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Abstract

Damaged heart muscle has only a minimal ability for regen-
eration following myocardial infarction in which cardiomyo-
cytes are lost to ischemia. The most clinically promising ap-
proach to regeneration of cardiac muscle currently under
investigation is that of injecting cardiogenic repair cells or
implanting a preformed tissue-engineered patch. While ma-
jor advances are being made in the derivation of functional
human cardiomyocytes and the development of tissue-en-

gineering modalities for cardiac repair, the host environ-
ment into which the repair cells are placed is largely over-
looked. Within seconds of myocardial ischemia, hypoxia sets
in in the myocardium and the inflammatory response starts,
characterized by rapid deployment of circulating cells and
the release of paracrine and autocrine signals. Therefore, the
inflammatory conditions under which these interactions
take place, the design of the scaffold material used, and the
maturity of the implanted cells will determine the outcomes
of any stem cell-based therapy. We discuss here the interac-
tions between implanted and inflammatory cells of the host,
which are critical for the design of effective heart repair ther-

apies. Copyright © 2011 S. Karger AG, Basel

Abbreviations used in this paper

ECM extracellular matrix MI myocardial infarction
ePTFE expanded polytetrafluoroethylene MIF migration inhibitory factor
FGF fibroblast growth factor MLC2A myosin light chain 2A
hESCs human embryonic stem cells MMP matrix metalloproteinase
HIF hypoxia-inducible factor NGF nerve growth factor
hiPSCs human-induced pluripotent stem cells PMNCs polymorphonuclear cells
HLA human leukocyte antigen PVDF polyvinylidene fluoride
IGF insulin-like growth factor TGF transforming growth factor
IL interleukin TNF tumor necrosis factor

LIF leukemia inhibitory factor VEGF vascular endothelial growth factor
MCP macrophage chemotactic protein
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ferentiated into cardiac repair cells and
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with an injectable matrix. The scaffold
with the repair cells is placed at the site of
MI or used to replace the infarcted tissue.
Cells encapsulated within a hydrogel ma-
trix are delivered to the site of injury via
direct injection. Created using Servier
Medical Art.
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Introduction

Myocardial infarction (MI) remains one of the most
prevalent forms of ischemic heart disease with a high
long-term mortality rate due to heart failure. MI is cur-
rently the leading cause of death in the USA and indus-
trialized nations, imposing an enormous health and eco-
nomic burden on the patient and our aging population
[Ostadal, 2009]. It is well established that the heart has
only a minimal ability to regenerate itself following in-
jury [Bergmann et al., 2009], making the development of
effective therapies both necessary and challenging.

In most cases the ischemic region encompasses the
entire thickness of the myocardium, forming a trans-
mural infarct and leaving behind nonfunctional necrot-
ic tissue that will eventually be replaced by a scar. The
goal of cardiac therapy is to help regenerate damaged
myocardium via cardiac repair cells injected into the
damaged myocardium, implanted within an in vitro en-
gineered cardiac patch, or recruited from the host. In all
cases, it is necessary to provide a source of all three car-
diac cell subpopulations - cardiac myocytes, endothe-
lial cells, and cardiac fibroblasts — and to achieve cellu-
lar engraftment, electromechanical coupling, and ulti-
mate incorporation into the host tissue and its vascular

supply.
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Approaches to cardiac tissue engineering range from
the use of single cells to the construction of complex cel-
lular constructs, with most effort focusing on: (i) injec-
tion of a cell suspension containing either purified or
mixed populations of cells into the myocardium, and (ii)
implantation of a cardiac patch that combines a scaffold
component and a cellular component (fig. 1).

Cellular therapies based on intramuscular injections
have had variable outcomes largely due to low cellular re-
tention at the site of injection, poor survival of the inject-
ed cells, and poor cell incorporation with the host tissue
[Laflamme and Murry, 2005]. The therapeutic effects
achieved thus far by using cell suspensions have been re-
lated mostly to revascularization of infarcted myocardi-
um and attributed to the effects of factors released by the
cells rather than to cell engraftment. It is thought that cell
retention at the site of delivery and cell function could be
markedly improved by implanting an engineered patch
that would eventually integrate and electrically couple
with the native myocardium [Zimmermann et al., 2006;
Vunjak-Novakovic et al., 2010b].

For both approaches, there is a need for a suitable
source of repair cells. Several potential types of repair
cells are being pursued, including mesenchymal stem
cells, circulating progenitor cells, and resident cardiac
progenitor cells. In this article, we focus on the use of em-
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Fig. 2. Dynamic and reciprocal interac-
tions between the infarcted myocardium
and the engineered cardiac patch. (1) Infil-
trating cells will interact with the deliv-
ered cells via direct contact and/or secret-
ed molecules. (2) Degradation products of
the scaffold or matrix containing the cells
will interact with the host tissue cells and
infiltrating cells. (3) The repair cells will
also interact with the healthy and necrotic
myocardial tissue at the infarct site. Cre-

A Secretion from heart tissue

Secretion from patch

() Degradation products from matrix

Infarcted Cardiac patch
myocardium or
repair cells

ated using Servier Medical Art.

bryonic and pluripotent cells, which are the only cell
types to date with the documented ability to give rise to
bona fide cardiomyocytes.

The implanted repair cells, in the form of either a sus-
pension or a contractile cardiac patch, are inevitably
subjected to the inflammatory response at the site of in-
farction and the immune response elicited by the deliv-
ered cells. These interactions include a cross talk be-
tween infiltrating cells, healthy cardiac tissue, necrotic
cardiac cells, and the cells within the engineered car-
diac tissue (fig. 2). Although the dynamic interactions
between the implanted cells and the host cells are likely
to substantially affect the therapeutic outcomes, sur-
prisingly little work has been done towards understand-
ing the factors of interest and optimizing the conditions
and timing of cell delivery. One reason for the lack of
research in this area may be the scarcity of controllable
in vitro models that can take into account the multiple
factors of interest.

In this forward-looking review, we focus on the inter-
actions between an implanted cardiac patch and the in-
flammatory cells of the host. Our laboratory, as well as
several others, has found that the inflammatory environ-
ment present at the site of injury can both positively and
negatively affect the outcomes of tissue-engineered heart
repair [Laflamme et al., 2007; van Laake et al., 2008; Fer-

Cardiac Patch and Inflammatory Host
Cells

nandes et al., 2010]. Notably, cell implantation in the set-
ting of acute cardiac infarction gives better therapeutic
outcomes compared to chronic cardiac infarction, sug-
gesting that the inflammatory response and the presence
of macrophages do not necessarily limit the repair pro-
cesses. These experimental findings suggest an intrigu-
ing possibility that the inflammatory factors can in fact
be harnessed to enhance repair.

We discuss the cellular events following MI and how
these events can be mimicked in vitro towards a better
understanding of the progression and effects of the in-
flammatory response on the repair cells. We propose that
by developing robust and controllable in vitro testing
platforms working with human cells, researchers will be
able to systematically examine the survival of engineered
patches over the course of the healing process before per-
forming costly and difficult to control animal studies
while leading the way to eventual translation to humans.
Bioreactor platforms can be developed based on the cur-
rent body of knowledge from in vitro studies and animal
models. These platforms can help determine the opti-
mum properties of the cardiac patch and an optimum
time for implantation for maximal survival and efficacy
of the repair cells and harnessing of the inflammatory
response.
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Inflammatory Response to Mi

Myocardial tissue repair following infarction is a com-
plex and tightly regulated biological process. During car-
diac ischemia, the heart undergoes a three-step healing
process characterized by inflammatory, proliferative,
and maturation phases. Understanding the events, the
important cellular players, and the biophysical environ-
ment within the healing tissue is pivotal to the design of
stem cell-derived cardiac patches aimed at achieving an-
atomical and functional tissue repair. One of the first
events that take place following occlusion of a coronary
artery is the development of an acute inflammatory re-
sponse lasting approximately 7-10 days and leading into
the proliferative phase.

During the proliferative phase, cardiac fibroblasts are
activated by the cytokine milieu - interleukin (IL)-1, IL-
8, and tumor necrosis factor (TNF)-a - to synthesize new
collagen and favor deposition of granulation tissue that
consists mainly of a network of collagens I and III, and
tibronectin [Dobaczewski et al., 2010]. During this phase,
an increase in angiogenesis with neovascularization of
the granulation tissue is observed.

The proliferative phase is followed by the remodeling
phase where collagen is remodeled and realigned along
tension lines and all the infiltrating inflammatory cells
undergo apoptosis. Without intervention, this process
can lead to remodeling of the myocardial wall and ulti-
mately affect cardiac output. It is therefore important to
design therapies that can revert the effects of scar tissue
formation and restore function while surviving the acute
inflammatory process.

Early Cellular Events following Cardiac Ischemia

Within seconds hypoxia sets in in the myocardium,
and within minutes adenosine triphosphate (ATP) deple-
tion of the cardiomyocytes leads to the cardiomyocyte’s
inability to contract. These initial eventslead to the initial
onset of necrosis and the beginning of the inflammatory
response. During the inflammatory phase, dying cardio-
vascular cells release proinflammatory signals, leading to
rapid infiltration of polymorphonuclear cells (PMNCs)
that begin to clear cellular debris within the infarct and
to secrete signaling molecules.

Within 1 h following cardiac infarction, PMNCs are
recruited to the site of injury via secreted molecules from
damaged endothelial cells and platelets and secrete a se-
ries of proteases that help degrade and turn over damaged
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extracellular matrix (ECM) proteins and facilitate phago-
cytosis of necrotic tissue debris. As such, PMNCs are the
most prominent cells within the first couple of days fol-
lowing injury, and their number decreases shortly there-
after due to apoptosis [Jordan et al., 1999]. Figure 3 shows
the appearance and progression of PMNC:s at the site of
infarction starting with the infiltration of neutrophils
and monocytes from peripheral blood.

Infiltrating monocytes eventually differentiate into
macrophages at the site of injury, where they phagocytose
necrotic cells and enzymatically degrade the ECM. Mac-
rophages and monocytes replace neutrophils as the most
prominent cells around 48 h following MI [Lambert etal.,
2008]. These macrophages phagocytose apoptosed neu-
trophils, leading to the release of cytokines such as trans-
forming growth factor (TGF)-f3, that initiate fibrotic tis-
sue remodeling during the proliferative phase [Frango-
giannis, 2008; Lambert et al, 2008]. Additionally,
macrophages release cascades of cytokines and chemo-
kines such as IL-1,IL-6,and TNF-a that are fundamental
in resolving the tissue injury, stimulating granulation tis-
sue and initiating the repair mechanisms [Lambert et al.,
2008].

The infiltration of monocytes and their subsequent
differentiation into macrophages can be divided into two
progressive phases. In mice, the first phase recruits lym-
phocyte antigen 6 expressing monocytes (Ly-6C") via
C-C motif receptor 2 (CCR2) chemokines, while the
second phase recruits Ly-6C'° monocytes via CX;C
motif receptor 1 (CX3CR1) chemokines. In humans, a
similar system has been observed with Ly-6C™ and
Ly-6C'® monocytes corresponding to CD14*CD16~ and
CD14*CD16", respectively [Tsujioka et al, 2009].
CD14*CD16~ (Ly-6CM) monocytes exhibit phagocyt-
ic, proteolytic, and inflammatory properties, while
CDI14*CD16* (Ly-6C!°) monocytes promote healing via
myofibroblast accumulation, angiogenesis, and matrix
deposition [Nahrendorf et al., 2007].

Initially, classical activation of monocytes and macro-
phages takes place, leading to the production of nitric ox-
ide (NO) and proinflammatory cytokines such as IL-1f3,
IL-6, and TNF-a. As the acute inflammatory response
progresses there is a shift towards a more anti-inflamma-
tory response over time. The dynamics and magnitude of
changes in the presence of cytokines and cell populations
during the inflammatory response imply that it is impor-
tant to consider the type and maturity level of the cells
implanted, the kind of matrix, and the length of the gap
between implantation and the initiation of the inflam-
matory response.
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Neutrophils

Fig. 3. Presence of inflammatory cells at
the infarct site. Following MI there is a
transient presence of different inflamma-
tory cells such as neutrophils, monocytes,
and polarized macrophages. Proinflam-
matory macrophages (M1) appear early
during the inflammatory response and
their number decreases over time with the
eventual increase in anti-inflammatory
macrophages (M2). Created using Servier
Medical Art.
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As shown in figure 3, macrophages can be polarized
into proinflammatory (M1) macrophages and anti-in-
flammatory (M2) macrophages [Martinez et al., 2006;
Nahrendorf et al., 2007; Lambert et al., 2008; Troidl et
al., 2009]. M1 activation is typically associated with in-
flammation, tumor resistance, and graft rejection and
followed by phase II with the recruitment of anti-in-
flammatory monocytes and their activation into anti-
inflammatory macrophages (alternative macrophage
activation, M2). M2 macrophages exhibit a noninflam-
matory profile with the expression of arginase 1 and 2
and TGF-B, and their activation is associated with im-
munoregulation, matrix deposition, remodeling, and
graft acceptance [Martinez et al., 2006; Nahrendorf et
al., 2007; Brunelli and Rovere-Querini, 2008; Lambert et
al., 2008].

Stated differently, M1 and M2 macrophages follow a
bimodal response (fig. 3) in which early events are domi-
nated by M1 macrophages and gradually shift towards an
M2-dominated response [Troidl et al., 2009]. M2 macro-
phages turn over the ECM during scar formation and
promote angiogenesis by activation of both resident and
infiltrating endothelial and fibroblast cells.

Cardiac Patch and Inflammatory Host
Cells

The dynamic nature of these events leads to several

questions:

o Isthetiming of implantation important for survival of
the repair cells?

 Does the inflammatory environment affect the repair
cells within the infarct bed?

« Can the inflammatory response be harnessed to max-
imize the effectiveness of implanting engineered car-
diac tissues?

Cardiac Tissue Engineering

The current knowledge on the effects of the molecular
and biophysical factors involved in tissue formation is be-
ing translated into various systems for cardiac tissue en-
gineering in vitro and in vivo. The overall goal of these
efforts is to stimulate in situ recruitment of circulating
and/or resident progenitor cells or to create functional
cardiac tissue that can be used to improve the healing
process or to completely replace damaged myocardium.
Different laboratories have approached cardiac tissue en-
gineering in different ways via:

« cultivation of scaffold-free stackable cell sheets [Shi-

mizu et al., 2002], aggregates [Stevens et al., 2009a, b],

and organoids [Chien et al., 2008];
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« repopulation of decellularized native tissue [Ott et al.,
2008];

« mechanical stimulation of cells in hydrogels [Zim-
mermann et al., 2002; Eschenhagen et al., 2006; Zim-
mermann et al., 2006];

o cell cultivation on perfused channeled scaffolds [Ra-
disic et al., 2005, 2006];

o electrical stimulation of cells in porous scaffolds [Ra-
disic et al., 2004; Chiu et al., 2008; Tandon et al., 2009],
and

o cell delivery in injectable hydrogels [Atluri and Woo,
2008; Martens et al., 2009; Wollert and Drexler, 2010].
Regardless of the approach used, the current limita-

tion - apart from any immune-rejection issue - is the

availability of an abundant cell source of the necessary
cell types.

Repair Cells

Although resident progenitor cells within the myocar-
dium can contribute to healing, the cellular events that
follow an MI may decrease the potential contributions of
these cells in sufficient numbers to achieve complete
myocardial healing. A cardiac patch should ideally pro-
vide mature and functional cardiomyocytes as well as
supportive cardiac fibroblasts and endothelial cells that
function mechanically and electrically in synchrony with
the native myocardium. If no cardiomyocytes are used,
an appropriate cell population could be used to promote
resident stem cells to replace tissue or stimulate angio-
genesis at the site of implantation. Cardiac progenitors
cells could be harvested and expanded in vitro and rep-
resent an alternative cell population for cardiac tissue
constructs [Vunjak-Novakovic et al., 2010a]. Even after
finding an abundant cell source of cardiomyocytes and/
or repair cells, we will continue to face the challenge of
maintaining the cells alive and functional after implanta-
tion by surviving the host tissue response.

Human embryonic stem cells (hESCs) and human in-
duced pluripotent stem cells (hiPSCs) can give rise to all
three cardiac cell populations [Dambrot et al., 2011; Katt-
man etal., 2011]. These cells can be expanded to sufficient
cell numbers and, in principle, can differentiate into all
cell types in the human body. Recent studies have result-
ed in multiple protocols that can produce functional car-
diomyocytes from the existing hESC lines.

In one of these studies [Yang et al., 2008], a process was
developed to systematically stage, in vitro, the events that
occur in a developing embryo that give rise to cardiac
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cells. By exposing hESCs to cytokines and low oxygen,
the three distinct mesoderm-derived populations were
generated. Molecular induction of cardiovascular lineag-
es in hESCs resulted in visible synchronous contractions,
with >50% of cells expressing cardiac troponin T and
myosin light chain 2A (MLC2A), along with develop-
mental cardiac markers (Nkx2.5, Isll, Tbx5, Tbx20).
Patch-clamp and microelectrode studies confirmed
functionality through a dominant voltage-dependent po-
tassium current (80% cells), electrical coupling, and beat-
ing profiles characteristic of cardiomyocytes [Yang et al.,
2008]. The same overall approach has been recently ex-
tended to the derivation of cardiomyocytes from human
iPS cells [Kattman et al., 2011] and their use in controlled
studies of cardiac disease [Itzhaki et al., 2011; Masuda and
Hanazono, 2011].

hESC-derived cardiomyocytes can be injected as a cel-
lular suspension, encapsulated within a hydrogel matrix,
or delivered within a cardiac patch (fig. 1). The delivery
of hESC-derived cells to the heart tissue needs to provide
means for the cells to survive the surgical placement, low
oxygen and low nutrient conditions, and the host tissue
response so that the cells can subsequently divide, mi-
grate, and repopulate the damaged tissue. These are am-
bitious objectives that are hard to achieve even under
tightly controlled laboratory conditions. Therefore, it is
important to understand how various types of cardiac
repair cells function and behave under normal physiolog-
ical conditions and during cardiac ischemia and how they
respond to the inflammatory cells of the host.

Scaffold Material

The scaffold material used to create a cardiac con-
struct (synthetic or naturally occurring) can markedly
affect the survival of the repair cells and the type of
inflammatory response mounted by the host tissue.
Synthetic materials commonly used for cardiac tissue
engineering include polymers that can be used as an in-
jectable hydrogel or manufactured into sheets (e.g. by
electrospinning) providing mechanical support to the
cultured cells [Sui et al., 2011]. The ultrastructure, com-
position, particle size, and topology of synthetic scaffold
materials can also have adverse effects on cellular recruit-
ment, infiltration, and complement activation, thus af-
fecting the inflammatory response and the type of mac-
rophage activation [Kou and Babensee, 2011; Sui et al.,
2011]. For example, Paul et al. [2008] found that micro-
textured polyvinylidene fluoride (PVDF) surfaces signif-

Freytes/Santambrogio/
Vunjak-Novakovic



icantly affected macrophage activation when compared
to nanotextured PVDF surfaces. In addition, Bota et al.
[2010] showed that expanded polytetrafluoroethylene
(ePTFE) materials elicited different proinflammatory re-
sponses as a function of pore size [Bota et al., 2010]. The
use of collagen modified poly(2-hydroxyethyl methacry-
late-co-methacrylic acid) hydrogels with an appropriate
pore size (30-40 pm) was shown to increase angiogenesis
and elicit a shift towards M2 macrophages when implant-
ed onto the myocardium [Madden et al., 2010]. These
studies highlight the potential to modulate the host tissue
response by engineering the scaffold material.

Naturally occurring biomaterials provide an alterna-
tive to synthetic scaffold materials. The ECM obtained by
decellularization of tissues may provide an optimum
scaffold material in terms of the composition and spatial
arrangement of key components that help support cellu-
lar attachment, proliferation, and differentiation [Bady-
lak et al., 2009]. Recent studies have shown that the pro-
cess used to create the ECM scaffold material will affect
the composition and the host tissue response elicited once
implanted. Heavily cross-linked ECM scaffolds elicit a
more rigorous inflammatory response associated with
M1 macrophages such as the presence of CD80+ and
CCR7+ cells when compared to non-cross-linked ECM
scaffolds. In addition, non-cross-linked ECM showed a
predominantly M2 response with constructive tissue re-
modeling after 16 weeks in a rat model [Valentin et al.,
2009b].

Overall, the choice and design of the scaffold material
used for a cardiac patch is important for the survival of
any repair cell used but it could also potentially affect the
environment the cells will be subjected to due to the type
of inflammatory response elicited by the scaffold mate-
rial itself. Since the inflammatory response is necessary
for proper myocardial healing, further research is needed
to determine the right balance required to maintain the
physiological progression of the inflammatory response
while tipping the balance towards achieving cardiac con-
struct survival and integration.

Implantation of Cardiac Grafts into the Infarct Bed

Overall, cardiac tissue engineering aims to develop an
engineered patch providing cardiomyocytes along with
their supporting cells to improve the functionality of the
postinfarct myocardium. At this time, several factors of
cardiac patch implantations need to be optimized, in-
cluding in particular: (i) the time frame for inserting the

Cardiac Patch and Inflammatory Host
Cells

cardiac patch, (ii) the cellular composition, and (iii) the
level of maturity of the stem cells.

Regarding the time frame, it is likely that the insertion
of a cardiac patch in the early inflammatory phase is not
advisable. The presence of necrotic tissue could severely
compromise the viability of the stem cells and limit cel-
lular engraftment. Additionally, the incoming granulo-
cytes secrete proteases to digest the ECM that could also
decrease the survival of the patch and affect its mechani-
cal integrity. Finally, the infiltrating macrophages release
a series of proinflammatory cytokines that could poten-
tially favor stem cell apoptosis and can lead to poor cel-
lular engraftment.

On the other hand, it appears that placing a cardiac
patch during the formation of granulation tissue could be
relevant to increasing the number of newly formed car-
diomyocytes and to decreasing scarring. In fact, the time
between the formation of granulation tissue and remod-
eling is when the tissue is most plastic and could be re-
modeled to favor the formation of anatomically and phys-
iologically functional cardiac tissue. hESC-derived car-
diomyocytes have been shown to form stable myocardial
grafts when injected into the healthy heart of athymic
rats but not in infarcted myocardium [Laflamme et al.,
2007]. This finding suggests that the inflammatory re-
sponse could have a significant impact on graft accep-
tance and underscores the importance of studying the
effects of the host tissue environment on the function,
survival, and engraftment of the repair cells and patches.

In addition to the host tissue response, another ob-
stacle to the development of effective heart therapies is
the survival of the patch once implanted in the absence
of a functioning vascular system. The cardiac patch needs
to be engineered so that it survives in suboptimal condi-
tions that differ in significant ways from the optimal con-
ditions found in the laboratory. This means that the patch
must survive the biophysical conditions (e.g. mechanical
loading, electrical stimulation, oxygen concentrations) as
well as the host tissue response (e.g. innate and immune
response) present at the site of implantation.

Because the existing hESC lines are derived from a
handful of individuals with unique histocompatibility
complexes, the host tissue would most likely reject any
cardiac patch derived from any of the existing hESC cell
lines unless tolerance is induced prior to implantation
[Fairchild et al., 2007; Robertson et al., 2007]. Generation
of an autologous cardiac patch, using iPS cells, requires
that the appropriate cells be previously prepared from the
patient’s cells, stored, expanded, and differentiated into
cardiac lineages. The major advantage of using autolo-
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gous stem cells is obviously the absence of tissue rejection
since there are no major histocompatibility differences
between the donor and the recipient. However, hRESC-de-
rived cells can still be used to study the interactions be-
tween the host tissue response and the cardiac repair
cells. The limitations of using an allogeneic system over
an autologous system come into play when direct cell
contact between cells is required.

Generation of heterologous cardiac patches requires
storage of previously collected and expanded stem cells
from healthy donors with a known human leukocyte anti-
gen (HLA) type. The procedure would basically reproduce
what is currently done for storage and HLA (HLA-A, B,
and C and HLA-DR, DP and DQ) typing of marrow cells
used in bone marrow transplants. The obvious advantage
would be that a sufficient amount of previously stored cells
could be thawed and used for the preparation of the car-
diac patch ina ‘justin time’ manner. The biggest disadvan-
tage is that only a close but never perfect HLA match (un-
less the patient has an identical twin) can be achieved. In
this case the recipient would require long-term immuno-
suppressive therapy, a risk that patients normally take fol-
lowing bone marrow transplantation to treat cancer.

In vitro Models of the Interactions between a
Cardiac Patch and the Inflammatory Environment

Although the inflammatory response is a complex and
dynamic system, there are key events that can be mim-
icked in vitro such as the transient appearance of distinct
cell types and the biophysical stimuli experienced by the
cells. A cardiac patch can be cultured in the presence of
neutrophils, monocytes, and macrophages at different
time intervals recreating to some extent the cellular pop-
ulation present at the time of implantation and the cel-
lular population most likely to appear as the inflamma-
tory response progress.

There are multiple sources of peripheral blood mono-
nuclear cells including donor blood [Repnik et al., 2003]
samples and established cell lines [Auwerx, 1991]. Com-
mon cell lines such as HL-60 and THP-1 that produce
neutrophils and monocytes like cells in culture can be
used. However, these are cells derived from leukemic cells
and can behave differently compared to freshly isolated
leukocytes [Auwerx, 1991]. The exposure of the patch to
inflammatory cells can be via direct contact in nature,
allowing for cell-cell interactions to occur in addition to
paracrine and autocrine signaling. Alternatively, para-
crine and autocrine signaling can be studied using trans-
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well systems or using a permeable membrane to physi-
cally separate each cell type. Commercially available
trans-wells can be used with standard well plates that al-
low for physical separation of the cells while permitting
molecules to diffuse freely between the chambers and can
be imaged using conventional microscopes.

Recently, there have been advances in the design of
bioreactors which can impart complex biophysical stim-
uli on the cells and can be used to closely mimic the en-
vironment found in vivo [Vunjak-Novakovic and Scad-
den, 2011]. The novelty of these bioreactors is that they
allow us to grow and train the cardiac patch in the labo-
ratory by providing the physical stimuli (e.g. hydrody-
namic, electrical, mechanical) that will be experienced
after implantation. Conditioning of the cardiac cells and
engineered patches could increase their survival after im-
plantation and help us understand how biophysical stim-
uli affect the maturation and function of the potential
repair cells. Other conditions can be added to better
mimic the pathological conditions under which they will
be required to function.

A bioreactor can be designed to include hypoxic con-
ditions that normally follow coronary occlusion and a
subsequent inflammatory response by permitting the
transient exposure to different cell types normally found
at the ischemic injury. Hypoxia is inherent to the infarct-
ed myocardium, and it directly modulates the host tissue
response at the site of implantation. A previous study
showed that monocytes activated by transient hypoxia
can have a cardioprotective effect during ischemia and
reoxygenation conditions [DaCosta et al., 2003]. Macro-
phages migrate and accumulate at sites with low oxygen
tension and respond to hypoxia by upregulation of hy-
poxia-inducible factor (HIF)-1 and HIF-2, vascular endo-
thelial growth factor (VEGEF), fibroblast growth factor
(FGF)-2, monocyte chemoattractant protein (MCP)-1,
matrix metalloproteases (MMPs), and TNF-a [Negus et
al., 1998; Murdoch et al., 2005]. Importantly, cardiomyo-
cytes are known to increase expression of macrophage
migration inhibitory factor (MIF) when exposed to hy-
poxic conditions [Jian et al., 2009].

The inflammatory conditions, along with the electri-
cal and mechanical stimuli normally present in the heart,
can be provided by a bioreactor designed to mimic the
host tissue response and the biophysical environment ex-
perienced by the cardiac patch. By employing the current
knowledge acquired using small animal and large animal
models, targeted and high-throughput experiments can
be performed recreating some of these complex events in
vitro and substantially increasing the amount of infor-
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Fig. 4. Screening of platforms for optimi-
zation of key parameters in cardiac tissue
engineering. Screening platforms can use
the knowledge gained from in vivo testing

. Screening platforms

Biophysical stimuli

In'vivo testing

in small animals (such as the sequential - Mechanical Validation with
presence of inflammatory cells) to build . Electrical '\@ syngeneic models
more accurate screening platforms that + Perfusion
take into account not only the biophysical + Hypoxia
stimuli present but also the host tissue re- = ) Validation with

= e Host tissue response anatom]ca”y similar

sponse. The information gained can be
validated in using large animal models
that more closely resemble the physiologi-
cal size and mechanical loading of the hu-
man heart. The fundamental goal is to
build accurate screening platforms using
human cells to predict the potential sur-
vival and function of engineered cardiac
tissues. Ultimately the objective is to har-
ness the host tissue response and repair the
damaged tissue. Created using Servier
Medical Art.

« Infiltrating cells
+ Resident cells

‘ systems
Clinical testing

« Help determine optimum timing

- Optimize scaffold design

+ Harness host tissue response

mation gained from in vitro models (fig. 4). Accurate in
vitro models could lead to more efficient and less expen-
sive animal testing and better translation into human
therapies.

If direct contact between the leukocytes and the car-
diac patch is not required, an allogeneic culture system
will suffice and experiments can be performed using
freshly isolated peripheral blood mononuclear cells.
However, direct contact between leukocytes and the car-
diac patch is often needed to truly recreate the inflamma-
tory response in vitro. In such a case, the availability of
an autologous system becomes a limiting factor. Even in
the absence of T cells, macrophages can be activated by
nonself cells and induce rejection [Ascher et al., 1984]. To
overcome this problem one could perform experiments
using cells from syngeneic animals. In a human model
system, there are limited options to address this prob-
lem. Theoretically, hiPSCs and multiple blood donations
could be obtained from a single donor. Even though this
is possible in principle, the logistics and regulatory hur-
dles make this approach costly and complicated. Another
approach would be to derive the appropriate leukocytes
and cardiomyocytes from the same embryonic stem cell
line. Although this is theoretically possible, there are no
established protocols at this time to obtain leukocytes
from hESCs cells.

Finally, studies of human cells can only be conducted
in immunocompromised animals. The predictability of
these studies is limited not only by a species mismatch (as

Cardiac Patch and Inflammatory Host
Cells

in the case of using human cells in rodents) but also by
the differences in size and physiology [Schwartz, 1998;
Abarbanell et al., 2010]. In addition, there are document-
ed differences in the ability of cytokines to activate recep-
tors of other species if less than 60% of the amino acid
identity is not retained [Scheerlinck, 1999]. Finally, phys-
iological discrepancies between the heart rate of different
species (~300-500 beats/min for rodents vs. ~60-80
beats/min for humans) [Ytrehus, 2000] require further
testing since they can potentially skew the effects ob-
served when using human cells in rodent models.

Harnessing the Inflammatory Response

There is a growing body of evidence that the presence
of monocytes and macrophages is important for the heal-
ing of myocardial tissue [Lambert et al., 2008]. Prevent-
ing the recruitment of monocytes via physical blockage
and chemical depletion, or in genetically modified ani-
mal models, leads to poor healing and - in cases of
MI - to increased ventricular remodeling [van Ameron-
gen et al,, 2007; Frangogiannis, 2008; Lambert et al,,
2008; Wernli et al., 2009]. Macrophage inhibition via ad-
ministration of chlodronate leads to a decrease in sympa-
thetic hyperinnervation postinfarct with decreased levels
of nerve growth factor (NGF) [Wernli et al., 2009]. Even
secretion from proinflammatory macrophages at the in-
farct bed could affect the repair cells and the surrounding
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Fig. 5. Harnessing of the inflammatory re-
sponse to improve the survival and en-
graftment of engineered cardiac tissues.
(1) Chemotactic molecules that recruit
supportive inflammatory cells can be en-
capsulated within the scaffold material
and controlled-released into the wound
site. (2) Alone or in combination with che-
motactic molecules, inhibitory molecules
can be encapsulated within the scaffold
material to inhibit any cell that does not
support the survival and engraftment of
the patch. (3) The choice of scaffold mate-
rial, along with its porosity and composi-
tion, and the degradation products that
result from the host tissue response medi-
ated breakdown could also provide stimu-
latory or inhibitory signals. Individually
or in combination, the mechanisms shown
can be used to harness the inflammatory
environment leading to an optimized en-
gineered cardiac patch. Created using Ser-
vier Medical Art.

@ Release of chemotactic molecules

@ Release of inhibitory molecules

) Degradation products from matrix

Infarcted
myocardium

Cardiac patch

myocytes via an NO-dependent reduction of cardiac
function [Joe et al., 1998]. Clearly these are important
cells for resolution of the inflammatory response and are
key players in the final outcome following an infarct.

In addition, degradation products of the scaffold com-
ponents used to create the cardiac patch can also initiate
recruitment and activation of macrophages at the wound
site [Trial et al., 2004]. Fibronectin fragments have been
shown to stimulate macrophages to release factors that
protect hypoxic myocytes from apoptosis, leading to in-
creased macrophage production of TNF-a, FGF-1, insu-
lin-like growth factor (IGF-1), and leukemia inhibitory
factor (LIF) [Trial et al., 2004]. Chemically treated ECM
scaffolds have been shown to recruit proinflammatory
macrophages, while untreated scaffolds recruited anti-
inflammatory macrophages to the site of injury. Consis-
tently, wounds treated with non-cross-linked ECM scaf-
folds showed more constructive remodeling when com-
pared to cross-linked ECM scaffold-treated wounds
[Badylak and Gilbert, 2008; Badylak et al., 2008; Valentin
et al., 2009a]. Even a scaffold’s topology can affect mac-
rophage polarization [Bota et al., 2010], accentuating the
importance of the scaffold choice and its potential effect
on tissue repair.

These studies underscore the important roles of in-
flammatory cells, and in particular macrophages, in the
healing response of ischemic myocardium. The effects
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observed thus far strongly suggest the possibility of har-
nessing the inflammatory response in order to maximize
the survival of the delivered cells. Once the optimum in-
flammatory environment has been established, the tim-
ing of delivery and the delivery mechanism can be ad-
justed. In the latter case, controlled release of a chemotac-
tic or inhibitory molecule targeted towards a specific cell
population can be used as shown in figure 5. Also, the
choice of scaffold material that promotes the desired in-
flammatory environment can be combined with other
factors such as timing to create an optimal cardiac patch
therapy.

Concluding Remarks

In summary, advances in stem cell biology and tissue
engineering are critically important for the development
of effective modalities for treating MI, which remains the
leading cause of death in the developed world. At this
time, the survival and function of cardiac grafts remain
poor for at least two reasons: (i) tissue-engineering strat-
egies do not provide the necessary cell protection and
conditioning, and (ii) the ischemic/inflammatory envi-
ronment of the injured heart is largely overlooked when
determining the properties of cardiac grafts.
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Dynamic interactions between the implanted cardio-
genic cells and the inflammatory milieu of MI can be
investigated in vitro using a model of a cardiac patch in
an inflammatory environment. For such a model to be a
practical tool, robust and controllable in vitro testing
platforms are designed to study cell populations of dif-
ferent compositions and maturity, cardiac patch proper-
ties, the use of cardioprotective factors, and the presence
of specific inflammatory cells. In particular, in vitro
platforms can be used to design a cardiac patch with the
best capability for survival and function following im-
plantation into the infarct bed and to determine the tim-
ing of implantation for best utilization of inflammatory

We proposed that some of the existing barriers for the
development of effective cell therapies for MI could be
overcome by manipulating the properties of the implant-
ed patch cardiac cells and their interactions with the host
environment. One particularly intriguing possibility is
that the inflammatory factors in the host environment
could be harnessed to accelerate and improve the tissue-
engineered regeneration of the infarcted heart.
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