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A new problem has emerged with the everincreasing number of breast cancer survivors.
While early screening and advances in treatment have allowed these patients to overcome
their cancer, these treatments often have adverse cardiovascular side effects that can
produce abnormal cardiovascular function. Chemotherapeutic and radiation therapy have
both been linked to cardiotoxicity; these therapeutics can cause a loss of cardiac muscle
and deterioration of vascular structure that can eventually lead to heart failure (HF). This
cardiomyocyte toxicity can leave the breast cancer survivor with a probable diagnosis of
dilated or restrictive cardiomyopathy (DCM or RCM). While current HF standard of care
can alleviate symptoms, other than heart transplantation, there is no therapy that replaces
cardiac myocytes that are killed during cancer therapies. There is a need to develop novel
therapeutics that can either prevent or reverse the cardiac injury caused by cancer thera-
peutics. These new therapeutics should promote the regeneration of lost or deteriorating
myocardium. Over the last several decades, the therapeutic potential of cell-based therapy
has been investigated for HF patients. In this review, we discuss the progress of pre-clinical
and clinical stem cell research for the diseased heart and discuss the possibility of utilizing

these novel therapies to combat cardiotoxicity observed in breast cancer survivors.
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INTRODUCTION
Advances in cancer treatments have led to a significant reduction in
the incidence of mortality amongst breast cancer patients; a major
accomplishment of today’s cancer therapies. The 5-year survival
rate for females in the United States is 89%, and 78% at 15 years
(1). Associated with increased breast cancer survival is an increase
in cardiovascular co-morbidities (2). The scope of this issue has
not been adequately studied and is not readily ascertained from
clinical trial data on emerging chemotherapeutic agents. Clini-
cal trials often consist of small cohorts of patients with under
representation of specific patient populations and exclude those
with co-morbidities. In addition, the incidence of adverse cardiac
events has usually not been evaluated. It is not surprising that
novel cancer therapeutics can cause adverse cardiac events given
the fact that cancer drugs influence cell survival (3-5). In concert
with these novel reagents, some cancer treatment plans incorpo-
rate classical chemotherapeutics (anthracyclines) that are known
to be more toxic to the cardiovascular system (6—8). Whether
the pathways (survival and growth) by which these agents inhibit
tumor progression overlap with those which preserve cardiovas-
cular cell physiology, remains largely unknown. In our view, there
is a need to investigate different therapeutics strategies to combat
any adverse cardiovascular event observed in cancer patients.
Cancer therapeutics cause cardiomyopathy in large part by
causing the death of cardiac myocytes and supportive tissue (4,
5,9—14). Therefore, cell therapies that repair existing myocardium

or regenerate new myocardium to replace lost tissue could improve
cardiac function in cancer survivors. Researchers and physician-
scientist have been investigating cell-based therapy since the early
1980s (15). In striving to understand the basic biology of adult
stem cells, tremendous progress has been made in comprehending
their therapeutic potential against disease states like acute myocar-
dial infarction (AMI) and ischemic heart disease, culminating with
numerous clinical trials since early 2002 (16). While still somewhat
controversial, the scientific community is beginning to define the
mechanism(s) responsible for the beneficial effects of those stem
cell therapies tested to date. Regardless of the treatment strat-
egy used to prevent or reverse adverse cardiovascular events in
breast cancer patients, it will become increasingly important to
screen patients, optimize treatment strategies, and monitor cardiac
function prior to-, during-, and after cancer treatment.

BREAST CANCER AND THE ETIOLOGY OF CARDIOTOXICITY

In 2013, the projected number of new in situ and invasive breast
cancer cases was just shy of 300,000 (1). Breast cancer death rates
have been dropping since the early 1990s (1), due to better aware-
ness by women to have annual mammograms, which has led to
earlier detection and better success of treatment strategies. With
over 2.9 million women living in the United States with a medical
history indicating breast cancer (17), there has become a greater
need for an understanding of the therapeutics utilized to combat
breast cancer and their potential effects on other organ systems.
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Physicians have a variety of treatment options and strategies
to slow, inhibit, and/or eliminate breast cancer. Newer generation
chemotherapeutics have the capability of targeting specific path-
ways; usually interrupting cell survival (3, 8, 11, 18-20), growth
(21), and proliferation (3, 8, 11, 18, 22, 23). Selective targeting
therapeutics are a true testament to the amount a basic and clinical
research that has gone into comprehending cancer biology over the
last several decades. Ideal cancer therapeutics should affect cancer
cells without effects on normal tissues. Unfortunately even target
specific agents have “off target” effects on normal cells in the heart
and other tissues. Radiation therapy has also been improved as a
therapeutic against breast cancer. With advances in technology,
clinicians have the ability to more accurately direct the radia-
tion treatment while minimizing the dose need; but still there
are major side effects observed with both treatment options, and
the incidence of cardiotoxicity is on the rise (24).

While treatment may lead directly to cardiovascular dysfunc-
tion in some patients, in others it may hinder their ability to cope
with preexisting or newly acquired cardiovascular diseases such as
ischemic heart disease and hypertension. It is important to point
out that only a fraction of patients in chemotherapeutic clini-
cal trials have reported adverse cardiac events (25, 26); 4-7% of
patients in initial trials suffered from cardiotoxicity when treated
with monoclonal antibody chemotherapeutics, which manifested
itself as a decrease in left ventricular ejection fraction (LVEF) (27).
This percentage was drastically increased (27%) when patients
were treated concurrently with adjuvant chemotherapeutics, like
anthracyclines (14).

There are several hypotheses as to mechanism by which
chemotherapeutic treatment initiates and/or exacerbates car-
diotoxicity observed in breast cancer patients (4, 11, 12). The
more classical drugs, like anthracyclines, most notably Doxoru-
bicin, have been linked to greater increase in reactive oxygen
species (ROS) causing more stress at the cellular level (10, 28,
29). In cardiomyocytes, there is an abundance of mitochondria,
which produce free radicals from anthracyclines, which are taken-
up by the cell (30). This predisposes cardiac tissue to create high
levels of ROS. This suggests high levels of newly formed ROS
limits the amount of antioxidants that are found endogenously.
With depletion of these much needed antioxidants, homeostasis
is not maintained leading to an unfavorable cellular environment.
A single basic research study, by De Angelis et al., looked directly
at mechanisms by which chemotherapeutics are cardiotoxic and
their effects on endogenous cardiac stem cells (CSC’s) (31), which
are thought to be involved in endogenous cardiac repair. It was
shown that classic chemotherapeutics (anthracyclines) increased
ROS formation, caused DNA damage, induced p53 expression
and cell cycle arrest in the G2/M phase, while decreasing CSC
growth (31).

Cardiotoxicity due to radiation therapy predominantly leads to
pericardial and coronary vasculature damage. While early radio-
logical practices lead to constrictive pericarditis; new technology
and techniques to minimize the exposure of the heart to radi-
ation and the incidence of pericarditis is still largely unknown
due to limiting number of years post-technology development
(32). Cell types, which are part of the coronary vascular frame-
work have been shown to induce inflammation and lead to

cardiovascular events, which can cause ischemic heart disease (33).
In a study which compared the effects of left- or right-sided radia-
tion demonstrated an increase in coronary stenosis in patients who
received left-side treatment; specifically the left anterior descend-
ing coronary artery (9). Again, with new techniques and better
technology being utilized, this adverse event can be minimized.

More reviews have come forth over the last several years dis-
cussing chemotherapeutic cardiotoxicity (3, 4, 8, 19, 20, 34-38)
and there has been the formation of guidelines with clinical inter-
disciplinary cross talk between oncologists and cardiologists (11,
39-41) to more effectively treat the toxicity to organs such as the
heart. Again, whether the primary treatment strategy is pharma-
cological or radiological, physicians have come to a consensus that
adjuvant therapy increases the probability of initiating or exac-
erbating cardiotoxicity in breast cancer patients (4, 11, 12, 14).
New basic, translational, and clinical studies will be essential to
define the mechanisms of cardiotoxicity of chemotherapeutics
and radiation therapy. It will also be important to carefully fol-
low the increasing number of breast cancer survivors, to define
their long-term cardiovascular risk.

STEM CELL THERAPY

In this review, we suggest that stem cell therapy should be consid-
ered for cancer survivors who develop cardiomyopathy. Currently,
one of the most impressive aspects of stem cell therapy for the
heart is the wide variety of cell types that could be considered
as potential candidates through pre-clinical (Table 1) and clin-
ical research (Table 2). This reflects the true unmet need for a
therapeutic avenue to be developed in order to treat and pre-
vent the progression and manifestation of heart failure (HF) in
patients who suffer cardiac injuries, like myocardial infarction or
breast cancer therapy-induced cardiomyopathy. Here, we discuss
endogenous cardiac regeneration and some of the more popu-
lar cell types that are being looked at as potential candidates for
cell-based therapy.

CARDIAC REGENERATION

The heart has a limited capacity for repair after injury. This limited
repair capacity is the bases for cardiac dysfunction after ischemic
insult or damage from cancer chemotherapeutics. Why the heart
has such a limited ability to repair itself and how cell therapy might
enhance repair is an important topic in need of further study. Most
questions about cardiac regeneration are still not resolved. Inter-
estingly, fish and other less developed species have an ability to
regenerate lost portions of their hearts, primarily via proliferation
of surviving myocytes that reenter the cell cycle (66, 67) post insult.
This characteristic is also present in the fetal and early neonatal
mammalian heart, but is generally absent in adult mammalian
human heart tissue. Regardless of the robustness of endogenous
cardiac repair it is clear that the adult human heart cannot repair
itself after multiple forms of injury which can lead to HE.

Adult cardiac myocytes are largely withdrawn from the cell
cycle. Therefore the loss of myocytes with disease requires new
myocyte formation to prevent cardiac functional decline. New
myocytes could be derived from old myocytes that reenter the
cell cycle or from a stem cell population with cardiogenic capac-
ity. Some laboratories have demonstrated there is a small rate
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Table 1 | Overview of animal studies with stem cell therapy.

Study Host Etiology of dysfunction Route of administration Outcomes
BONE-MARROW MONONUCLEAR CELLS (BMMNCs)
Orlic et al. (42) Mice Ligation of LAD IM 4 LV function
Trans-differentiation
Mathieu et al. (43) Dog Ligation of LAD IM 4 LV function, | Scar
J Brain natriuretic protein
Neovascularization
Bel et al. (44) Sheep Ligation of CX IM No A LVEF or remodeling
Waksman et al. (45) Pig Permanent occlusion IM | Scar

BONE-MARROW-DERIVED HEMATOPOIETIC STEM CELLS (HSCs)
Balsam et al. (46) Mice Ligation of LAD
Kajstura et al. (47) Mice Ligation of LAD

MESENCHYMAL STEM CELLS (MSCs)

Hatzistergos et al. (48) Pig I/R
Cai et al. (49) Rat Ligation LAD
Quevedo et al. (50) Pig I/R
Schuleri et al. (51) Pig I/R

CARDIAC STEM CELLS (CSCs)

Linke et al. (52) Dog Occlusion of LAD
Beltrami et al. (53) Rat Ligation of LAD
Fischer et al. (54) Mice Ligation of LAD
Lietal. (55) Mice I/R

Trans-differentiation
Angiogenesis

IM No trans-differentiation

IM 4 LV function, | Scar
Trans-differentiation

IM 4 LV function, | Scar
Trans-differentiation
Homing of endogenous SCs

IM 4 LV function
J} Remodeling
IM 4 LV function, | Scar

Trans-differentiation
Angiogenesis

IM 4 LV function, | Scar
Angiogenesis

IM 4 LV function
Trans-differentiation
Angiogenesis

IM 1 LV function
J} Remodeling
Trans-differentiation
IM 4 LV function
} Scar

Trans-differentiation
Angiogenesis

IC 4 LV Function
J} Remodeling
Trans-differentiation

1, Increase; |, decrease; No A indicates change; CX, circumflex coronary artery, LAD, left anterior descending coronary artery; I/R, ischemia-reperfusion; LV, left

ventricle; IM, intramyocardial; IC, intracoronary.

of turnover in myocytes in the adult heart (68-70) but not at
a sufficient rate to repair the heart back to basal functional lev-
els post injury. Other than cardiac transplantation, there is no
therapy, which ultimately addresses the issues caused by myocar-
dial injury and the progression of cardiac remodeling. With

chemotherapeutic agents and radiation therapy affecting survival,
growth, and proliferation pathways, while increasing oxidative
stress and DNA damage, frank loss of heart muscle, and deteriora-
tion of myocardial support structure mimics other types of cardiac
injury such as myocardial infarction. Whether this cardiotoxicity
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Table 2 | Overview of clinical trials with stem cell therapy.

Study

No. patients

Route of administration

Primary end-point

Outcomes

BONE-MARROW MONONUCLEAR CELLS (BMMNCs)

Perin et al. (56) Cell=14 IM Echocardiography 4 LV function
Control=7 | Remodeling
JNYHA Class
Perin et al. (57) Cell=11 IM Echocardiography No A LV function
Control=9 4 Exercise capacity
4 Perfusion
Galinanes et al. (58) Cell=14 IM (during CABG) Dobutamine stress 4 LV function
No Control Echocardiography 4 Wall motion
Hendrikx et al. (59) Cell=10 IM (during CABG) MRI No A LV function
Control=10 J} Remodeling
J NYHA class
FischerRasokat et al. (42) (TOPCARE-DCM) Cell=33 IC MRI 4 LV function
No Control LV angiography 4 Wall Motion
BONE-MARROW-DERIVED HEMATOPOIETIC STEM CELLS (HSCs)
Vrtovec et al. (60) Cell=28 IC Echocardiography 4 LV function
Control =27
Vrtovec et al. (56) Cell=55 IC Echocardiography 4 LV function
Control =55
Patel et al. (61) Cell=10 IM (during CABG) Echocardiography 4 LV function
Control=10
MESENCHYMAL STEM CELLS (MSCs)
Hare et al. (62) (POSEIDON) Cell=31 IM Computed tomography No A LV function
No Control JLVEDV
4 Physical performance
Karantalis et al. (63) Cell=6 IM (during CABG) MRI 4 LV function, | Scar
No control
CARDIAC STEM CELLS (CSCs)
Bolli et al. (64) (SCIPIO) Cell=16 IC Echocardiography 4 LV function, | Scar
Control=7 MRI
Makkar et al. (65) (CADUCEUS) Cell=17 IC MRI No A LV function, | Scar
Control=8

4, increase, |, decrease; No A, no change, Cell, Cell-treated patients, CABG, coronary artery bypass graft surgery; LVEDV, left ventricular end-diastolic volume; NYHA,

New York Heart Failure Association; LV, left ventricle,; IM, intramyocardial; IC, intracoronary.

occurs acutely or chronically in breast cancer patients is unclear
but the end result is most notably DCM or RCM (20, 31, 71-73).

The fundamental principle that the human heart does not have
an adequate endogenous repair mechanism has led to the discov-
ery of isolating adult stem cells for use as a therapeutic for treating
and preventing HF, which has exploded in the scientific research
community and has given a new sense of hope to the idea of
cell-mediated repair of the heart.

BONE-MARROW-DERIVED STEM CELLS

The bone-marrow is a diverse tissue that houses many cell types,
including a variety of stem cells (56, 60, 74-76). Due to the ease
of acquisition, with already approved clinical methods and their

relatively high abundance, bone-marrow-derived stem cells have
been and continue to be investigated as a possible source of cells
that can be applied toward cardiac regeneration. This cell source is
one of the most widely examined in pre-clinical experimentation
and clinical trials to date. Here, we outline the major populations
and their potential as cell therapy.

Unfractionated bone-marrow mononuclear cells

Bone-marrow mononuclear cells are a heterogeneous mixture of
multiple cell types [hematopoietic stem cells (HSCs), mesenchy-
mal stem cells (MSCs), endothelial progenitors, and other more
committed cell population] (57-59, 74). Through a density gradi-
ent centrifugation, bone-marrow mononuclear cells (BMMNCs)
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are isolated easily from whole bone-marrow fraction. With the
easy of isolation and low maintenance in vitro, these cells have
been utilized as a source of cell therapy in many animal mod-
els. In the acute MI setting, BMMNCs have shown much promise
(42, 43). In contrast under chronic conditions of HF, the jury is
still out; conflicting results in large animal models (43-45) and
smaller scale preliminary clinical trials (77-79) still leave many
questions as to the true mechanism(s) of action and the efficacy
of this cell population. In a pig (45) model of HF, transplanta-
tion of BMMNCs provided no therapeutic benefit in terms of
left ventricular (LV) function, but the study described an increase
in angiogenesis and reduced infarct size. In another large animal
study post infarct (43), BMMNC therapy showed an improvement
in LV function, and reduced probrain natriuretic peptides (BNP)
levels in the plasma, will also sparking angiogenesis.

In the clinical arena, the results have been similar to the observa-
tions in the basic research community. The first clinical evaluation
of BMMNC:s as a therapeutic was performed by Perin et al. (77);
21 patients were enrolled (14 cell-treated and 7 control). Func-
tional improvements were observed at 2—4 months; in patients
receiving cell therapy there was a 9% increase in LVEF as com-
pared to baseline and a reduction in the end-systolic volume (77).
Subsequent other trials confirmed these observations of improved
cardiac function with intramyocardial injection of BMMNC:s (78).
In contrast, when cell were injected directly in the core of the dam-
age region in 20 patients all beneficial effects were negated, there
was no significant difference in LVEF or wall thickness by MRI
(80). These vastly different outcomes have many factors, which
may be playing a role in the results obtained, particularly the loca-
tion of the injected cells. The microenvironment plays a pivotal
role in the efficacy and any potential benefit cell therapy may have,
as observed in these contrasting clinical trials (one with injection
into the border zone of the infarct and the other into the core).
In studies, which investigated the role of BMMNC therapy for
non-ischemic cardiomyopathies there were promising results (81).
BMMNC:s therapy increase the regional LV function and improved
microvascular function in Transplantation of Progenitor Cells and
Recovery of LV Function In Patients With Non-ischemic Dilative
Cardiomyopathy (TOPCARE-DCM), which enrolled 33 patients
to receive intracoronary administration of BMMNC:s (81).

Studies of BMMNC:s as a viable option for cell therapy have
yielded inconsistent results both at the bench and in small scaled
clinical trials, this is largely due to the heterogeneity of the cell
population and the yield of actual progenitors in each isolation
for therapeutic use. Larger scale trial’s must be run in order truly
understand what effect(s) this cell type may be having as an option
for cardiac regenerative therapy.

Hematopoietic stem cells

Hematopoietic stem cells reside within the bone-marrow and
commit to two different cell lineages, myeloid and lymphoid.
The major cell surface marker which is used to distinguish this
sub-population of cells from other progenitors which reside is in
the bone-marrow is cluster differentiation 34 (CD34) (82-84); a
transmembrane cell adhesion protein that has implicated in the
literature to denote stem cells, which has a hematopoietic or vas-
cular lineage. HSCs are mobilized from the bone-marrow into

the peripheral blood during ischemic events to begin the process,
which leads to revascularization (75). Researchers and clinicians
felt that by isolating this population of cells and reintroduc-
ing them in more concentrated numbers would promote greater
revascularization than observed by endogenous mechanisms post
cardiac injury (46, 47, 75).

Numerous clinical trials have been performed evaluating
CD34+ cells in patients with both ischemic (61) and non-ischemic
(56, 60) cardiomyopathy. Vrtovec et al. (56) looked to understand
the beneficial effects of this cell population against non-ischemic
cardiomyopathy by delivering the cells intracoronary to 55 of the
110 patients enrolled; this led to a ~5% increase in LVEF, improve-
ment in the 6-min walk test and decreased probrain natriuretic
peptide plasma levels. A 5-year follow-up study was able to demon-
strate that the transplantation of these cells had an effect over
a sustained period much longer than most trials (60). The true
mechanism by which this population of cells is having an effect
is still not understood, but the major consensus amongst those
in the field would be an increase in perfusion via revasculariza-
tion. Preliminary clinical work with CD34+ hematopoietic cells is
promising for both ischemic and non-ischemic cardiomyopathy,
as with most of the cell types discussed here, a major limitation
is the small sample sizes in these trials and lack of understand-
ing as to the mechanism of action, which is due to an inability to
apply standard methods utilized in basic research, toward human
patients (i.e., immunohistochemistry, fluorescent microscopy, and
molecular analysis).

An important issue concerning this cell population is the fact
that only autologous transplantations have been performed. For
the average patient who has been enrolled in such Clinical trials to
date, this resident population of cells can be easily harvested and
utilized for cell-based therapy. In terms of the subset of patients
discussed here, this may not be the case. For individuals who
have received or continue to undergo chemotherapy and radia-
tion treatment, the CD34+ HSC population may be exhausted or
non-existent all together (85, 86). This would subsequently elimi-
nate this population of progenitors as a viable option for cell-based
therapy to treat any cardiomyopathy induced by chemotherapeutic
treatment of breast cancer. If this population of stem cells were to
be beneficial against cardiotoxicity, it may be necessary for patients
to undergo isolation prior to cancer treatment, so that cells could
be isolated and expanded for future autologous cell-based therapy
if needed. Other populations within the bone-marrow do exist
and do not have to be autologous in nature for transplantation.

Mesenchymal stem cells

Bone-marrow-derived MSCs are a sub-population of cells charac-
terized by their adherence in culture (87). They also have begun
to characterize a host of cell surface marker, which identifies this
population within isolated bone-marrow. The majority of MSCs
express CD29, CD73, CD90, and CD105 while being negative for
hematopoietic lineage markers CD34 and CD45 (87, 88). Oth-
ers have demonstrated sub-populations within the MSCs, which
express these markers and a plethora of others (89, 90). The
multipotentiality of these cells to differentiate into osteoblast,
chondrocytes, adipocytes in vitro (91-94) is well documented and
cardiomyocytes in vivo (95-97), which is still controversial (98).
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Paracrine signaling is one of the major mechanisms thought to
elicit improvement by MSC therapy (48, 99) in the heart. This is
due to release of numerous growth- (48), anti-apoptotic- (100,
101), and/or angiogenic- (49, 102) factors helping protect the
myocardium and augment some of the adverse remodeling. Fur-
thermore, MSCs demonstrate a capacity to engraft in a large ani-
mal model of MI (50, 51, 103) and have shown an ability to evade
immune rejection (52, 104-106). In recent studies, results indicate
MSC contributed directly to inhibition of inflammatory responses
(107, 108), which may be the mechanism behind the observed
reduction in scar size in both animal models and clinical trials (51,
62, 63). While there is still skepticism, this characteristic could
allow MSCs to be used as an allogeneic source of cells, overcoming
the need for isolation and expansion of autologous cell sources.

With many clinical trials looking to understand the beneficial
effect of numerous different cell types in patient suffering from
cardiac related dysfunction, MSCs in recent years has become
more popular for translational applications in patients (62, 63).
Hare et al. (62) investigated MSC’s and their effect(s) on 15 of
the 30 patient enrolled in the clinical trial Percutaneous Stem Cell
Injection Delivery Effects on Neomyogenesis (POSEIDON). This
trial look to see if there was any dose dependent effect of MSC’s
in patients who were suffering from ischemic cardiomyopathy
(ICM). The data demonstrated, at all three doses, that MSC admin-
istration was favorable when measuring end-points of quality of
life, functional capacity and ventricular remodeling (62). Krantalis
et al. (63), in the Prospective Randomized Study of Mesenchy-
mal Stem Cells Therapy in Patients Undergoing Cardiac Surgery
(PROMETHEUS) trial, investigated the injection of MSC’s in six
patients receiving coronary artery bypass graft surgery (CABG).
Those regions of the myocardium, which received cell therapy
demonstrated a decrease in scar mass compared with baseline at
18 months follow-up (63). An overwhelming number of clinical
trials that are “recruiting” encompass MSC’s therapy exclusively
or as part of their treatment strategy (109). At this point, MSC’s
are becoming more promising for clinical applications and widely
investigated for the utility of cardiac regeneration in the clinical
setting.

CARDIAC STEM CELLS

Cardiac-derived stem cells have also been in the spot light of ani-
mal investigations and recently, clinical trials (53, 54,65, 110-113).
The discovery that the heart is in fact an organ, which has the
ability to have cellular turnover and renewal (both of myocytes
and non-myocytes) refutes the long withstanding dogma that the
heart is a post-mitotic organ. This renewal is thought to be derived
from a population of stem cells, which reside as niches within the
myocardium (110). New methodology has been developed over
the last decade to isolate (53) and characterize these cells in vitro
(53, 111) and investigate their therapeutic potential. The isolation
of CSCs has given hope that these cells will be predisposed to an
increased probability of neomyogenesis as compared to other cell
types discussed previously.

C-kit (+ )/hematopoietic lineage (—) CSCs
This cell population was first described in 2003 by Beltrami et al.,
cells were isolated from a rodent heart (53). The manuscript

describes a cell population isolated from cardiac tissue that
expressed a tyrosine kinase receptor c-kit, now a known marker
of stemness (53). This population not only fit the classical defini-
tion of a “stem cell” (self-renewing, clonogenic, and multipotent)
but also differentiated into cardiomyocytes, smooth muscle cells,
and endothelial cells in vitro and in vivo (53, 110, 111). Human
cardiac c-kit+ positive cells were isolated some 4 years later (111).
Since then, injection of isolated c-kit+ CSCs and studying the
beneficial effects has been overwhelming; multiple laboratories
and basic research studies have demonstrated that post injection
an alleviation of LV dysfunction and adverse remodeling, while
showing the elicit response of regeneration due to injection (54,
55, 114). With such positive outcomes in rodent models (54, 55,
115), this cell type was soon moved to a pre-clinical large animal
model. Bolli et al. (64) investigate the role on intracoronary infu-
sion of CSCs 3 months post-MI and found a significant difference
in LVEF as compared to vehicle treated animals, while demonstrat-
ing increased wall thickness and beneficial changes in the maximal
developed pressure, as well as, a lower diastolic pressure. With that,
this work in the large animal model laid the ground work for a
human clinical trial investigating the efficacy and safety of CSC’s
in patients. The Stem Cell Infusion in Patients with CardiOmy-
opathy (SCIPIO) clinical trial update discussed the infusion into
the coronary circulation, 1 million c-kit+/lineage — CSC’s into 16
patients with LV dysfunction (113). The authors concluded that
these cells produced better LV systolic function through reduc-
tion of scare size in patients with MI, and further clinical trials
should be performed (113). With promising results in the phase
I trial, CSCs are bidding to become the superior choice in choos-
ing a cell type for cardiac cell therapy. While clinical trials are
ongoing, there has only been one small animal study investigating
the therapeutic potential of CSC therapy post chemotherapeu-
tic cardiotoxicity, this study as discussed above (cardiotoxicity
section) looked to solidify the mechanism by which the cardiotox-
icity occurs and utilized c-kit+ CSCs as a therapeutic intervention
to combat the adverse effects observed (31). De Angelis et al. (31)
concluded that cell-based therapy promoted regenerative capac-
ity of the myocardium, improved cardiac pump function, and
decreased mortality.

Collectively, with all the successes of pre-clinical and clinical
trials to date, there is much more work that is needed to fully
understand the therapeutic potential of cell-based therapy for all
types of cardiac disease states regardless of the etiology.

CELL THERAPY POTENTIAL FOR
CHEMOTHERAPEUTIC/RADIATION-INDUCED
CARDIOTOXICITY IN BREAST CANCER PATIENTS

With the plethora of basic science and clinical research performed
on isolating and characterizing a number of adult stem cells to
be utilized for cardiac cell therapy in the past two decades, we as
a field still do not know which cell type, and/or combination of
cells will be most beneficial. The work has yielded some rewards
despite most questions still not having answers; we now under-
stand that multiple tissues have population of stem cells that have
the capacity to be beneficial toward heart function post injury
and inhibit adverse remodeling, while improving quality of life
in patients suffering from many different cardiac disease states
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FIGURE 1 | Proposed mechanisms of stem cell-mediated repair.
Transplantation of stem cells into the heart initiates repair of damaged tissue.
The hypothesized repair mechanisms are both direct and indirect,
trans-differentiation of stem cells into new cardiomyocytes and vascular cells,
inhibition of apoptosis, mobilization of endogenous cell populations,

alterations in ECM remodeling, and neovascularization. Collectively, these
processes reduce adverse cardiac remodeling, increase the possibility of
perfusion, repair/regenerate damaged tissues, and ultimately improve left
ventricular cardiac pump function & patients clinical end-points. lllustration
credit: Thomas E. Sharp Ill.

(15, 16, 42, 50, 51, 56, 62, 64, 69, 83, 100, 102, 113). Despite
not fully understanding the mechanism of action, the field has
a general consensus on ways in which stem cell therapy is work-
ing to improve cardiac function (Figure 1); animal studies have
shown beneficial effects of stem cell therapy through paracrine
factor secretion (48, 99, 100), trans-differentiation into multiple
cell types, which help to improve cardiac function (92, 116) and
through homing of endogenous stem cells to the site of injury
(48, 76). The cell types discussed above do not all work with the
same mechanism of action; it has been demonstrated that MSCs
most likely work through paracrine factor production and secre-
tion (48, 51, 74, 117-119), while BMMNCs and CSCs have the
ability to form new blood vessels for better perfusion (46, 47, 53—
55, 59, 75=77, 79, 85, 86, 89, 96, 110, 120, 121) and create new
myocyte from transplanted cells (53, 55, 64, 111-115, 122, 123).
Below, we discuss the major mechanisms and how they may be
beneficial toward patients suffering from cancer treatment-related
cardiotoxicity.

TRANS-DIFFERENTIATION OF TRANSPLANTED CELLS

The logical explanation for using stem cell therapy to repair
the heart is the idea in which transplanted cells will form new
myocardium replacing lost or damage tissue. As obvious as this
may seem, data acquired thus far in the field of cardiac regen-
eration would suggest that little trans-differentiation is actually
occurring, and that this is probably the least likely mechanism of
action for the observed improvements post therapy. Much of the
debate still goes on as to the amount or proportion of beneficial
effects that should be attributed toward trans-differentiation. Still
highly controversial is the notion that cell populations derived
from the bone-marrow (HSC’s, MSC’s, and CD34+ SC’s) form
new cardiac myocytes; numerous laboratories have evidence sup-
porting such notions (124, 125), while others contest these con-
clusions (46, 126). Alternatively, some suggest that the mecha-
nism of action is fusion of the injected cells with endogenous
surviving myocytes (127, 128). Discussed in more detail below,
most would agree that the major mechanism of action may be
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paracrine factor production and secretion (100, 101). While in
the acute MI disease model, there is strong evidence for trans-
differentiation (53, 110, 129-131); in the post-MI HF large ani-
mal model the data would suggest that the amount of trans-
differentiation observed is insufficient to explain the significant
increase in cardiac function post injury and after therapeutic inter-
vention (64). In recent years, the debate has turned more toward
understanding the proportion of new myocyte formation in the
different cell types (discussed above) and how the quantification
of this trans-differentiation is proportionate or disproportion-
ate to the improved cardiac function. In patients suffering cancer
therapy cardiotoxicity, trans-differentiation of transplanted stem
cells may allow for the replacement of cells that may otherwise
have died from necrosis (132) or other proposed mechanisms
(3, 6, 14, 18-20, 31, 36, 38, 133) due to chemotherapeutic treat-
ment and in turn limit the amount of fibrosis which develops.
In limiting the fibrosis, in patients suffering from chemothera-
peutic/radiation cardiotoxicity, we would anticipate less adverse
remodeling and subsequently better outcomes over time. As dis-
cussed above, this mechanism is likely unable to account for any
or all the benefit which may occur in these patients post-stem cell
treatment.

NEOVASCULARIZATION

The creation of new blood vessels de novo may be of great benefit to
patients who suffer from chronic or persistent coronary occlusion,
which develops into ICM. This may occur in cancer patients due
to the anti-angiogenic nature of classical chemotherapeutics (3, 5,
40) and frank loss of vascular structure from radiation therapy. On
the contrary, those who suffer from non-ischemic cardiomyopa-
thy, it is difficult to see the beneficial aspects of utilizing cells which
have demonstrated in experimental models to create new vascula-
ture. What may be the most important mechanism or alternative
action, which has allowed for the most benefit, is paracrine factor
production/secretion and signaling.

PARACRINE SIGNALING

In reality, the inability (up to now) to solidify the mechanism of
action by which stem cells act on the heart hasled to great emphasis
on the paracrine hypothesis (100). This concept hypothesizes that
transplanted cells modulate the myocardial milieu in the injury site
by secreting factor that signal to the surrounding cells and tissue(s).
Paracrine signal may in fact promote a multitude of reparative and
regenerative processes, like: promoting cell survival, the inhibition
of cell apoptosis, promoting a new blood vessel formation, favor-
able changes to the extracellular matrix (ECM), modulation of
the inflammatory response which occurs upon injury, and acti-
vation/homing of endogenous stem cell populations to the site of
injury. This signaling can also play a key role in the ability for trans-
planted stem cells to thrive in a harsh environment by autocrine
signaling and positive feedback loops. In concert, these actions
promote better LV function and slower progression of remodeling
and development of HE.

Cell survival and inhibition of apoptosis

Numerous basic research studies have suggested the production
and secretion of paracrine factors [like, insulin like growth factor-
1 (IGF1) and secreted frizzled-related protein-2 (SFRP2)] inhibit

cardiomyocyte apoptosis (101, 134). Another parameter, which
may assist in the pro-survival hypothesis is the modulatory affect
of the stem cells toward the immune response (101, 108, 135). In
augmenting the immune response one could hypostulate less acti-
vation of the positive feedback loop within the innate and adaptive
immune responses to cardiac injury. This in turn, would limit
cell death and deposition of ECM proteins, which could potential
preserve the myocardium and LV function.

Angiogenesis

In a recent study of a rodent model of MI, Duran et al. (136) was
able to demonstrate the production of specific paracrine factors by
stem cells, which promote angiogenesis and incorporation of stem
cells into newly formed vasculature in vivo. Multiple cell popula-
tions have been described as producing angiogenic factor such as:
fibroblast growth factor-2 and -7 (FGF) (137), platelet-derived
growth factor (PDGF) (138), and vascular endothelial growth
factor (VEGF) (100, 137). With chemotherapeutics being highly
toxic and anti-angiogenic (3, 5, 40), utilizing stem cell therapy
to maintain/repair vasculature and promote the neovasculariza-
tion of areas, which may be lacking blood supply is an important
idea. While some may caution the notion of promoting neovas-
cularization and angiogenesis in patient suffering from cancer in
fear of potentially promoting vascularization of present tumors
and causing metastasis, one should withhold their reservations,
as techniques, which are used to deliver the stem cells are usually
performed locally within the organ [intracoronary delivery (55,
64, 65,102, 121, 139, 140) and intramyocardial injection (77, 119,
141-143)]. Aside from this minor concern, this therapeutic ben-
efit from stem cell administration is one of the more promising
for patients who have been administered chemotherapeutics or
undergone radiation treatment, which are hailed for the ability to
inhibit vasculature formation.

ECM remodeling

Under the paracrine hypothesis, stem cells have been ascribed
the ability to augment deleterious alterations in the ECM (138,
144—146). Post stem cell therapy has shown in rodent models of
MI to reduction in scar size, reduced fibrosis, and subsequently
inhibition of LV remodeling (74, 118, 137, 140, 146—148). While
there is no significant scar formation in patients who suffer direct
cardiotoxicity from chemotherapy, the reduction in fibrosis may
play an important role in these patients. In having the capacity
to change the cell niche with which myocardial cells reside is an
important factor, as most chemotherapeutic cardiotoxicity is not
due to ischemia, rather a change in the abundance of fibrosis in
the cellular milieu (3, 5, 13, 20, 40) and cell death.

Homing of endogenous progenitor populations

With a wide variety of paracrine factors being produced by stem
cells, specific factors have been implicated in mobilizing and hom-
ing endogenous stem cells pools to the site of injury or sites of
transplantation of exogenous cells (48, 140). Such factor include:
stem cell-derived factor (SDF) (138), hepatocyte growth fac-
tor (HGF), and IGF (100, 101). These factor collectively permit
endogenous stem cell homing, proliferation, and differentiation
into myocardial cell types (myocytes and vascular cells), concur-
rently with some of the other beneficial effects observed with such
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factors as IGF [which has demonstrated to be pro-survival (101)].
In patients who have undergone chemotherapy, this mechanism
of mobilizing native stem cells is probably not likely, as with most
of the basic research studies performed thus far have concluded
that chemotherapeutics are deleterious to endogenous stem cell
population (23, 31, 132, 149).

Autocrine signaling

While the paracrine signaling hypothesis discusses the therapeu-
tic nature of growth factor signaling on endogenous tissue(s),
the hypothesis has also given rise to scientific investigation of
this signaling on the cells, which produces them. Many laborato-
ries have demonstrated that autocrine signaling of growth factors
and factors of stemness are necessary for self-renewal, mainte-
nance, survival, and growth. FGF (150-152) has been shown to
drive self-renewal, inhibit cellular senescences, and inhibit apop-
tosis. While others have demonstrated that SDF plays a critical
role in survival and maintenance of the stem cell(s) (153). This
paracrine/autocrine signaling may help enhance the other effects
that transplanted cells may have on endogenous tissue by allowing
the transplanted cells to be retained and produce more of these fac-
tors, while also enhancing the possibility of trans-differentiation,
due to longer retention.

While these major mechanisms of action are being vetted in
animal models, one thing has become certain; the therapeutic
benefit of stem cells is not exclusively made up of a single mecha-
nism but more likely multi-factorial and in different proportions
depending on the stem cell population chosen for therapeutic
intervention. While most studies have not looked at stem cells
therapy for chemotherapeutic/radiation cardiotoxicity, some basic
research publications have indicated improvement with stem cell
administration (31).

CHALLENGES FACING CELL-BASED THERAPY

With any novel therapeutic in the R & D phase there are many
unknowns and obstacles, which must be investigated. Clinical
trials of stem cells therapy for patients suffering from cardiac
pathologies similar to those observed in patients with chemother-
apeutic/radiation cardiotoxicity have shown promise (56, 62, 65,
77, 78, 113, 121, 154, 155), but there is more work needed to
be done in order to truly understand the mechanisms behind
the improved cardiac function. Once recognizing and establish-
ing more concrete comprehension of the therapeutic benefit of
such an intervention, the medical community will be able to make
a more informed decision as to whether or not stem cells are a
viable option for treatment of chemotherapeutic cardiotoxicity.
There are many questions, which are still unresolved, for exam-
ple: (1) understanding what stem cell populations are optimal
for regeneration, (2) is there a dose dependent effect, and (3)
what time points should cell therapy be administered and how
frequent. These issues can only be answered with more careful
planned pre-clinical and clinical trials, not only for more broad
cardiac disease states (like acute MI and congestive HF), but also in
concentrating on understanding the negative effects of chemother-
apeutic/radiation cardiotoxicity and the potential of cell-based
therapy in this context. With this, we believe that stem cell-based
therapy is one of the frontiers still left in medicine today. There

is an enormous amount of potential for regenerative medicine in
context of the heart and will probably be a viable option for the
treatment of chemotherapeutic/radiation-induced cardiotoxicity.

REFERENCES

1. Society AC. Cancer Facts & Figures 2013. Atlanta, GA: American Cancer Society

(2013).

2. Ky B, Vejpongsa P, Yeh ETH, Force T, Moslehi JJ. Emerging paradigms
in cardiomyopathies associated with cancer therapies. Circ Res (2013)
113(6):754—64. doi:10.1161/CIRCRESAHA.113.300218

. Yeh ETH, Bickford CL. Cardiovascular complications of cancer therapy: inci-
dence, pathogenesis, diagnosis, and management. ] Am Coll Cardiol (2009)
53(24):2231-47. d0i:10.1016/j.jacc.2009.02.050

4. Roca-Alonso L, Pellegrino L, Castellano L, Stebbing J. Breast cancer treatment
and adverse cardiac events: what are the molecular mechanisms? Cardiology
(2012) 122(4):253-9. doi:10.1159/000339858

. Florescu M, Cinteza M, Vinereanu D. Chemotherapy-induced cardiotoxicity.
Maedica (Buchar) (2013) 8(1):59-67.

6. Brower V. Cardiotoxicity debated for anthracyclines and trastuzumab in breast

cancer. ] Natl Cancer Inst (2013) 105(12):835-6. doi:10.1093/jnci/djt161

7. Doyle JJ, Neugut Al, Jacobson JS, Grann VR, Hershman DL. Chemotherapy
and cardiotoxicity in older breast cancer patients: a population-based study. J
Clin Oncol (2005) 23(34):8597-605. doi:10.1200/JC0O.2005.02.5841

. Popat S, Smith IE. Therapy Insight: anthracyclines and trastuzumab — the
optimal management of cardiotoxic side effects. Nat Clin Pract Oncol (2008)
5(6):324-35. doi:10.1038/ncponc1090
9. Correa CR, Litt HI, Hwang WT, Ferrari VA, Solin L], Harris EE. Coro-

nary artery findings after left-sided compared with right-sided radiation
treatment for early-stage breast cancer. J Clin Oncol (2007) 25(21):3031-7.
doi:10.1200/JCO.2006.08.6595

10. Davies KJ, Doroshow JH. Redox cycling of anthracyclines by cardiac mitochon-
dria. I. Anthracycline radical formation by NADH dehydrogenase. ] Biol Chem
(1986) 261(7):3060—7.

. Eschenhagen T, Force T, Ewer MS, de Keulenaer GW, Suter TM, Anker SD, et al.
Cardiovascular side effects of cancer therapies: a position statement from the
Heart Failure Association of the European Society of Cardiology. Eur ] Heart
Fail (2011) 13(1):1-10. doi:10.1093/eurjhf/hfq213

12. Fitiza M. Cardiotoxicity associated with trastuzumab treatment of HER2+

breast cancer. Adv Therapy (2009) 26(1):9-17. doi:10.1007/s12325-009-0048-z

13. Fried G, Regev T, Moskovitz M. Trastuzumab-related cardiac events in the

treatment of early breast cancer. Breast Cancer Res Treat (2013) 142(1):1-7.
doi:10.1007/s10549-013-2732-6

14. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al.

Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. N Engl ] Med (2001) 344(11):783-92.
doi:10.1056/NEJM200103153441101
15. Williams AR, Hare JM. Mesenchymal stem cells: biology, pathophysiology,
translational findings, and therapeutic implications for cardiac disease. Circ
Res (2011) 109(8):923-40. doi:10.1161/CIRCRESAHA.111.243147

16. Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV, et al. Repair
of infarcted myocardium by autologous intracoronary mononuclear bone
marrow cell transplantation in humans. Circulation (2002) 106(15):1913-8.
doi:10.1161/01.CIR.0000034046.87607.1C

17. Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer treat-

ment and survivorship statistics, 2012. CA Cancer ] Clin (2012) 62(4):220—41.
doi:10.3322/caac.21149
18. Sawyer DB, Peng X, Chen B, Pentassuglia L, Lim CC. Mechanisms of anthra-
cycline cardiac injury: can we identify strategies for cardioprotection? Prog
Cardiovasc Dis (2010) 53(2):105-13. doi:10.1016/j.pcad.2010.06.007

19. Schmidinger M, Zielinski CC, Vogl UM, Bojic A, Bojic M, Schukro C, et al. Car-
diac toxicity of sunitinib and sorafenib in patients with metastatic renal cell car-
cinoma. J Clin Oncol (2008) 26(32):5204—12. doi:10.1200/JC0O.2007.15.6331

20. Singal PK, Iliskovic N. Doxorubicin-induced cardiomyopathy. N Engl | Med
(1998) 339(13):900-5. doi:10.1056/NEJM199809243391307

. Ling YH, el-Naggar AK, Priebe W, Perez-Soler R. Cell cycle-dependent cyto-
toxicity, G2/M phase arrest, and disruption of p34cdc2/cyclin Bl activity
induced by doxorubicin in synchronized P388 cells. Mol Pharmacol (1996)
49(5):832-41.

w

wu

el

1

—

2

—

www.frontiersin.org

November 2014 | Volume 4 | Article 299 | 9


http://dx.doi.org/10.1161/CIRCRESAHA.113.300218
http://dx.doi.org/10.1016/j.jacc.2009.02.050
http://dx.doi.org/10.1159/000339858
http://dx.doi.org/10.1093/jnci/djt161
http://dx.doi.org/10.1200/JCO.2005.02.5841
http://dx.doi.org/10.1038/ncponc1090
http://dx.doi.org/10.1200/JCO.2006.08.6595
http://dx.doi.org/10.1093/eurjhf/hfq213
http://dx.doi.org/10.1007/s12325-009-0048-z
http://dx.doi.org/10.1007/s10549-013-2732-6
http://dx.doi.org/10.1056/NEJM200103153441101
http://dx.doi.org/10.1161/CIRCRESAHA.111.243147
http://dx.doi.org/10.1161/01.CIR.0000034046.87607.1C
http://dx.doi.org/10.3322/caac.21149
http://dx.doi.org/10.1016/j.pcad.2010.06.007
http://dx.doi.org/10.1200/JCO.2007.15.6331
http://dx.doi.org/10.1056/NEJM199809243391307
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

Sharp and George

Stem cell therapy and breast cancer treatment

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Folkman J. Role of angiogenesis in tumor growth and metastasis. Sernin Oncol
(2002) 29(6 Suppl 16):15-8. doi:10.1053/sonc.2002.37263

Bocci G, Nicolaou KC, Kerbel RS. Protracted low-dose effects on human
endothelial cell proliferation and survival in vitro reveal a selective antian-
giogenic window for various chemotherapeutic drugs. Cancer Res (2002)
62(23):6938-43.

Hardenbergh PH, Munley MT, Bentel GC, Kedem R, Borges-Neto S, Hollis
D, et al. Cardiac perfusion changes in patients treated for breast cancer with
radiation therapy and doxorubicin: preliminary results. Int ] Radiat Oncol Biol
Phys (2001) 49(4):1023-8. doi:10.1016/S0360-3016(00)01531-5

Marty M, Cognetti F, Maraninchi D, Snyder R, Mauriac L, Tubiana-Hulin M,
et al. Randomized phase II trial of the efficacy and safety of trastuzumab
combined with docetaxel in patients with human epidermal growth fac-
tor receptor 2—positive metastatic breast cancer administered as first-line
treatment: the M77001 study group. J Clin Oncol (2005) 23(19):4265-74.
doi:10.1200/JC0O.2005.04.173

Romond EH, Jeong J-H, Rastogi P, Swain SM, Geyer CE, Ewer MS, et al. Seven-
year follow-up assessment of cardiac function in NSABP B-31, a random-
ized trial comparing doxorubicin and cyclophosphamide followed by paclitaxel
(ACP) with ACP plus trastuzumab as adjuvant therapy for patients with node-
positive, human epidermal growth factor receptor 2—positive breast cancer. J
Clin Oncol (2012) 30(31):3792-9. d0i:10.1200/JCO.2011.40.0010

Seidman A, Hudis C, Pierri MK, Shak S, Paton V, Ashby M, et al. Cardiac
dysfunction in the trastuzumab clinical trials experience. J Clin Oncol (2002)
20(5):1215-21. doi:10.1200/JC0O.20.5.1215

Doroshow JH. Effect of anthracycline antibiotics on oxygen radical formation
in rat heart. Cancer Res (1983) 43(2):460-72.

Velez JM, Miriyala S, Nithipongvanitch R, Noel T, Plabplueng CD, Ober-
ley T, etal. p53 Regulates oxidative stress-mediated retrograde signaling: a
novel mechanism for chemotherapy-induced cardiac injury. PLoS One (2011)
6(3):e18005. doi:10.1371/journal.pone.0018005

Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L. Anthracyclines:
molecular advances and pharmacologic developments in antitumor activ-
ity and cardiotoxicity. Pharmacol Rev (2004) 56(2):185-229. doi:10.1124/pr.
56.2.6

De Angelis A, Piegari E, Cappetta D, Marino L, Filippelli A, Berrino L, et al.
Anthracycline cardiomyopathy is mediated by depletion of the cardiac stem
cell pool and is rescued by restoration of progenitor cell function. Circulation
(2010) 121(2):276-92. doi:10.1161/CIRCULATIONAHA.109.895771

Ling LH, Oh JK, Schaff HV, Danielson GK, Mahoney DW, Seward JB, et al.
Constrictive pericarditis in the modern era: evolving clinical spectrum and
impact on outcome after pericardiectomy. Circulation (1999) 100(13):1380—6.
doi:10.1161/01.CIR.100.13.1380

Schultz-Hector S, Trott KR. Radiation-induced cardiovascular diseases: is the
epidemiologic evidence compatible with the radiobiologic data? Int J Radiat
Oncol Biol Phys (2007) 67(1):10-8. doi:10.1016/j.ijrobp.2006.08.071

Ryberg M, Nielsen D, Skovsgaard T, Hansen J, Jensen BV, Dombernowsky P.
Epirubicin cardiotoxicity: an analysis of 469 patients with metastatic breast
cancer. J Clin Oncol (1998) 16(11):3502-8.

Santiago M]J, Hayes BD, Butler KH. Severe cardiotoxicity associated with
ixabepilone use in metastatic breast cancer. Ann Pharmacother (2013)
47(4):e17. doi:10.1345/aph. 1R681

Scherrer-Crosbie M. Markers of cardiotoxicity in breast cancer patients. Clin
Adv Hematol Oncol (2013) 11(1):41-2.

Tan-Chiu E, Yothers G, Romond E, Geyer CE, Ewer M, Keefe D, et al. Assess-
ment of cardiac dysfunction in a randomized trial comparing doxorubicin
and cyclophosphamide followed by paclitaxel, with or without trastuzumab as
adjuvant therapy in node-positive, human epidermal growth factor receptor 2-
overexpressing breast cancer: NSABP B-31. ] Clin Oncol (2005) 23(31):7811-9.
doi:10.1200/JC0O.2005.02.4091

Wieshammer S, Dreyhaupt J, Muller D, Momm F, Jakob A, Freund U. Car-
diotoxicity and cancer therapy: treatment-related cardiac morbidity in patients
presenting with symptoms suggestive of heart or lung disease. Oncology (2013)
85(3):137—44. doi:10.1159/000354299

Albini A, Pennesi G, Donatelli F, Cammarota R, De Flora S, Noonan DM.
Cardiotoxicity of anticancer drugs: the need for cardio-oncology and cardio-
oncological prevention. J Natl Cancer Inst (2010) 102(1):14-25. doi:10.1093/
jnci/djp440

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hong RA, limura T, Sumida KN, Eager RM. Cardio-oncology/onco-cardiology.
Clin Cardiol (2010) 33(12):733-7. doi:10.1002/clc.20823

Pituskin E, Haykowsky M, Mackey ], Thompson R, Ezekowitz ], Koshman S,
et al. Rationale and design of the multidisciplinary approach to novel thera-
pies in cardiology oncology research trial (MANTICORE 101 — breast): a ran-
domized, placebo-controlled trial to determine if conventional heart failure
pharmacotherapy can prevent trastuzumab-mediated left ventricular remod-
eling among patients with HER2+ early breast cancer using cardiac MRI. BMC
Cancer (2011) 11:318. d0i:10.1186/1471-2407-11-318

Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, et al. Bone mar-
row cells regenerate infarcted myocardium. Nature (2001) 410(6829):701-5.
doi:10.1038/35070587

Mathieu M, Bartunek J, El Oumeiri B, Touihri K, Hadad I, Thoma P, et al. Cell
therapy with autologous bone marrow mononuclear stem cells is associated
with superior cardiac recovery compared with use of nonmodified mesenchy-
mal stem cells in a canine model of chronic myocardial infarction. J Thorac
Cardiovasc Surg (2009) 138(3):646—-53. doi:10.1016/j.jtcvs.2008.12.031

Bel A, Messas E, Agbulut O, Richard P, Samuel JL, Bruneval P, et al. Trans-
plantation of autologous fresh bone marrow into infarcted myocardium: a
word of caution. Circulation (2003) 108(Suppl 1):11247-52. doi:10.1161/01.
¢ir.0000089040.11131.d4

Waksman R, Fournadjiev J, Baffour R, Pakala R, Hellinga D, Leborgne L, et al.
Transepicardial autologous bone marrow-derived mononuclear cell therapy in
a porcine model of chronically infarcted myocardium. Cardiovasc Radiat Med
(2004) 5(3):125-31. doi:10.1016/j.carrev.2005.03.001

Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL, Robbins RC.
Haematopoietic stem cells adopt mature haematopoietic fates in ischaemic
myocardium. Nature (2004) 428(6983):668—73. doi:10.1038/nature02460
Kajstura J, Rota M, Whang B, Cascapera S, Hosoda T, Bearzi C, et al. Bone mar-
row cells differentiate in cardiac cell lineages after infarction independently
of cell fusion. Circ Res (2005) 96(1):127-37. d0i:10.1161/01.RES.0000151843.
79801.60

Hatzistergos KE, Quevedo H, Oskouei BN, Hu Q, Feigenbaum GS, Mar-
gitich IS, etal. Bone marrow mesenchymal stem cells stimulate cardiac
stem cell proliferation and differentiation. Circ Res (2010) 107(7):913-22.
do0i:10.1161/CIRCRESAHA.110.222703

Cai L, Johnstone BH, Cook TG, Tan J, Fishbein MC, Chen PS, et al. IFATS
collection: human adipose tissue-derived stem cells induce angiogenesis and
nerve sprouting following myocardial infarction, in conjunction with potent
preservation of cardiac function. Stem Cells (2009) 27(1):230-7. doi:10.1634/
stemcells.2008-0273

Quevedo HC, Hatzistergos KE, Oskouei BN, Feigenbaum GS, Rodriguez JE,
Valdes D, et al. Allogeneic mesenchymal stem cells restore cardiac function in
chronic ischemic cardiomyopathy via trilineage differentiating capacity. Proc
Natl Acad Sci U S A (2009) 106(33):14022—7. doi:10.1073/pnas.0903201106
Schuleri KH, Feigenbaum GS, Centola M, Weiss ES, Zimmet JM, Turney
], etal. Autologous mesenchymal stem cells produce reverse remodelling
in chronic ischaemic cardiomyopathy. Eur Heart J (2009) 30(22):2722-32.
doi:10.1093/eurheartj/ehp265

Ren G, Roberts AI, Shi Y. Adhesion molecules: key players in mesenchy-
mal stem cell-mediated immunosuppression. Cell Adh Migr (2011) 5(1):20-2.
do0i:10.4161/cam.5.1.13491

Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, et al. Adult
cardiac stem cells are multipotent and support myocardial regeneration. Cell
(2003) 114(6):763-76. d0i:10.1016/S0092-8674(03)00687-1

Fischer KM, Cottage CT, Wu W, Din S, Gude NA, Avitabile D, et al. Enhance-
ment of myocardial regeneration through genetic engineering of cardiac prog-
enitor cells expressing Pim-1 kinase. Circulation (2009) 120(21):2077-87.
do0i:10.1161/CIRCULATIONAHA.109.884403

Li Q, Guo Y, Ou Q, Chen N, Wu WJ, Yuan F, et al. Intracoronary administra-
tion of cardiac stem cells in mice: a new, improved technique for cell therapy in
murine models. Basic Res Cardiol (2011) 106(5):849—-64. doi:10.1007/s00395-
011-0180-1

Vrtovec B, Poglajen G, Sever M, Lezaic L, Domanovic D, Cernelc P, et al. Effects
of intracoronary stem cell transplantation in patients with dilated cardiomy-
opathy. J Card Fail (2011) 17(4):272-81. doi:10.1016/j.cardfail.2010.11.007
Wollert KC, Drexler H. Clinical applications of stem cells for the heart. Circ Res
(2005) 96(2):151-63. doi:10.1161/01.RES.0000155333.69009.63

Frontiers in Oncology | Radiation Oncology

November 2014 | Volume 4 | Article 299 | 10


http://dx.doi.org/10.1053/sonc.2002.37263
http://dx.doi.org/10.1016/S0360-3016(00)01531-5
http://dx.doi.org/10.1200/JCO.2005.04.173
http://dx.doi.org/10.1200/JCO.2011.40.0010
http://dx.doi.org/10.1200/JCO.20.5.1215
http://dx.doi.org/10.1371/journal.pone.0018005
http://dx.doi.org/10.1124/pr.56.2.6
http://dx.doi.org/10.1124/pr.56.2.6
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.895771
http://dx.doi.org/10.1161/01.CIR.100.13.1380
http://dx.doi.org/10.1016/j.ijrobp.2006.08.071
http://dx.doi.org/10.1345/aph.1R681
http://dx.doi.org/10.1200/JCO.2005.02.4091
http://dx.doi.org/10.1159/000354299
http://dx.doi.org/10.1093/jnci/djp440
http://dx.doi.org/10.1093/jnci/djp440
http://dx.doi.org/10.1002/clc.20823
http://dx.doi.org/10.1186/1471-2407-11-318
http://dx.doi.org/10.1038/35070587
http://dx.doi.org/10.1016/j.jtcvs.2008.12.031
http://dx.doi.org/10.1161/01.cir.0000089040.11131.d4
http://dx.doi.org/10.1161/01.cir.0000089040.11131.d4
http://dx.doi.org/10.1016/j.carrev.2005.03.001
http://dx.doi.org/10.1038/nature02460
http://dx.doi.org/10.1161/01.RES.0000151843.79801.60
http://dx.doi.org/10.1161/01.RES.0000151843.79801.60
http://dx.doi.org/10.1161/CIRCRESAHA.110.222703
http://dx.doi.org/10.1634/stemcells.2008-0273
http://dx.doi.org/10.1634/stemcells.2008-0273
http://dx.doi.org/10.1073/pnas.0903201106
http://dx.doi.org/10.1093/eurheartj/ehp265
http://dx.doi.org/10.4161/cam.5.1.13491
http://dx.doi.org/10.1016/S0092-8674(03)00687-1
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.884403
http://dx.doi.org/10.1007/s00395-011-0180-1
http://dx.doi.org/10.1007/s00395-011-0180-1
http://dx.doi.org/10.1016/j.cardfail.2010.11.007
http://dx.doi.org/10.1161/01.RES.0000155333.69009.63
http://www.frontiersin.org/Radiation_Oncology
http://www.frontiersin.org/Radiation_Oncology/archive

Sharp and George

Stem cell therapy and breast cancer treatment

58.

59.

60.

6

—

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

—

72.

73.

74.

75.

76.

Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW, et al.
Regeneration of ischemic cardiac muscle and vascular endothelium by adult
stem cells. J Clin Invest (2001) 107(11):1395-402. doi:10.1172/JCI12150
Young PP, Vaughan DE, Hatzopoulos AK. Biologic properties of endothelial
progenitor cells and their potential for cell therapy. Prog Cardiovasc Dis (2007)
49(6):421-9. doi:10.1016/j.pcad.2007.02.004

Vrtovec B, Poglajen G, Lezaic L, Sever M, Domanovic D, Cernelc P, et al. Effects
of intracoronary CD34+ stem cell transplantation in nonischemic dilated
cardiomyopathy patients: 5-year follow-up. Circ Res (2013) 112(1):165-73.
doi:10.1161/CIRCRESAHA.112.276519

. Patel AN, Geffner L, Vina RF, Saslavsky J, Urschel HC Jr., Kormos R, et al. Surgi-

cal treatment for congestive heart failure with autologous adult stem cell trans-
plantation: a prospective randomized study. J Thorac Cardiovasc Surg (2005)
130(6):1631-8. doi:10.1016/}.jtcvs.2005.07.056

Hare JM, Fishman JE, Gerstenblith G, DiFede Velazquez DL, Zambrano JP, Sun-
cion VY, et al. Comparison of allogeneic vs autologous bone marrow—derived
mesenchymal stem cells delivered by transendocardial injection in patients
with ischemic cardiomyopathy: The poseidon randomized trial. JAMA (2012)
308(22):2369-79. doi:10.1001/jama.2012.25321

Karantalis V, DiFede DL, Gerstenblith G, Pham S, Symes J, Zambrano JP,
et al. Autologous mesenchymal stem cells produce concordant improvements
in regional function, tissue perfusion, and fibrotic burden when adminis-
tered to patients undergoing coronary artery bypass grafting: The Prospective
Randomized Study of Mesenchymal Stem Cell Therapy in Patients Undergo-
ing Cardiac Surgery (PROMETHEUS) trial. Circ Res (2014) 114(8):1302-10.
doi:10.1161/CIRCRESAHA.114.303180

Bolli R, Tang XL, Sanganalmath SK, Rimoldi O, Mosna F, Abdel-Latif A,
et al. Intracoronary delivery of autologous cardiac stem cells improves cardiac
function in a porcine model of chronic ischemic cardiomyopathy. Circulation
(2013) 128(2):122-31. doi:10.1161/CIRCULATIONAHA.112.001075

Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, Berman D, et al.
Intracoronary cardiosphere-derived cells for heart regeneration after myocar-
dial infarction (CADUCEUS): a prospective, randomised phase 1 trial. Lancet
(2012) 379(9819):895-904. doi:10.1016/S0140-6736(12)60195-0

Borchardt T, Braun T. Cardiovascular regeneration in non-mammalian model
systems: what are the differences between newts and man? Thromb Haemost
(2007) 98(2):311-8. doi:10.1160/th07-02-0153

Poss KD. Getting to the heart of regeneration in zebrafish. Semin Cell Dev Biol
(2007) 18(1):36—45. doi:10.1016/j.semcdb.2006.11.009

Ahuja P, Sdek P, MacLellan WR. Cardiac myocyte cell cycle control in
development, disease, and regeneration. Physiol Rev (2007) 87(2):521-44.
doi:10.1152/physrev.00032.2006

Rubart M, Field LJ. Cardiac regeneration: repopulating the heart. Annu Rev
Physiol (2006) 68:29—49. doi:10.1146/annurev.physiol.68.040104.124530
Oyama K, El-Nachef D, MacLellan WR. Regeneration potential of adult cardiac
myocytes. Cell Res (2013) 23(8):978-9. d0i:10.1038/cr.2013.78

. Cardinale D, Colombo A, Lamantia G, Colombo N, Civelli M, De Gia-

comi G, et al. Anthracycline-induced cardiomyopathy clinical relevance and
response to pharmacologic therapy. ] Am Coll Cardiol (2010) 55(3):213-20.
doi:10.1016/j.jacc.2009.03.095

Chen J, Long JB, Hurria A, Owusu C, Steingart RM, Gross CP. Incidence
of heart failure or cardiomyopathy after adjuvant trastuzumab therapy for
breast cancer. ] Am Coll Cardiol (2012) 60(24):2504-12. doi:10.1016/j.jacc.
2012.07.068

Groarke ], Tong D, Khambhati J, Cheng S, Moslehi J. Breast cancer therapies
and cardiomyopathy. Med Clin North Am (2012) 96(5):1001-19. doi:10.1016/
j-mcna.2012.07.008

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell
Biochem (2006) 98(5):1076-84. doi:10.1002/jcb.20886

Cesselli D, Beltrami AP, Rigo S, Bergamin N, D’Aurizio F, Verardo R, etal.
Multipotent progenitor cells are present in human peripheral blood. Circ Res
(2009) 104(10):1225-34. doi:10.1161/CIRCRESAHA.109.195859

Wojakowski W, Tendera M, Michalowska A, Majka M, Kucia M, Maslankiewicz
K, et al. Mobilization of CD34/CXCR4+, CD34/CD117+, c-met+ stem cells,
and mononuclear cells expressing early cardiac, muscle, and endothelial mark-
ers into peripheral blood in patients with acute myocardial infarction. Circu-
lation (2004) 110(20):3213-20. doi:10.1161/01.CIR.0000147609.39780.02

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87

88.

89.

90.

91.

92.

93.

Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita CT,
etal. Transendocardial, autologous bone marrow cell transplantation for
severe, chronic ischemic heart failure. Circulation (2003) 107(18):2294-302.
doi:10.1161/01.CIR.0000070596.30552.8B

Perin EC, Dohmann HE Borojevic R, Silva SA, Sousa AL, Silva GV, et al.
Improved exercise capacity and ischemia 6 and 12 months after transendo-
cardial injection of autologous bone marrow mononuclear cells for ischemic
cardiomyopathy. Circulation (2004) 110(11 Suppl 1):11213-8. doi:10.1161/01.
CIR.0000138398.77550.62

Galinanes M, Loubani M, Davies J, Chin D, Pasi ], Bell PR. Autotransplanta-
tion of unmanipulated bone marrow into scarred myocardium is safe and
enhances cardiac function in humans. Cell Transplant (2004) 13(1):7-13.
doi:10.3727/000000004772664842

Hendrikx M, Hensen K, Clijsters C, Jongen H, Koninckx R, Bijnens E,
etal. Recovery of regional but not global contractile function by the direct
intramyocardial autologous bone marrow transplantation: results from a ran-
domized controlled clinical trial. Circulation (2006) 114(1 Suppl):1101-7.
doi:10.1161/CIRCULATIONAHA.105.000505

Fischer-Rasokat U, Assmus B, Seeger FH, Honold J, Leistner D, Fichtlscherer
S, etal. A pilot trial to assess potential effects of selective intracoronary
bone marrow-derived progenitor cell infusion in patients with nonischemic
dilated cardiomyopathy: final 1-year results of the transplantation of prog-
enitor cells and functional regeneration enhancement pilot trial in patients
with nonischemic dilated cardiomyopathy. Circ Heart Fail (2009) 2(5):417-23.
doi:10.1161/CIRCHEARTFAILURE.109.855023

Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, Kearney M, et al.
Transplantation of ex vivo expanded endothelial progenitor cells for thera-
peutic neovascularization. Proc Natl Acad Sci U S A (2000) 97(7):3422-7.
doi:10.1073/pnas.97.7.3422

Rehman J, Li J, Orschell CM, March KL. Peripheral blood “endothelial prog-
enitor cells” are derived from monocyte/macrophages and secrete angio-
genic growth factors. Circulation (2003) 107(8):1164-9. doi:10.1161/01.CIR.
0000058702.69484.A0

Krause DS, Fackler MJ, Civin CI, May WS. CD34: structure, biology, and clinical
utility. Blood (1996) 87(1):1-13.

Shpall EJ, Jones RB, Bearman SI, Franklin WA, Archer PG, Curiel T, etal.
Transplantation of enriched CD34-positive autologous marrow into breast
cancer patients following high-dose chemotherapy: influence of CD34-positive
peripheral-blood progenitors and growth factors on engraftment. J Clin Oncol
(1994) 12(1):28-36.

Shpall EJ, LeMaistre CF, Holland K, Ball E, Jones RB, Saral R, et al. A prospective
randomized trial of buffy coat versus CD34-selected autologous bone marrow
support in high-risk breast cancer patients receiving high-dose chemotherapy.
Blood (1997) 90(11):4313-20.

. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause

D, et al. Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement. Cytotherapy
(2006) 8(4):315-7. doi:10.1080/14653240600855905

Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and
biological characterization. Int ] Biochem Cell Biol (2004) 36(4):568-84.
doi:10.1016/j.biocel.2003.11.001

Kuci S, Kuci Z, Kreyenberg H, Deak E, Putsch K, Huenecke S, et al. CD271
antigen defines a subset of multipotent stromal cells with immunosuppressive
and lymphohematopoietic engraftment-promoting properties. Haematologica
(2010) 95(4):651-9. doi:10.3324/haematol.2009.015065

Hamamoto H, Gorman JH III, Ryan LP, Hinmon R, Martens TP, Schuster
MD, et al. Allogeneic mesenchymal precursor cell therapy to limit remodeling
after myocardial infarction: the effect of cell dosage. Ann Thorac Surg (2009)
87(3):794-801. doi:10.1016/j.athoracsur.2008.11.057

Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast
colonies in monolayer cultures of guinea-pig bone marrow and spleen cells.
Cell Tissue Kinet (1970) 3(4):393-403.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al.
Multilineage potential of adult human mesenchymal stem cells. Science (1999)
284(5411):143-7. doi:10.1126/science.284.5411.143

Friedenstein AJ, Chailakhyan RK, Latsinik NV, Panasyuk AF, Keiliss-Borok
IV. Stromal cells responsible for transferring the microenvironment of the

www.frontiersin.org

November 2014 | Volume 4 | Article 299 | 11


http://dx.doi.org/10.1172/JCI12150
http://dx.doi.org/10.1016/j.pcad.2007.02.004
http://dx.doi.org/10.1161/CIRCRESAHA.112.276519
http://dx.doi.org/10.1016/j.jtcvs.2005.07.056
http://dx.doi.org/10.1001/jama.2012.25321
http://dx.doi.org/10.1161/CIRCRESAHA.114.303180
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.001075
http://dx.doi.org/10.1016/S0140-6736(12)60195-0
http://dx.doi.org/10.1160/th07-02-0153
http://dx.doi.org/10.1016/j.semcdb.2006.11.009
http://dx.doi.org/10.1152/physrev.00032.2006
http://dx.doi.org/10.1146/annurev.physiol.68.040104.124530
http://dx.doi.org/10.1038/cr.2013.78
http://dx.doi.org/10.1016/j.jacc.2009.03.095
http://dx.doi.org/10.1016/j.jacc.2012.07.068
http://dx.doi.org/10.1016/j.jacc.2012.07.068
http://dx.doi.org/10.1016/j.mcna.2012.07.008
http://dx.doi.org/10.1016/j.mcna.2012.07.008
http://dx.doi.org/10.1002/jcb.20886
http://dx.doi.org/10.1161/CIRCRESAHA.109.195859
http://dx.doi.org/10.1161/01.CIR.0000147609.39780.02
http://dx.doi.org/10.1161/01.CIR.0000070596.30552.8B
http://dx.doi.org/10.1161/01.CIR.0000138398.77550.62
http://dx.doi.org/10.1161/01.CIR.0000138398.77550.62
http://dx.doi.org/10.3727/000000004772664842
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.000505
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.855023
http://dx.doi.org/10.1073/pnas.97.7.3422
http://dx.doi.org/10.1161/01.CIR.0000058702.69484.A0
http://dx.doi.org/10.1161/01.CIR.0000058702.69484.A0
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.1016/j.biocel.2003.11.001
http://dx.doi.org/10.3324/haematol.2009.015065
http://dx.doi.org/10.1016/j.athoracsur.2008.11.057
http://dx.doi.org/10.1126/science.284.5411.143
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

Sharp and George

Stem cell therapy and breast cancer treatment

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

—

112.

hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplan-
tation (1974) 17(4):331-40. doi:10.1097/00007890- 197404000- 00001

Caplan AL Mesenchymal stem cells. ] Orthop Res (1991) 9(5):641-50. doi:10.
1002/jor.1100090504

Wakitani S, Saito T, Caplan Al. Myogenic cells derived from rat bone mar-
row mesenchymal stem cells exposed to 5-azacytidine. Muscle Nerve (1995)
18(12):1417-26. doi:10.1002/mus.880181212

Li X, Yu X, Lin Q, Deng C, Shan Z, Yang M, et al. Bone marrow mesenchymal
stem cells differentiate into functional cardiac phenotypes by cardiac microen-
vironment. ] Mol Cell Cardiol (2007) 42(2):295-303. doi:10.1016/j.yjmcc.2006.
07.002

Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, Pan J, et al. Cardiomy-
ocytes can be generated from marrow stromal cells in vitro. J Clin Invest (1999)
103(5):697-705. doi:10.1172/JCI5298

Reinecke H, Minami E, Zhu WZ, Laflamme MA. Cardiogenic differentiation
and transdifferentiation of progenitor cells. Circ Res (2008) 103(10):1058-71.
doi:10.1161/CIRCRESAHA.108.180588

Mazhari R, Hare JM. Mechanisms of action of mesenchymal stem cells in car-
diac repair: potential influences on the cardiac stem cell niche. Nat Clin Pract
Cardiovasc Med (2007) 4(Suppl 1):521-6. doi:10.1038/ncpcardio0770
Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem
cell signaling and therapy. Circ Res (2008) 103(11):1204-19. doi:10.1161/
CIRCRESAHA.108.176826

Gnecchi M, He H, Noiseux N, Liang OD, Zhang L, Morello F, et al. Evidence
supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-
mediated cardiac protection and functional improvement. FASEB ] (2006)
20(6):661-9. doi:10.1096/1].05-5211com

Valina C, Pinkernell K, Song YH, Bai X, Sadat S, Campeau RJ, et al. Intracoro-
nary administration of autologous adipose tissue-derived stem cells improves
left ventricular function, perfusion, and remodelling after acute myocardial
infarction. Eur Heart J (2007) 28(21):2667-77. doi:10.1093/eurheartj/ehm426
Williams AR, Hatzistergos KE, Addicott B, McCall F, Carvalho D, Suncion
V, etal. Enhanced effect of combining human cardiac stem cells and bone
marrow mesenchymal stem cells to reduce infarct size and to restore car-
diac function after myocardial infarction. Circulation (2013) 127(2):213-23.
do0i:10.1161/CIRCULATIONAHA.112.131110

Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A, et al. Role for
interferon-gamma in the immunomodulatory activity of human bone mar-
row mesenchymal stem cells. Stem Cells (2006) 24(2):386—98. doi:10.1634/
stemcells.2005-0008

Ren G, SuJ, Zhang L, Zhao X, Ling W, L'Huillie A, et al. Species variation in the
mechanisms of mesenchymal stem cell-mediated immunosuppression. Stem
Cells (2009) 27(8):1954—62. d0i:10.1002/stem.118

Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts Al, et al. Mesenchymal stem
cell-mediated immunosuppression occurs via concerted action of chemokines
and nitric oxide. Cell Stem Cell (2008) 2(2):141-50. doi:10.1016/j.stem.2007.
11.014

Chabannes D, Hill M, Merieau E, Rossignol J, Brion R, Soulillou JP, et al. A
role for heme oxygenase-1 in the immunosuppressive effect of adult rat and
human mesenchymal stem cells. Blood (2007) 110(10):3691—4. doi:10.1182/
blood-2007-02-075481

Sato K, Ozaki K, Oh I, Meguro A, Hatanaka K, Nagai T, et al. Nitric oxide plays
a critical role in suppression of T-cell proliferation by mesenchymal stem cells.
Blood (2007) 109(1):228-34. doi:10.1182/blood-2006-02-002246
Sanganalmath SK, Bolli R. Cell therapy for heart failure: a comprehensive
overview of experimental and clinical studies, current challenges, and future
directions. Circ Res (2013) 113(6):810-34. doi:10.1161/CIRCRESAHA.113.
300219

Linke A, Muller P, Nurzynska D, Casarsa C, Torella D, Nascimbene A, et al.
Stem cells in the dog heart are self-renewing, clonogenic, and multipotent and
regenerate infarcted myocardium, improving cardiac function. Proc Natl Acad
Sci US A (2005) 102(25):8966-71. doi:10.1073/pnas.0502678102

. Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, De Angelis A, et al.

Human cardiac stem cells. Proc Natl Acad Sci U S A (2007) 104(35):14068-73.
doi:10.1073/pnas.0706760104

Dawn B, Stein AB, Urbanek K, Rota M, Whang B, Rastaldo R, et al. Cardiac stem
cells delivered intravascularly traverse the vessel barrier, regenerate infarcted
myocardium, and improve cardiac function. Proc Natl Acad Sci U S A (2005)
102(10):3766-71. doi:10.1073/pnas.0405957102

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, Ikram S, et al.
Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): ini-
tial results of a randomised phase 1 trial. Lancet (2011) 378(9806):1847-57.
doi:10.1016/S0140-6736(11)61590-0

Angert D, Berretta RM, Kubo H, Zhang H, Chen X, Wang W, et al. Repair
of the injured adult heart involves new myocytes potentially derived from
resident cardiac stem cells. Circ Res (2011) 108(10):1226-37. doi:10.1161/
CIRCRESAHA.110.239046

Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, Fiordaliso F, et al. Iso-
lation and expansion of adult cardiac stem cells from human and murine heart.
Circ Res (2004) 95(9):911-21. doi:10.1161/01.RES.0000147315.71699.51

Rota M, Kajstura J, Hosoda T, Bearzi C, Vitale S, Esposito G, et al. Bone marrow
cells adopt the cardiomyogenic fate in vivo. Proc Natl Acad Sci U S A (2007)
104(45):17783-8. doi:10.1073/pnas.0706406104

Boyle AJ, McNiece IK, Hare JM. Mesenchymal stem cell therapy for
cardiac repair. Methods Mol Biol (2010) 660:65—84. d0i:10.1007/978-1-60761-
705-1_5

Nagaya N, Kangawa K, Itoh T, Iwase T, Murakami S, Miyahara Y, etal.
Transplantation of mesenchymal stem cells improves cardiac function in
a rat model of dilated cardiomyopathy. Circulation (2005) 112(8):1128-35.
doi:10.1161/CIRCULATIONAHA.104.500447

Williams AR, Suncion VY, McCall E Guerra D, Mather J, Zambrano JP, et al.
Durable scar size reduction due to allogeneic mesenchymal stem cell therapy
regulates whole-chamber remodeling. J Am Heart Assoc (2013) 2(3):e000140.
doi:10.1161/JAHA.113.000140

Kubo H, Berretta RM, Jaleel N, Angert D, Houser SR. c-Kit+ bone marrow
stem cells differentiate into functional cardiac myocytes. Clin Transl Sci (2009)
2(1):26-32. doi:10.1111/j.1752-8062.2008.00089.x

Vrtovec B, Poglajen G, Lezaic L, Sever M, Socan A, Domanovic D, et al. Com-
parison of transendocardial and intracoronary CD34+ cell transplantation in
patients with nonischemic dilated cardiomyopathy. Circulation (2013) 128(11
Suppl 1):542-9. doi:10.1161/CIRCULATIONAHA.112.000230

Ellison GM, Vicinanza C, Smith AJ, Aquila I, Leone A, Waring CD, et al. Adult
c-kit(pos) cardiac stem cells are necessary and sufficient for functional cardiac
regeneration and repair. Cell (2013) 154(4):827-42. doi:10.1016/j.cell.2013.07.
039

Oskouei BN, Lamirault G, Joseph C, Treuer AV, Landa S, Da Silva J, etal.
Increased potency of cardiac stem cells compared with bone marrow mes-
enchymal stem cells in cardiac repair. Stem Cells Transl Med (2012) 1(2):116-24.
d0i:10.5966/sctm.2011-0015

Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, Sakai T, et al. Autologous trans-
plantation of bone marrow cells improves damaged heart function. Circulation
(1999) 100(19 Suppl):11247-56. doi:10.1161/01.CIR.100.suppl_2.1I-247

Yoon YS, Wecker A, Heyd L, Park JS, Tkebuchava T, Kusano K, et al. Clonally
expanded novel multipotent stem cells from human bone marrow regenerate
myocardium after myocardial infarction. J Clin Invest (2005) 115(2):326-38.
doi:10.1172/JCI22326

Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO, Rubart
M, etal. Haematopoietic stem cells do not transdifferentiate into cardiac
myocytes in myocardial infarcts. Nature (2004) 428(6983):664—8. doi:10.1038/
nature02446

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer
K, etal. Fusion of bone-marrow-derived cells with Purkinje neurons, car-
diomyocytes and hepatocytes. Nature (2003) 425(6961):968-73. doi:10.1038/
nature02069

Nygren JM, Jovinge S, Breitbach M, Sawen P, Roll W, Hescheler J, et al. Bone
marrow-derived hematopoietic cells generate cardiomyocytes at a low fre-
quency through cell fusion, but not transdifferentiation. Nat Med (2004)
10(5):494-501. doi:10.1038/nm1040

Urbanek K, Rota M, Cascapera S, Bearzi C, Nascimbene A, De Angelis A,
et al. Cardiac stem cells possess growth factor-receptor systems that after acti-
vation regenerate the infarcted myocardium, improving ventricular function
and long-term survival. Circ Res (2005) 97(7):663-73. doi:10.1161/01.RES.
0000183733.53101.11

Leri A, Kajstura J, Anversa P. Cardiac stem cells and mechanisms of myocardial
regeneration. Physiol Rev (2005) 85(4):1373—416. doi:10.1152/physrev.00013.
2005

Leri A, Kajstura J, Anversa P. Mechanisms of myocardial regeneration. Trends
Cardiovasc Med (2011) 21(2):52-8. d0i:10.1016/j.tcm.2012.02.006

Frontiers in Oncology | Radiation Oncology

November 2014 | Volume 4 | Article 299 | 12


http://dx.doi.org/10.1097/00007890-197404000-00001
http://dx.doi.org/10.1002/jor.1100090504
http://dx.doi.org/10.1002/jor.1100090504
http://dx.doi.org/10.1002/mus.880181212
http://dx.doi.org/10.1016/j.yjmcc.2006.07.002
http://dx.doi.org/10.1016/j.yjmcc.2006.07.002
http://dx.doi.org/10.1172/JCI5298
http://dx.doi.org/10.1161/CIRCRESAHA.108.180588
http://dx.doi.org/10.1038/ncpcardio0770
http://dx.doi.org/10.1161/CIRCRESAHA.108.176826
http://dx.doi.org/10.1161/CIRCRESAHA.108.176826
http://dx.doi.org/10.1096/fj.05-5211com
http://dx.doi.org/10.1093/eurheartj/ehm426
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.131110
http://dx.doi.org/10.1634/stemcells.2005-0008
http://dx.doi.org/10.1634/stemcells.2005-0008
http://dx.doi.org/10.1002/stem.118
http://dx.doi.org/10.1016/j.stem.2007.11.014
http://dx.doi.org/10.1016/j.stem.2007.11.014
http://dx.doi.org/10.1182/blood-2007-02-075481
http://dx.doi.org/10.1182/blood-2007-02-075481
http://dx.doi.org/10.1182/blood-2006-02-002246
http://dx.doi.org/10.1161/CIRCRESAHA.113.300219
http://dx.doi.org/10.1161/CIRCRESAHA.113.300219
http://dx.doi.org/10.1073/pnas.0502678102
http://dx.doi.org/10.1073/pnas.0706760104
http://dx.doi.org/10.1073/pnas.0405957102
http://dx.doi.org/10.1016/S0140-6736(11)61590-0
http://dx.doi.org/10.1161/CIRCRESAHA.110.239046
http://dx.doi.org/10.1161/CIRCRESAHA.110.239046
http://dx.doi.org/10.1161/01.RES.0000147315.71699.51
http://dx.doi.org/10.1073/pnas.0706406104
http://dx.doi.org/10.1007/978-1-60761-705-1_5
http://dx.doi.org/10.1007/978-1-60761-705-1_5
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.500447
http://dx.doi.org/10.1161/JAHA.113.000140
http://dx.doi.org/10.1111/j.1752-8062.2008.00089.x
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000230
http://dx.doi.org/10.1016/j.cell.2013.07.039
http://dx.doi.org/10.1016/j.cell.2013.07.039
http://dx.doi.org/10.5966/sctm.2011-0015
http://dx.doi.org/10.1161/01.CIR.100.suppl_2.II-247
http://dx.doi.org/10.1172/JCI22326
http://dx.doi.org/10.1038/nature02446
http://dx.doi.org/10.1038/nature02446
http://dx.doi.org/10.1038/nature02069
http://dx.doi.org/10.1038/nature02069
http://dx.doi.org/10.1038/nm1040
http://dx.doi.org/10.1161/01.RES.0000183733.53101.11
http://dx.doi.org/10.1161/01.RES.0000183733.53101.11
http://dx.doi.org/10.1152/physrev.00013.2005
http://dx.doi.org/10.1152/physrev.00013.2005
http://dx.doi.org/10.1016/j.tcm.2012.02.006
http://www.frontiersin.org/Radiation_Oncology
http://www.frontiersin.org/Radiation_Oncology/archive

Sharp and George

Stem cell therapy and breast cancer treatment

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Duran JM, Makarewich CA, Trappanese DM, Gross P, Husain S, Dunn J, et al.
Sorafenib cardiotoxicity increases mortality after myocardial infarction. Circ
Res (2014) 114(11):1700-12. doi:10.1161/CIRCRESAHA.114.303200
Curigliano G, Cardinale D, Suter T, Plataniotis G, de Azambuja E, Sandri MT,
et al. Cardiovascular toxicity induced by chemotherapy, targeted agents and
radiotherapy: ESMO clinical practice guidelines. Ann Oncol (2012) 23(Suppl
7):vii155-66. doi:10.1093/annonc/mds293

Mirotsou M, Zhang Z, Deb A, Zhang L, Gnecchi M, Noiseux N, et al. Secreted
frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released
paracrine factor mediating myocardial survival and repair. Proc Natl Acad Sci
U S A (2007) 104(5):1643-8. doi:10.1073/pnas.0610024104

Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta
L. Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotox-
icity, and cytokine production: role of indoleamine 2,3-dioxygenase and
prostaglandin E2. Blood (2008) 111(3):1327-33. doi:10.1182/blood-2007-02-
074997

Duran JM, Makarewich CA, Sharp TE, Starosta T, Zhu F, Hoffman NE, et al.
Bone-derived stem cells repair the heart after myocardial infarction through
transdifferentiation and paracrine signaling mechanisms. Circ Res (2013)
113(5):539-52. doi:10.1161/CIRCRESAHA.113.301202

Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr §, et al. Local deliv-
ery of marrow-derived stromal cells augments collateral perfusion through
paracrine mechanisms. Circulation (2004) 109(12):1543-9. doi:10.1161/01.
CIR.0000124062.31102.57

Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, et al. Marrow-
derived stromal cells express genes encoding a broad spectrum of arteriogenic
cytokines and promote in vitro and in vivo arteriogenesis through paracrine
mechanisms. Circ Res (2004) 94(5):678-85. doi:10.1161/01.RES.0000118601.
37875.AC

Malliaras K, Makkar RR, Smith RR, Cheng K, Wu E, Bonow RO, et al. Intra-
coronary cardiosphere-derived cells after myocardial infarction: evidence for
therapeutic regeneration in the final 1-year results of the CADUCEUS trial. J
Am Coll Cardiol (2013) 63(2):110-22. doi:10.1016/j.jacc.2013.08.724

Tang XL, Rokosh G, Sanganalmath SK, Yuan F, Sato H, MuJ, et al. Intracoronary
administration of cardiac progenitor cells alleviates left ventricular dysfunc-
tion in rats with a 30-day-old infarction. Circulation (2010) 121(2):293-305.
doi:10.1161/CIRCULATIONAHA.109.871905

Amado LC, Saliaris AP, Schuleri KH, St. John M, Xie J-S, Cattaneo S, et al. Car-
diac repair with intramyocardial injection of allogeneic mesenchymal stem cells
after myocardial infarction. Proc Natl Acad Sci U S A (2005) 102(32):11474-9.
d0i:10.1073/pnas.0504388102

McCall FC, Telukuntla KS, Karantalis V, Suncion VY, Heldman AW, Mushtaq
M, et al. Myocardial infarction and intramyocardial injection models in swine.
Nat Protoc (2012) 7(8):1479-96. doi:10.1038/nprot.2012.075

Williams AR, Trachtenberg B, Velazquez DL, McNiece I, Altman P, Rouy D, et al.
Intramyocardial stem cell injection in patients with ischemic cardiomyopathy:
functional recovery and reverse remodeling. Circ Res (2011) 108(7):792—6.
doi:10.1161/CIRCRESAHA.111.242610

Farahmand P, Lai TY, Weisel RD, Fazel S, Yau T, Menasche P, etal.
Skeletal myoblasts preserve remote matrix architecture and global func-
tion when implanted early or late after coronary ligation into infarcted or
remote myocardium. Circulation (2008) 118(14 Suppl):S130-7. doi:10.1161/
CIRCULATIONAHA.107.757617

Fukushima S, Coppen SR, Lee ], Yamahara K, Felkin LE, Terracciano CM, et al.
Choice of cell-delivery route for skeletal myoblast transplantation for treating
post-infarction chronic heart failure in rat. PLoS One (2008) 3(8):e3071.
doi:10.1371/journal.pone.0003071

146. Rota M, Padin-Iruegas ME, Misao Y, De Angelis A, Maestroni S, Ferreira-
Martins J, et al. Local activation or implantation of cardiac progenitor cells
rescues scarred infarcted myocardium improving cardiac function. Circ Res
(2008) 103(1):107-16. doi:10.1161/CIRCRESAHA.108.178525

Shintani Y, Fukushima S, Varela-Carver A, Lee J, Coppen SR, Takahashi
K, etal. Donor cell-type specific paracrine effects of cell transplantation
for post-infarction heart failure. J Mol Cell Cardiol (2009) 47(2):288-95.
doi:10.1016/j.yjmcc.2009.05.009

Silva GV, Litovsky S, Assad JA, Sousa AL, Martin BJ, Vela D, et al. Mesenchymal
stem cells differentiate into an endothelial phenotype, enhance vascular density,
and improve heart function in a canine chronic ischemia model. Circulation
(2005) 111(2):150-6. doi:10.1161/01.CIR.0000151812.86142.45

Ayash LJ, Elias A, Wheeler C, Reich E, Schwartz G, Mazanet R, et al. Double
dose-intensive chemotherapy with autologous marrow and peripheral-blood
progenitor-cell support for metastatic breast cancer: a feasibility study. J Clin
Oncol (1994) 12(1):37-44.

Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells — biology of adult
mesenchymal stem cells: regulation of niche, self-renewal and differentiation.
Arthritis Res Ther (2007) 9(1):204. doi:10.1186/ar2116

. Zaragosi L-E, Ailhaud G, Dani C. Autocrine fibroblast growth factor 2 signal-
ing is critical for self-renewal of human multipotent adipose-derived stem cells.
Stem Cells (2006) 24(11):2412-9. doi:10.1634/stemcells.2006-0006

Coutu DL, Galipeau J. Roles of FGF signaling in stem cell self-renewal, senes-
cence and aging. Aging (2011) 3(10):920-33.

Kortesidis A, Zannettino A, Isenmann S, Shi S, Lapidot T, Gronthos S. Stro-
mal derived factor-1 promotes the growth, survival and development of human
bone marrow stromal stem cells. (2005) 105(10):3793-801. doi:10.1182/blood-
2004-11-4349

Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, et al. A
randomized, double-blind, placebo-controlled, dose-escalation study of intra-
venous adult human mesenchymal stem cells (prochymal) after acute myocar-
dial infarction. J Am Coll Cardiol (2009) 54(24):2277-86. doi:10.1016/j.jacc.
2009.06.055

Heldman AW, DiFede DL, Fishman JE, Zambrano JP, Trachtenberg BH, Karan-
talis V, et al. Transendocardial mesenchymal stem cells and mononuclear bone
marrow cells for ischemic cardiomyopathy: the TAC-HFT randomized trial.
JAMA (2014) 311(1):62-73. doi:10.1001/jama.2013.282909

147.

148.

149.

150.

15

—

152.

153.

154.

155.

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 03 July 2014; accepted: 14 October 2014; published online: 03 November
2014.

Citation: Sharp TE III and George JC (2014) Stem cell therapy and breast cancer treat-
ment: review of stem cell research and potential therapeutic impact against cardiotoxic-
ities due to breast cancer treatment. Front. Oncol. 4:299. doi: 10.3389/fonc.2014.00299
This article was submitted to Radiation Oncology, a section of the journal Frontiers in
Oncology.

Copyright © 2014 Sharp and George. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org

November 2014 | Volume 4 | Article 299 | 13


http://dx.doi.org/10.1161/CIRCRESAHA.114.303200
http://dx.doi.org/10.1093/annonc/mds293
http://dx.doi.org/10.1073/pnas.0610024104
http://dx.doi.org/10.1182/blood-2007-02-074997
http://dx.doi.org/10.1182/blood-2007-02-074997
http://dx.doi.org/10.1161/CIRCRESAHA.113.301202
http://dx.doi.org/10.1161/01.CIR.0000124062.31102.57
http://dx.doi.org/10.1161/01.CIR.0000124062.31102.57
http://dx.doi.org/10.1161/01.RES.0000118601.37875.AC
http://dx.doi.org/10.1161/01.RES.0000118601.37875.AC
http://dx.doi.org/10.1016/j.jacc.2013.08.724
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.871905
http://dx.doi.org/10.1073/pnas.0504388102
http://dx.doi.org/10.1038/nprot.2012.075
http://dx.doi.org/10.1161/CIRCRESAHA.111.242610
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.757617
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.757617
http://dx.doi.org/10.1371/journal.pone.0003071
http://dx.doi.org/10.1161/CIRCRESAHA.108.178525
http://dx.doi.org/10.1016/j.yjmcc.2009.05.009
http://dx.doi.org/10.1161/01.CIR.0000151812.86142.45
http://dx.doi.org/10.1186/ar2116
http://dx.doi.org/10.1634/stemcells.2006-0006
http://dx.doi.org/10.1182/blood-2004-11-4349
http://dx.doi.org/10.1182/blood-2004-11-4349
http://dx.doi.org/10.1016/j.jacc.2009.06.055
http://dx.doi.org/10.1016/j.jacc.2009.06.055
http://dx.doi.org/10.1001/jama.2013.282909
http://dx.doi.org/10.3389/fonc.2014.00299
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

	Stem cell therapy and breast cancer treatment: review of stem cell research and potential therapeutic impact against cardiotoxicities due to breast cancer treatment
	Introduction
	Breast cancer and the etiology of cardiotoxicity
	Stem cell therapy
	Cardiac regeneration
	Bone-marrow-derived stem cells
	Unfractionated bone-marrow mononuclear cells
	Hematopoietic stem cells
	Mesenchymal stem cells

	Cardiac stem cells
	C-kit (+)/hematopoietic lineage (–) CSCs


	Cell therapy potential for chemotherapeutic/Radiation-induced cardiotoxicity in breast cancer patients
	Trans-differentiation of transplanted cells
	Neovascularization
	Paracrine signaling
	Cell survival and inhibition of apoptosis
	Angiogenesis
	ECM remodeling
	Homing of endogenous progenitor populations
	Autocrine signaling


	Challenges facing cell-Based therapy
	References


