack of host cardiac tissue regeneration  Limited shelf avadlability Limited shelf availability High cost and decreased shelf-life
Limited host cell integration Potential inmune reaction Potential immune reaction
Variable mechanical stability High cost and decreased shelf-life High cost and decreased shedf-life
Time-Emited patch contractility Time-imited patch contractility

Lack of cardiac tissue regeneration
Limited vascularity

M. Domenech, et al. Tissue engineering. Part B, Reviews, 22 (2016)
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Collagen Scaffolds present optimal physical and chemical properties
@ for cardiac tissue regeneration ®

Biocompatibility o — High stiffness
Biodegradability Slow gelation
Porosity for Batch-to-batch
capillary ingrowth variability
Epaisbia No stimulation of
» the ECM secretion
l Collagen type |

Hydrogel scaffold l
Collagen type I is the most abundant structural

protein in mammalian myocardium

There is currently no single biomaterial that fully
recapitulates the architecture or properties of

adult myocardium [11]

Figure 11. Advantages and disadvantages of Collagen Hydrogel Scaffold
Source: Created in BioRender.com
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@ Chitosan (CS) Scaffolds

Biocompatibility = = . /.

Low mechanical
properties
Biodegradability Limited stability
Promotes cell
adhesion
Reactive Oxygen

Slow gelation time
Species (ROS) reduction

High processing cost
Chitosan (CS) Hydrogel Scaffold

CS hydrogels can be enhanced in the MI microenvironment
CS has a high degree of hydrophilicity, which
can enhance cell binding and proliferation.

to improve engraftment, survival, and stem cell homing by
removing ROS and increasing cytokines [12].

Figure 12. Advantages and disadvantages of Chitosan Hydrogel Scaffold
Source: Created in BioRender.com
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CROSSLINKING AGENT
Tripolyphosphate (TPP) [13]

Collagen  NH; TPP

o o o
1 | 1
# o-f-ofp-oft-o =
o] O o H
n

Chitosan HO.
HO. o 0
00
OH NH,
HO NH;

o)

Chitosan
<.> ?
NHJ “O- P-O P-O ﬁ—o
° 9

Collagen

Figure 13. Schematic illustration of crosslinking reaction. Source: [13]

&/ Adequate porosity (>65%) and swelling ratio v

v/ Better biocompatibility - Higher cell viability v

«/ Highest expression of cardiac-specific marker protein ¢/
and the best contractile performance

Suitable for the growth and structural maturation of
cardiomyocytes

Elastic modulus (81.0 + 8.1 kPa) in the physiological
range of native myocardium

Lower crosslinking degree and a higher degradation
rate

—
=,
="

o=

BIOINGENIERIA
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DELIVERY AGENT
Human Induced Pluripotent Stem-Cell Derived Cardiomyocytes (hiPSC-CMs) [14]

Step 1 @

L]
iPSCs-CMs °
°
. «/ Effective integration with host myocardium
. \/ Significant cardiac fibrosis reduction
Induce & purify : Prepare maturation
hiPSC-CMs ° medium & patterned
. Suriaees «/ Improvement in cardiac function
Step 3 ®
—
°
, . +/ Cardiomyocyte marker expression
*Step 4 » No cardiac teratoma formation
®
L ]
° . . h . f
Sterilize surfaces and : Culture cells on V Cogent autocrine and p aracrinc mechanism 1or
replate hiPSC-CMs ° patterned surfaces treating MI
. with maturation

medium

Figure 14. Protocol to produce mature human-induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) Source: [15]
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Most myocardial regeneration studies have been implemented in small animals,
including mice and rats.

L J : 4'?:)
- \Ya©® O
( )
./ '\,/ +
Ve ~Yaw N I v J?—f‘plﬁ? \
Mesenchymal Cardioblast Chltosan S|Ik fibroin
Stem Cells Cells (H9C2) hydrogel with gold
nanoparticles
Figure 15. Preclinical trial in rat. Adapted from Wu et al. 2022
Source: Created in BioRender.com cardio myocyte fiber

restoration
Novel fabrication of bioengineered injectable chitosan hydrogel loaded with conductive
nanoparticles to improve therapeutic potential of mesenchymal stem cells in functional
recovery after ischemic myocardial infarction [16].
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There is a severe lack of valuable investigation in large animal models that can more
closely mimic the cardiac pathophysiology of human patients [8].

Cell engraftment
Cardiac function

Myocardial remodeling

Revascularization

Adipose-derived -~ N . .
stem cells (ADSC) Collagen Scaffold Gottingen minipigs ‘ Fibrosis

Figure 16. Preclinical trial in minipigs. Adapted from Arafia et al. 2014
Source: Created in BioRender.com

Epicardial delivery of collagen patches with adipose-derived stem cells in rat and
minipig models of chronic myocardial infarction [17].

BIOINGENIERIA
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BIOMATERIAL PROPOSAL: Collagen I/ Chitosan + hiPSC-CMs Cardiac Scaffold

Synthesis Characterization Clinical Trial

WG Study divided in 2 groups

] | L T

Bl Wit 1, (ii) Collagen I/ Chitosan Scaffold

Chitosan Morphology

e (iii) Collagen I/ Chitosan + hiPSC-CMs Scaffold
Chemical
characterization

Scaffold

CoIIagen
Brossinkin Scanning Electron InfraRed
g Microscopy (SEM) Spectroscopy (FTIR)
Cell culture Pre-clinical Trial
Cell P s—" Cell
reprogrammiV Va %rentiation B 7 /)
qc) i “* /‘ \¥T/ i /\A I""'.v ‘/\/
= s = Ty Figure 17. Synthesis and Characterization of the
— i/ \| = = ‘ \ .\ —l /% proposed scaffold.
) ) ‘f'—/’\ ’V’ =~ < B / Source: Created in BioRender.com
© — Y

S hiPSC-CM implanted Sk :
hiPSC-CM collagen/chitosan AN

hydrogel scaffold

Cell Isolation

MI Induced model
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Study Design

e Randomized

e Phase /Il clinical trial
e Double arm study

e Interventional

e Single blind

Clinical Trial

The study will consist of the following phases: screening,
randomization, single blind treatment, clinical follow-up

ICF Screening Randomization

s A s

Enrolled
patient

=

12 month Follow-Up
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Inclusion criteria Exclusion criteria
1. A history of myocardial infarction with a residual 1.  Patients who had cardiogenic shock or endstage heart
akinetic scar failure
1. Ejection fraction between 20% and 50% 2. History of leukopenia (white blood cells) or
2.  Patients free of angina symptoms thrombocytopenia (platelets)
3. Presence of Q wave in the ECG 3. Evidence for terminal disease
4.  Signed ICF (Informed Consent Form) 4. Patients under treatment with oncology drugs or
5. Ages: over 18 at time of signing ICF immunologic suppression

5. Known stroke (in the last month) or major cardiac

surgery
“ 6. Female patient who is pregnant, nursing, or of
p— child-bearing potential
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Screening: Patients providing informed consent will undergo screening prior to the study treatment.
Eligible patients will be randomized through a web based response system.
e Baseline evaluation 1 week before the surgery

Patient selection and group assignment

The two arms of the study will be randomly assigned through a
web based response system.

o
’ The study has 2 arms/groups with 10 patients each one:
1.  Collagen I/ Chitosan + hiPSC-CMs Cardiac Scaffold
2. Collagen I/ Chitosan Cardiac Scaffold

.i
Collagen I/ Chitosan Collagen I/Chitosan

hiPSC-CMs Cardiac Cardiac Scaffold
Scaffold



UTEC Introduction Objectives Scaffold Clinical Trial Conclusion Tissue Engineering >;,<
'''''''''' o e 2022-2

BIOINGENIERIA

Outcome measures/Clinical Follow-Up

Primary endpoint:
[1 month post surgery]

We assess safety on the basis of the following:

e Development of major adverse cardiac events (death, new myocardial infarction, admittance to
hospital due to aggravation of ischaemia, or heart failure)

e C(linical status: dyspnea (shortness of breath), chest pain; and detection of ventricular arrhythmias
by 24-hour Holter electrocardiographic monitoring study.
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Secondary endpoint: Efficacy

[ 12 month post surgery follow-up]

—
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Continuos in-hospital telemetry

ECG holter monitoring

ECG

Echocardiography

Surgery

Radionuclide ventriculography

MRI

Angiogram

Objectives Scaffold Clinical Trial Conclusion Tissue Engineering
2022 -2
Postoperative week Postoperative month
Week 1 | Week 2 | Week 3 | Week 4 3 4 6 7 8 9 10 11 12

Schedule of Follow-Up activities

Monitoring activities are non-invasive since the patient underwent surgery

for the implantation of the scaffold.
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ECG Echocardiography Radionuclide ventriculography

Normal EKG

60-100 bpm
HE I R i ] i

[J P wave (atria)
[J QRS complex (ventricles)
[ T wave (rest)

L3 Cleveland Clinic ©2021

showing a

Anglogram severe narrowing '

MRI
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Conclusions

An injectable collagen-chitosan hydrogel loaded with hiPSC-CMs was proposed for the regeneration
process.

A phase I clinical trial to test the safety and effectiveness of a tissue engineering based product for the
treatment of acute myocardial infarction (MI) was defined.

Potentialities

The injectable scaffold enables immediate contact with the damaged area.
Easily adaptable to the contractile motion of the heart.
The combination of collagen and chitosan enhance the mechanical properties of the scaffold.

Limitations

Low scalability of the cellular scaffold.

The lack of electrical conductivity in the scaffold

Clinical Study: age ranges (over 18) can affect the results. Younger people may have faster regeneration of
the damaged tissue. Other factors (lifestyle) that is difficult to track in each patient.



D

UIEC T References Tissue Enginecring

[1]  "Myocardial infarction -  Anterobasal infarct -  Servier = Medical Art".  Servier @ Medical Art.
https://smart.servier.com/smart_image/myocardial-infarction-6/ (accedido el 21 de noviembre de 2022).

[2] "Myocardial Infarction (Heart Attack) - Elite Cardiovascular Group". Elite Cardiovascular  Group.
https://www.elitecardiovascular.com/cardiovascular-conditions/cardiac-conditions/myocardial-infarctions-heart-attacks/ (accedido el
21 de noviembre de 2022).

[3] "Myocardial Ischemia: Causes, Symptoms and Treatment". Cleveland Clinic.
https://my.clevelandclinic.org/health/diseases/17848-myocardial-ischemia (accedido el 21 de noviembre de 2022).

[4] "The Heart Wall - TeachMeAnatomy". TeachMeAnatomy - Making Anatomy Simple.
https://teachmeanatomy.info/thorax/organs/heart/heart-wall/ (accedido el 21 de noviembre de 2022).

[5] "Myocardial Infarction - Cardiovascular - Medbullets Step 1". Medbullets Step 1 - stepl.medbullets.com.
https://stepl.medbullets.com/cardiovascular/108040/myocardial-infarction (accedido el 21 de noviembre de 2022).

[6] Diaz et al. (2018). Caracteristicas epidemiologicas del infarto de miocardio con elevacion del segmento ST en Peru: resultados del
PEruvian Registry of ST-segment Elevation Myocardial Infarction (PERSTEMI). Archivos de cardiologia de México, 88(5), 403-412.
Epub 04 de diciembre de 2020. https://doi.org/10.1016/j.acmx.2017.11.009

[7] "Angioplasty and Stent Placement for the Heart". Johns Hopkins Medicine, based in Baltimore, Maryland.
https://www.hopkinsmedicine.org/health/treatment-tests-and-therapies/angioplasty-and-stent-placement-for-the-heart (accedido el 21
de noviembre de 2022).


https://doi.org/10.1016/j.acmx.2017.11.009

UTEC N Re ferences Tissue Engineering

2022 -2

[8] Peng, X., Zhou, J., & Wu, X.S. (2017). New Strategies for Myocardial Infarction Treatment. Journal of Cardiology and
Therapy, 4, 664-670.

[9] "About Myocardial Infarction By Dr Gaurav Minocha". Dr. Gaurav Minocha MD, DM (Cardiology).
https://hearthealthdoc.com/service/view/myocardial-infarction (accedido el 21 de noviembre de 2022).

[10] M. Domenech, L. Polo-Corrales, J. E. Ramirez-Vick, and D. O. Freytes, “Tissue Engineering Strategies for Myocardial
Regeneration: Acellular Versus Cellular Scaffolds?,” Tissue Eng Part B Rev, vol. 22, no. 6, pp. 438-458, Dec. 2016, doi:
10.1089/ten.teb.2015.0523.

[11] J. E. Pomeroy, A. Helfer, and N. Bursac, “Biomaterializing the promise of cardiac tissue engineering,” Biotechnology
Advances, vol. 42, p. 107353, Sep. 2020, doi: 10.1016/j.biotechadv.2019.02.009.

[12] S. Kazemi Asl, M. Rahimzadegan, and R. Ostadrahimi, “The recent advancement in the chitosan hybrid-based scaffolds for
cardiac regeneration after myocardial infarction,” Carbohydr. Polym., wvol. 300, p. 120266, Jan. 2023, doi:
10.1016/J.CARBPOL.2022.120266.

[13] Y. Fang, T. Zhang, Y. Song, and W. Sun, “Assessment of various crosslinking agents on collagen/chitosan scaffolds for
myocardial tissue engineering,” Biomed. Mater., vol. 15, no. 4, p. 045003, May 2020, doi: 10.1088/1748-605X/AB452D.

[14] L. Citro et al., “Comparison of Human Induced Pluripotent Stem-Cell Derived Cardiomyocytes with Human Mesenchymal
Stem Cells following Acute Myocardial Infarction,” PLoS One, vol. 9, no. 12, p. ell16281, 2014, doi:
10.1371/JOURNAL.PONE.011628]1.

D


https://doi.org/10.1089/ten.teb.2015.0523
https://doi.org/10.1089/ten.teb.2015.0523

UIEC T References Tissue Enginecring

[15] B. Balasubramanian, V. Belak, I. Verma, Y. Prysiazhniuk, F. Sannajust, and E. S. Trepakova, “Cell culture conditions
affect the ability of high content imaging assay to detect drug-induced changes in cellular parameters in human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs),” Toxicol. Reports, vol. 6, pp. 305-320, Jan. 2019, doi:
10.1016/J.TOXREP.2019.02.004.

[16] Z. Wu, W. Li, S. Cheng, J. Liu, and S. Wang, “Novel fabrication of bioengineered injectable chitosan hydrogel loaded
with conductive nanoparticles to improve therapeutic potential of mesenchymal stem cells in functional recovery after

ischemic myocardial infarction,” Nanomedicine: Nanotechnology, Biology and Medicine, vol. 47, p. 102616, Jan. 2023,
doi: 10.1016/j.nan0.2022.102616.

[17] M. Arana et al., “Epicardial delivery of collagen patches with adipose-derived stem cells in rat and minipig models of
chronic myocardial infarction,” Biomaterials, vol. 35, no. 1, pp. 143-151, Jan. 2014, doi:
10.1016/j.biomaterials.2013.09.083.

[18] S. Vasu, J. Zhou, J. Chen, P. V. Johnston, and D.-H. Kim, “Biomaterials-based Approaches for Cardiac Regeneration,”
Korean Circ J, vol. 51, no. 12, pp. 943-960, Oct. 2021, doi: 10.4070/kcj.2021.0291.

[19] W. Wu, S. Peng, Z. Song, and S. Lin, “Collagen biomaterial for the treatment of myocardial infarction: an update on
cardiac tissue engineering and myocardial regeneration,” Drug Deliv. and Transl. Res., vol. 9, no. 5, pp. 920-934, Oct.
2019, doi: 10.1007/s13346-019-00627-0.

X



Tissue Engineering

UTEC N References P

[20] J. C. Chachques, J. C. Trainini, N. Lago, M. Cortes-Morichetti, O. Schussler, and A. Carpentier, “Myocardial
Assistance by Grafting a New Bioartificial Upgraded Myocardium (MAGNUM trial): clinical feasibility study,” Ann

Thorac Surg, vol. 85, no. 3, pp. 901-908, Mar. 2008, doi: 10.1016/j.athoracsur.2007.10.052.

[21] J. C. Chachques et al., “Myocardial assistance by grafting a new bioartificial upgraded myocardium (MAGNUM
clinical trial): one year follow-up,” Cell Transplant, vol. 16, no. 9, pp. 927-934, 2007, doi: 10.3727/096368907783338217.

D



