International Journal of

A%\

ISSN: 2469-570X

Bardelli and Moccetti. Int J Stem Cell Res Ther 2016, 3:017
DOI: 10.23937/2469-570X/1410017
Volume 3 | Issue 1

%y Stem Cell Research & Therapy

Short Review: Open Access

Ex-Vivo Expansion of Cardiac Stem Cell Therapy Products for Clinical
Use: The Importance of Moving towards the Optimization of Process

Development

Silvana Bardelli* and Marco Moccetti

Cardiocentro Ticino Foundation, Swiss Institute for Regenerative Medicine, Adult Stem Cell Clinical Applications

Unit, Via Tesserete 48, 6900 Lugano, Switzerland.

*Corresponding author: Silvana Bardelli, Cardiocentro Ticino Foundation, Swiss Institute for Regenerative Medicine,
Via Tesserete 48, 6900 Lugano, Switzerland, E-mail: silvana.bardelli@cardiocentro.org

Abstract

The interest in stem cell-based therapies is rapidly increasing given
the general progressive population ageing and as a consequence
of the massive incidence of Heart Failure (HF). This urgent clinical
need has prompted innovation in the field of stem cell applications
towards the effort of developing new regenerative approaches.

Introduction

Preliminary studies based on stem cells were initially applied
to the clinical setting of acute myocardial infarction (AMI) with
the purpose of delivering a cardioprotective effect. The field
has then rapidly expanded to embrace chronic heart failure as
a cardiorestorative therapy [1]. For the easiness of collection as
hematologic tissue, Bone Marrow (BM)-derived stem cells were
utilized as the primary source of these applied therapies. Specifically,
unselected Bone-Marrow Mononuclear Cells (BMMNCs) fuelled
the first generation of clinical trials focused on cardiac regeneration.
In the setting of AMI, the initial stem-cell based studies showed
consistent although modest improvement in cardiac function and
scar repair. In the largest European trial REPAIR-AMI, LVEF was
significantly increased in the treated group compared to the patients
receiving placebo [2]. The BOOST and the FINCELL trials further
confirmed the significant improvement in LVEF by angiography
in the stem cell treated groups [3,4]. By contrast, the latest HEBE
trial completed in 2011, the Swiss-AMI trial and the ASTAMI trial
reported similar or reduced effect of BMMNC therapy and the
placebo [5-7]. Of note, in the HEBE trial, cells were processed for an
undefined period of time and were delivered to patients in a heparin
solution containing human serum albumin. Heparin as a reagent
used in the harvesting of BM or in BMMNC delivery was later shown
to disrupt the CXCR4-SDF-1 axis, thus reducing the chemotactic
and functional capabilities of BMMNC:s [8].

The different outcomes and the underlined variability in the
methodologies employed in these early phase trials prompted the
efforts for stem cell process development optimization. On the overall,
cell manufacturing before implantation has been demonstrated to be
crucial to provide the desired effect of cardiac regeneration.

After BMMNCs, further advances in stem cell therapies included
resident adult stem cells in the heart or lineage-specified cells to
provide the therapeutic influence on the damaged tissue. Resident
cardiac stem cells (CSCs, c-kit-positive cells) isolated from right
atrial appendages were employed in the Phase I SCIPIO trial. One-
year follow-up outcome suggested beneficial effect of CSC therapy
on LVEF and on infarct scar size in the treated patients [9]. The
CADUCEUS autologous cardiosphere-based trial also confirmed
therapeutic benefit on infarct scar dynamics [10], and the ALLSTAR
and the RECONSTRUCT studies will further investigate the
efficacy of allogenic cardiosphere-derived cells in AMI. An hybrid
approach combining basic fibroblast growth factor (bFGF) together
with autologous CSCs was utilized in the ALCADIA study. This
combination approach of growth factors and stem cells prompted
a new trend in regenerative cardiology. Within this context, an
interesting alternative approach includes the methodology to
guide adult multipotent stem cells towards cardiac lineage through
manipulation of their culture environment as was assessed in the
C-CURE trial [11] with Cardiopoietic human Mesenchymal Stem
Cells (CP-hMSCs) (Table 1).

Discussion

These studies among others led to the observation that
bioprocessing for regenerative cardiology is a new investigation field.
More specifically, once the therapeutic cell source is determined
for an intended clinical application, the safety and efficacy of the
stem cell product has shown to be significantly influenced by cell
bioprocessing protocols. As a consequence, the development of
robust production processes by optimizing culture variables is
critical to manufacture biologics that retain desired regenerative
properties while minimizing the potential risks [12,13]. There is not,
as yet, consensus as to which will be the best cell for cardiac clinical
applications and it is likely that we will not refer to one single cell
type. As a direct result of the knowledge obtained through the first
generation of clinical applications of stem cell-based therapeutics,
a new focus has arisen on the development of reliable and robust
culture procedures that will produce identical batches of cells for a
given clinical application [14]. Further clarification of dosing and
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Table 1: First generation stem cell-based studies in ischemic heart disease

Study name Study ID, PI Year Stem Cell Type
Reinfusion of Enriched REPAIR-AMI 2006 BMMNCs
Progenitor Cells And Infarct .

Remodeling in Acute Schachinger V. et

Myocardial Infarction al. [2]

Bone-marrow-derived cell ' BOOST 2004 BMMNCs
transfer after ST-elevation

myocardial infarction Woller K. C. et al. [2]

Effects of intracoronary FINCELL 2008 BMMNCs
injection of mononuclear L

bone marrow cells on left | Huikuri, H. V. etal. [3]

ventricular function.

Autologous Stem Cell ASTAMI 2006 BMMNCs
Transplantation in Acute

Myocardial Infarction Lunde K. etal. [6]

Intracoronary infusion HEBE 2011 BMMNCs

of mononuclear cells i

from bone marrow or Hirsch A. et al. [5]

peripheral blood compared

with standard therapy

in patients after acute

myocardial infarction

treated by primary PCI

SWiss multicenter SWISS-AMI, Siirder D. 2010 |BMMNCs
Intracoronary Stem cells et al. [7]

Study in Acute Myocardial

Infarction

Cardiac Stem Cells in SCIPIO 2011 | c-kit-positive
patients with Ischaemic . resident Cardiac
cardiomyopathy BolliR. et al. [8] Stem Cells
Intracoronary CADUCEUS Makkar 2012 | Cardiosphere-
cardiosphere-derived cells R.R. et al. [10] derived cells
for heart regeneration after

myocardial infarction

Cardiopoietic stem Cell C-CURE, 2013  Cardiopoietic

therapy in heart failURE hMSCs

Bartunek, J. et al. [11]

Cell manipulation

Density gradient (Ficoll)
centrifugation

Density gradient (Ficoll)
centrifugation

Density gradient (Ficoll)
centrifugation

Density gradient (Ficoll)
centrifugation

Density gradient

(Lymphoprep)
centrifugation

Density gradient (Ficoll)
centrifugation

Cell culture and Magnetic

sorting (MACS)

Cell culture of primary
explant to obtain 3D

Cell Number and route of
administration

1.98 x 108, intracoronary injection
in X-VIVO™ 10 medium and 20%
autologous serum

2.4 x 10°, intracoronary injection
(4 or five injections in heparinized
saline)

3.6 x 10°, intracoronary injection
in unspecified medium and 50%
autologous serum

6.8 x 107, intracoronary injection
in heparin-treated plasma

2.96 x 108, intracoronary injection
in sodium heparin and 4% Human
Serum Albumin (HSA)

2> 5 x 107, intracoronary injection
In 10 ml of X-VIVO 10
with 20% of

autologous serum

0.5 x 10%to 1 x 106, intracoronary
injection in PlasmaLyte A

1.3x 107 to 2.5 x 107,
intracoronary injection in in normal

Effect on Ejection
Fraction (EF)

Positive by LV
angiography

Positive by MRI

Positive by
echocardiography

No change by CT
(SPECT)

No change by MRI

No change by
Cardiac magnetic
resonance (CMR)

Positive by
Echocardiography

No change by cMRI.

cardiospheres. saline, heparin (100 U/ml) and (Further )
nitroglycerin (50 pg/ml) advancement in
ALLSTAR and
RECONSTRUCT
trials)

Cell culture guidance and [6.0 x 102 to 1.2 x 10°, NOGA Positive by
lineage specification guided injections of 5% HAS in Echocardiography.
lactated Ringer’s solution.

(Further
advancement in
CHART-1 and

CHART-2 trials)

Abbreviations: Ml = Myocardial Infarction; AMI = Acute Myocardial Infarction;, BMMNCs= Bone Marrow Mononuclear Cells; SPECT = Single-Photon Emission
Computed Tomography; LV= Left ventricular; MRl = Magnetic Resonance Imaging; PCI = Percutaneous Coronary Intervention; hMSCs = human Mesenchymal Stem

Cells; HSA = Human Serum Albumin.

comprehensive characterization of stem cells is of utmost importance,
as several trials have highlighted an inverse relationship between cell
dose and clinical outcomes [15].

Stem and progenitor cells are plastic by definition and they
constitute a live and functional reagent to be manufactured and
administered to patients to exert a therapeutic effect. The successful
process development of current laboratory-based protocols to the
clinics requires the establishment of methods to achieve control,
reproducibility, equivalence and safety of the stem cell product.
Towards this objective, our group is focusing on the comprehensive
approach of translating stem cell-based products to the clinics.

Cell culture variables are represented by the formulation of the
media (basal media and their supplements), adhesion substrates,
cell seeding density, together with the physiochemical environment
(dissolved oxygen and carbon dioxide concentrations, temperature,
pH, osmolality). Obviously, the defined nature of media optimized
for isolation and expansion of stem cell therapy products facilitates
the development of robust, clinically acceptable cells. Furthermore,
in order to culture cells long-term the defined basal medium must be
supplemented with several factors. Serum, of animal or human origin,
is the most widely used among them. In particular, the development
of cultures free of Fetal Bovine Serum (FBS) is warmly recommended
from the ethical and scientific point of view. FBS composition
is complex, its batch-to-batch variation, and the likelihood of
contamination causes phenotypical differences in cell cultures and

therefore variations in the derived cell therapy products [16,17]. To
efficiently translate cell culture products to the clinics, cells should
possibly be seeded in serum-free media just after isolation from
the tissue of origin as a primary culture and then, according to the
different protocols, expanded in the same serum-free culture medium
or further supplemented with specific components, normally for a
limited number of passages (on the average < P5) to limit the risk of
senescent or transformed phenotype. In order to develop serum-free
cultures, cell adhesion is supported by the use of defined substrates.
Well-defined recombinant substrates which are widely used such as
Vitronectin or Laminin might be used to sustain cell attachment in
serum-free conditions [18]. However, another valuable approach
is represented by more specific animal component-free adhesion
substrates which mimic the cardiac extracellular matrix, such as
Fibronectin or Hyaluronic acid. Besides, given that each cell type has
its own requirements for ex vivo expansion, further optimization of
media formulation with defined specific growth factors is achieved to
increase cell proliferation and activate or maintain specific cellular
functions, for example their stemness profile [19]. Most growth
factors are highly cell type specific. IGF-1 or Hepatocyte Growth
Factor (HGF) have been described to exert a favorable effect on
human Cardiac Stem Cells rejuvenation and mobilization in the
damaged or senescent heart [20,21]. Other growth factors are known
to be more pleiotropic and therefore can provide positive effects on
several different cell types such as Fibroblast Growth Factor-2 or Stem
Cell Factor (SCF). In general, a combination of animal component-
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free recombinant widely distributed and more specific growth factors
might be taken into consideration for the development of a stem
cell therapy product. In addition, to fine tune the design of a specific
cell therapy product, the supplementation of lipids, antioxidants
and/or specific vitamins might be needed to obtain the desired cell
type. Retinoic acid (vitamin A) is an additive required in cell culture
media for a number of epithelial cell types. Vitamin E and Ascorbate
(vitamin) are acting as antioxidants. Other antioxidants commonly
used in serum-free media formulations are f-mercaptoethanol and
selenium [22]. The importance of the conditioned medium produced
by stem cells should also be considered in the development of serum-
free media: stem cells in culture may release growth factors thereby
stimulating their own proliferation and that of nearby cells.

Conclusion

The development of tailored well-defined serum-free media
provides further advantages in the enrichment of a desired cell type in
primary cultures therefore producing a more homogeneous outcome
and preventing potential undesired differentiation of multipotent
progenitors. On the overall, it is clear that this approach will increase
clinical efficacy and will provide the highest degree of safety for the
patient. Thisis to underline the fact that Quality Assurance is becoming
increasingly important. Good laboratory practice (GLP) and Good
Manufacturing Practice (GMP) are now established standards for
the process development of stem cell therapy products. Good Cell
Culture Practice (GCCP) is now an attempt to develop a common
standard for in vitro methods. In this view, the implementation of the
use of chemically defined, animal component-free media is part of
the GCCP [23]. In conclusion, as we move to trials based on next-
generation stem cell-based technologies for cardiac regeneration, a
comprehensive optimization of cell process development is needed
to ensure optimal efficacy and increased equivalence in the clinical
setting.

References

1. Behfar A, Crespo-Diaz R, Terzic A, Gersh BJ (2014) Cell therapy for cardiac
repair--lessons from clinical trials. Nat Rev Cardiol 11: 232-246.

2. SchachingerV, Erbs S, Elséasser A, Haberbosch W, Hambrecht R, et al. (2006)
Intracoronary bone marrow-derived progenitor cells in acute myocardial
infarction. N Engl J Med 355: 1210-1221.

3. Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, et al.
(2004) Intracoronary autologous bone-marrow cell transfer after myocardial
infarction: the BOOST randomised controlled clinical trial. Lancet 364: 141-
148.

4. Huikuri HV, Kervinen K, Niemela M, Ylitalo K, Séily M, et al. (2008) Effects of
intracoronary injection of mononuclear bone marrow cells on left ventricular
function, arrhythmia risk profile, and restenosis after thrombolytic therapy of
acute myocardial infarction. Eur Heart J 29: 2723-2732.

5. Hirsch A, Nijveldt R, van der Vleuten PA, Tijssen JG, van der Giessen WJ,
et al. (2011) Intracoronary infusion of mononuclear cells from bone marrow
or peripheral blood compared with standard therapy in patients after acute
myocardial infarction treated by primary percutaneous coronary intervention:
results of the randomized controlled HEBE trial. Eur Heart J 32: 1736-1747.

6. Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M, et al. (2006)
Intracoronary injection of mononuclear bone marrow cells in acute myocardial
infarction. N Engl J Med 355: 1199-1209.

10.

1.

12

13.

14.

15.

17.

18.

19.

20.

2

=

22.

23.

Sirder D, Schwitter J, Moccetti T, Astori G, Rufibach K, et al. (2010) Cell-
based therapy for myocardial repair in patients with acute myocardial
infarction: rationale and study design of the SWiss multicenter Intracoronary
Stem cells Study in Acute Myocardial Infarction (SWISS-AMI). Am Heart J.
160(1):58-64.

Seeger FH, Rasper T, Fischer A, Muhly-Reinholz M, Hergenreider E, et al.
(2012) Heparin disrupts the CXCR4/SDF-1 axis and impairs the functional
capacity of bone marrow-derived mononuclear cells used for cardiovascular
repair. Circ Res.111(7):854-62.

Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, et al. (2011)
Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial
results of a randomised phase 1 trial. Lancet 378: 1847-1857.

Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, et al. (2012)
Intracoronary cardiosphere-derived cells for heart regeneration after
myocardial infarction (CADUCEUS): a prospective, randomised phase 1 trial.
Lancet 379: 895-904.

Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, et al. (2013)
Cardiopoietic stem cell therapy in heart failure: the C-CURE (Cardiopoietic
stem Cell therapy in heart failURE) multicenter randomized trial with lineage-
specified biologics. J Am Coll Cardiol 61: 2329-2338.

.Polak JM, Mantalaris S (2008) Stem cells bioprocessing: an important

milestone to move regenerative medicine research into the clinical arena.
Pediatr Res 63: 461-466.

Fink DW Jr (2009) FDA regulation of stem cell-based products. Science 324:
1662-1663.

Burger SR (2003) Current regulatory issues in cell and tissue therapy.
Cytotherapy 5: 289-298.

Au P, Hursh DA, Lim A, Moos MC Jr, Oh SS, et al. (2012) FDA oversight of
cell therapy clinical trials. Sci Transl Med 4: 149fs31.

.van der Valk J, Brunner D, De Smet K, Fex Svenningsen A, Honegger P, et al.

(2010) Optimization of chemically defined cell culture media--replacing fetal
bovine serum in mammalian in vitro methods. Toxicol In Vitro 24: 1053-1063.

Barnes D, Sato G (1980) Methods for growth of cultured cells in serum-free
medium. Anal Biochem 102: 255-270.

Knezevic |, Stacey G, Petricciani J, Sheets R; WHO Study Group on Cell
Substrates (2010) Evaluation of cell substrates for the production of
biologicals: Revision of WHO recommendations. Report of the WHO Study
Group on Cell Substrates for the Production of Biologicals, 22-23 April 2009,
Bethesda, USA. Biologicals 38: 162-169.

Gstraunthaler G (2003) Alternatives to the use of fetal bovine serum: serum-
free cell culture. ALTEX 20: 275-281.

Rota M, Padin-Iruegas ME, Misao Y, De Angelis A, Maestroni S, et al. (2008)
Local activation or implantation of cardiac progenitor cells rescues scarred
infarcted myocardium improving cardiac function. Circ Res. 103(1):107-16.

.D’Amario D, Cabral-Da-Silva MC, Zheng H, Fiorini C, Goichberg P, et al.

(2014) Insulin-like growth factor-1 receptor identifies a pool of human cardiac
stem cells with superior therapeutic potential for myocardial regeneration. Circ
Res. 108(12):1467-81.

Guilbert LJ, Iscove NN (1976) Partial replacement of serum by selenite,
transferrin, albumin and lecithin in haemopoietic cell cultures. Nature 263:
594-595.

Coecke S, Balls M, Bowe G, Davis J, Gstraunthaler G, et al. (2005) Guidance
on good cell culture practice. a report of the second ECVAM task force on
good cell culture practice. Altern Lab Anim 33: 261-287.

Bardelli and Moccetti. Int J Stem Cell Res Ther 2016, 3:017

e Page 3 0f 3 e


https://doi.org/10.23937/2469-570X/1410017
http://www.ncbi.nlm.nih.gov/pubmed/24594893
http://www.ncbi.nlm.nih.gov/pubmed/24594893
http://www.ncbi.nlm.nih.gov/pubmed/16990384
http://www.ncbi.nlm.nih.gov/pubmed/16990384
http://www.ncbi.nlm.nih.gov/pubmed/16990384
http://www.ncbi.nlm.nih.gov/pubmed/15246726
http://www.ncbi.nlm.nih.gov/pubmed/15246726
http://www.ncbi.nlm.nih.gov/pubmed/15246726
http://www.ncbi.nlm.nih.gov/pubmed/15246726
http://www.ncbi.nlm.nih.gov/pubmed/18845667
http://www.ncbi.nlm.nih.gov/pubmed/18845667
http://www.ncbi.nlm.nih.gov/pubmed/18845667
http://www.ncbi.nlm.nih.gov/pubmed/18845667
http://www.ncbi.nlm.nih.gov/pubmed/21148540
http://www.ncbi.nlm.nih.gov/pubmed/21148540
http://www.ncbi.nlm.nih.gov/pubmed/21148540
http://www.ncbi.nlm.nih.gov/pubmed/21148540
http://www.ncbi.nlm.nih.gov/pubmed/21148540
http://www.ncbi.nlm.nih.gov/pubmed/16990383
http://www.ncbi.nlm.nih.gov/pubmed/16990383
http://www.ncbi.nlm.nih.gov/pubmed/16990383
https://www.ncbi.nlm.nih.gov/pubmed/20598973
https://www.ncbi.nlm.nih.gov/pubmed/20598973
https://www.ncbi.nlm.nih.gov/pubmed/20598973
https://www.ncbi.nlm.nih.gov/pubmed/20598973
https://www.ncbi.nlm.nih.gov/pubmed/22821930
https://www.ncbi.nlm.nih.gov/pubmed/22821930
https://www.ncbi.nlm.nih.gov/pubmed/22821930
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/23583246
http://www.ncbi.nlm.nih.gov/pubmed/23583246
http://www.ncbi.nlm.nih.gov/pubmed/23583246
http://www.ncbi.nlm.nih.gov/pubmed/23583246
http://www.ncbi.nlm.nih.gov/pubmed/18427288
http://www.ncbi.nlm.nih.gov/pubmed/18427288
http://www.ncbi.nlm.nih.gov/pubmed/18427288
http://www.ncbi.nlm.nih.gov/pubmed/19556496
http://www.ncbi.nlm.nih.gov/pubmed/19556496
http://www.ncbi.nlm.nih.gov/pubmed/12944234
http://www.ncbi.nlm.nih.gov/pubmed/12944234
http://www.ncbi.nlm.nih.gov/pubmed/22932219
http://www.ncbi.nlm.nih.gov/pubmed/22932219
http://www.ncbi.nlm.nih.gov/pubmed/20362047
http://www.ncbi.nlm.nih.gov/pubmed/20362047
http://www.ncbi.nlm.nih.gov/pubmed/20362047
http://www.ncbi.nlm.nih.gov/pubmed/6999941
http://www.ncbi.nlm.nih.gov/pubmed/6999941
http://www.ncbi.nlm.nih.gov/pubmed/19818645
http://www.ncbi.nlm.nih.gov/pubmed/19818645
http://www.ncbi.nlm.nih.gov/pubmed/19818645
http://www.ncbi.nlm.nih.gov/pubmed/19818645
http://www.ncbi.nlm.nih.gov/pubmed/19818645
http://www.ncbi.nlm.nih.gov/pubmed/14671707
http://www.ncbi.nlm.nih.gov/pubmed/14671707
https://www.ncbi.nlm.nih.gov/pubmed/18556576
https://www.ncbi.nlm.nih.gov/pubmed/18556576
https://www.ncbi.nlm.nih.gov/pubmed/21546606
https://www.ncbi.nlm.nih.gov/pubmed/21546606
http://www.ncbi.nlm.nih.gov/pubmed/1086432
http://www.ncbi.nlm.nih.gov/pubmed/1086432
http://www.ncbi.nlm.nih.gov/pubmed/1086432
http://www.ncbi.nlm.nih.gov/pubmed/16180980
http://www.ncbi.nlm.nih.gov/pubmed/16180980
http://www.ncbi.nlm.nih.gov/pubmed/16180980

	Title
	Corresponding author
	Abstract
	Introduction 
	Discussion
	Conclusion
	Table 1
	References

