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Challenges in Allogeneic Mesenchymal
Stem Cell–Mediated Cardiac Repair
Sanjiv Dhingra, Xi-Ping Huang, and Ren-Ke Li*

Autologous mesenchymal stem cells (MSCs) have been proven safe in
phase I and II clinical trials in patients who have suffered a myocardial
infarction. However, their potential for proliferation and differentiation
decreases with age, which limits their efficacy in elderly patients.
Allogeneic MSCs offer several key advantages over autologous MSCs,
including a high regenerative potential and availability for clinical use
without the delay required for expansion. It was believed that allogeneic
MSCs were immune privileged and thus able to escape the recipient’s
immune system. In several preclinical studies, allogeneic MSCs were
successful in regenerating the myocardium, and the transplanted MSCs
improved heart function early after implantation. However, the long-
term ability of allogeneic MSCs to preserve heart function is limited
because of a transition from an immune privileged to an immunogenic
phenotype after the cells differentiate. The initial phase I/II clinical study
using allogeneic MSCs in patients with acute myocardial infarction was
safe, and no side effects were observed. However, the long-term safety and
efficacy of allogeneic MSCs remain to be established. In this review, we
discuss the challenges of using allogeneic MSCs for cardiac repair and
present strategies to prevent the immune rejection of allogeneic MSCs to
increase their potential for use in cardiac patients. (Trends Cardiovasc
ed 2010;20:263–268) © 2010 Elsevier Inc. All rights reserved. b
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• Introduction

Despite advances in current medical and
surgical treatments for the management
of heart failure subsequent to myocar-
dial infarction (MI), morbidity and mor-
tality due to heart failure remain high
worldwide. Conventional medical ap-
proaches have been unable to offer a
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solution to the fundamental problem fol-
lowing an MI—irreversible myocardial
damage. Therefore, new and effective
treatments are urgently needed. The ex-
perimental discovery that stem cells may
regenerate the heart has led to extensive
clinical investigations.

Several cell types, including bone
marrow (BM)-derived mesenchymal
stem cells (MSCs), umbilical cord stem
cells, embryonic stem cells (ESCs), and
induced pluripotent stem (iPS) cells,
have the potential to improve the effi-
cacy of stem cell therapy in patients
(Caspi and Gepstein 2006, Kehat et al.
2004). Although the first clinical trial
using human ESCs to treat patients with
spinal cord injury received U.S. Food
and Drug Administration approval,
these cells are not yet ready for most
clinical applications. iPS cells hold great

promise for regenerative medicine be-
cause it is widely thought that these cells
should be immune-tolerated by the re-
cipient, from whom the cells are derived.
However, the immunogenicity of iPS
cells has recently been reported (Zhao et
al. 2011); thus, these patient-specific
cells need thorough evaluation before
being used clinically. BM-derived MSCs
offer key advantages over other cell
types and are the most immediate poten-
tial candidates for cell therapy. MSCs
are multipotent with a high capacity for
growth and differentiation, and they can
be easily expanded and genetically mod-
ified in vitro (Fazel et al. 2005). Another
very important characteristic of MSCs is
that these cells are immunoprivileged
due to their unique cell surface antigen
expression and cytokine secretion (Fig-

re 1). MSCs express few or no cell
urface immune antigens, resulting in
ow or no immunogenic reactions (Ras-

usson et al. 2003). These cells also
ecrete several immunosuppressive sol-
ble factors in response to the donor–
ost interaction that create a local mi-

ieu that inhibits immune responses and
educes the chance of cell rejection.

Numerous preclinical studies during
he past decade have consistently dem-
nstrated that transplanting BM-derived
SCs into the infarcted myocardium

estored cardiac function and prevented
ongestive heart failure (CHF) (reviewed
y Fazel et al. 2005). However, in con-
rast to these promising preclinical re-
ults, the initial clinical trials with autol-
gous cells produced only marginal
enefits (reviewed by Lipinski et al.

2007). Although multiple factors could
contribute to this inconsistency, an age-
related stem cell limitation may be the
most important factor (Rando 2006).
The major effects of age on stem cells are
limited proliferation and differentia-
tion potential. Clearly, a source of
highly regenerative stem cells would
dramatically improve the ability of cell
therapy to restore cardiac function and
prevent CHF.

In this review, we discuss the mecha-
nisms by which allogeneic MSCs escape
the host immune system, the implica-
tions of differentiation on the immune
privilege of MSCs, and the strategies to
prevent immune rejection of allogeneic
MSCs to increase their potential for use

in cardiac repair.
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• Allogeneic MSC Surface Antigen
Expression

The MHC molecules, known as human
leukocyte antigens (HLAs) in humans, are
major immune antigens that act as “sign-
posts” to alert the host immune system to
initiate an immune response against
transplanted cells or tissues. MHC class I
(MHC-I) has been divided into classical
MHC-Ia and nonclassical MHC-Ib sub-
types. MHC-Ia is expressed on almost all
nucleated cells, whereas MHC-Ib expres-
sion is limited to select cell types.
MHC-Ia is immunogenic and recognized
by cytotoxic T cells, and allogeneic cells
expressing it are eliminated by cytolysis.
However, MHC-Ib, expressed at much
lower levels in normal tissue, is immu-
nosuppressive (Lau et al. 2003). MHC-Ib
is reported to be involved in the sup-
pression of CD4� T cell responses
(Bainbridge et al. 2000), and the hu-
man form of MHC-Ib, HLA-G, is over-
expressed in the placenta, where it
protects the fetal allograft from natural
killer (NK) cell–mediated rejection
(Rouas-Freiss et al. 1997). MHC class II
(MHC-II) is only endogenously expressed

Figure 1. Schematic of the immune switch in M
immune privileged because these cells express low
secrete several immunosuppressive soluble factors. M
the proliferation of T cells, B cells, and NK cells and
also mediate the induction of regulatory T cells (T-r
and MHC-II, low levels of MHC-Ib, and they secrete
immune-reactive phenotype is triggered following
rejection.
in the antigen-presenting cells. It is an 2
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immunoantigen required to initiate T cell
activation.

MSCs isolated from BM are attractive
candidates for cell therapy because they
express low levels of MHC-Ia molecules
and high levels of MHC-Ib on their surface
(Huang et al. 2010, Ito et al. 2008) (Figure
). This unique pattern of cell surface
ntigen expression defines the lower im-
unogenicity of these cells.
Immune rejection mediated by

HC antigens limits allogeneic organ
ransplants and necessitates lifelong
mmunosuppressive therapy by the re-
ipient. Cell transplantation differs from
rgan transplantation in that the immu-
ological reactions involved are less com-
licated. Moreover, cell surface antigen
xpression can be manipulated either ge-
etically or pharmacologically. For exam-
le, some studies have eliminated MHC-I
xpression in donor cells, although this
id not appear to increase engraftment
ut, rather, led to rejection of the im-
lanted cells (Durkin et al. 2008). How-
ver, a possible reason for this observation
s the loss of the immunosuppressive

HC-Ib subtype along with the immuno-
enic MHC-Ia subtype (Rodgers and Cook

upon differentiation. Undifferentiated MSCs are
ls of MHC-Ia and high levels of MHC-Ib, and they
s mediate immunomodulatory effects by inhibiting
enting the maturation of dendritic cells (DC). MSCs
Differentiated MSCs express high levels of MHC-Ia
reased levels of soluble factors. Thus, a switch to an
fferentiation, rendering these cells susceptible to
005). e
Allogeneic MSCs Maintain an
Immunosuppressive Milieu by
Secretion of Soluble Factors

n addition to their unique cell surface
ntigen expression, MSCs isolated from
M and several adult organs and tissues
ecrete immunosuppressive soluble fac-
ors such as prostaglandin E2 (PGE2), in-
erleukin-10 (IL-10), transforming growth
actor-� (TGF-�), hepatocyte growth fac-
or (HGF), indoleamine 2,3-dioxygenase
IDO), and nitric oxide (NO). These fac-
ors can inhibit the proliferation and
unction of major immune cell popula-
ions, including T cells, B cells, and NK
ells, and inhibit the maturation of anti-
en-presenting dendritic cells. MSCs also
ediate the induction of regulatory T cells

Figure 1). This remarkable immunosup-
ressive property makes allogeneic MSCs

deal for clinical application.
MSCs constitutively express PGE2, a

small lipid molecule that regulates nu-
merous processes in the body, including
immune function (Arikawa et al. 2004,
Nemeth et al. 2009, Rasmusson et al.
2003). It has been reported that PGE2

from MSCs has an inhibitory role over
the maturation of dendritic cells and
their capability to present antigens
(Harizi et al. 2002). Increased levels of
PGE2 were detected in MSC and T lym-
phocyte co-cultures, suggesting that
MSCs were capable of inhibiting T cell
proliferation (Yanez et al. 2010). BM
stromal cells transplanted into a mouse
model of cecal ligation attenuated sepsis
via PGE2-dependent reprogramming of
host macrophages to increase their pro-
duction of IL-10, an anti-inflammatory,
immunosuppressive cytokine (Nemeth
et al. 2009). Several studies demon-
strated that MSCs constitutively pro-
duce IL-10, whereas in other studies,
IL-10 was detected only in co-culture
experiments (Beyth et al. 2005, Rasmus-
son et al. 2003). Rat MSCs secrete signif-
icant amounts of IL-10 into the culture
medium after hypoxia and lipopolysac-
charide stimulation. In either case, IL-10
leads to suppression of the potential
allo-responses and is a well-recognized
growth factor for regulatory T cells
(Asseman and Powrie 1998). Similarly,
TGF-� also plays a role in T cell suppres-
sion. It has been reported that HGF in
combination with TGF-� promotes a

henotype that escapes allo-rejection (Di
SCs
leve

SC
prev
eg).
dec

di
t al. 2002). Neutralizing antibodies to
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HGF and TGF-� restored the prolifera-
tive response of immune cells in mixed
lymphocyte co-cultures, suggesting that
these factors significantly contribute to
immune suppression (Di et al. 2002).

Apart from the secretion of soluble
factors, another mechanism through
which MSCs avoid immune rejection is
by depleting molecules necessary for
host immune cell growth and activation.
IDO is an enzyme that catabolizes L-
ryptophan; thus, IDO secreted by MSCs
epletes the tryptophan available to the
mmune cells. The deficiency of this es-
ential amino acid inhibits T cell re-
ponses and the maturation of dendritic
ells (Frumento et al. 2002). Another
rominent candidate involved in MSC-
ediated immune suppression is the

apidly diffusing and bioactive NO (Sato
t al. 2007). NO produced by MSCs sup-
resses signal transducer and activator of
ranscription 5 (STAT5) phosphorylation
nd inhibits T cell proliferation and in-
ammatory cytokine production (Sato et
l. 2007). Because NO is highly unstable, it
nly acts locally; therefore, it is reasonable
o hypothesize that immune cells would
eed to be recruited into close proximity
o MSCs in order to be affected by the NO
roduced by them. According to this
rgument, chemokine-mediated lym-
hocyte mobilization might be a key
tep in MSC-mediated immunosup-
ression. Interestingly, MSCs have
een shown to produce several chemot-
ctic and immunosuppressive chemo-
ines (Ren et al. 2008). It has been re-
orted that immune suppression by
SCs is mediated through cytokine-in-

uced chemokine production and NO.
eutralization of chemokines by block-

ng antibodies in the co-culture pre-
ented lymphocyte migration as well as
he MSC-mediated immune suppression
Ren et al. 2008).

Allogeneic MSCs and Cardiac
Repair

oss of cardiomyocytes after coronary
cclusion is the initiating event respon-
ible for the development of post-MI
eart failure, and generation of new
unctional cardiomyocytes remains the
ltimate goal for restoring ventricular
unction. Approximately a decade ago,
eports claiming that transplanted BM-
erived stem cells from adult mice, rats,
nd pigs could differentiate into cardio-

yocytes to regenerate the infarcted r

TCM Vol. 20, No. 8, 2010
yocardium ignited overwhelming en-
husiasm (Orlic et al. 2001, Tomita et al.
999, 2002). Several phase I/II clinical
tudies have been published since, and
ost of these studies used unfraction-

ted autologous mononuclear BM cells
ather than pure cell populations. It is
bvious to predict that MSCs may be the
mportant component of these autolo-
ous BM cell–based therapies for car-
iac repair. Although these therapies
ave been proven safe in randomized
ontrolled trials, the efficacy data have
een mixed (Assmus et al. 2006, Schach-
nger et al. 2006, Wollert et al. 2004). As
iscussed previously, autologous BM
ell–based therapies have several limita-
ions, such as the decreased proliferative
nd regenerative capacity of the aged
ells, which is consistent with the re-
uced efficacy of progenitor cells from
ld patients (Rauscher et al. 2003).

Allogeneic MSCs from young donors
ossess several advantages over autolo-
ous MSCs, including a high regenera-
ive potential and availability for clinical
se at any time without the delay re-
uired for the expansion of autologous
M cells. Several studies in animal mod-
ls reported that allogeneic MSCs were
uccessful in regenerating the myocar-
ium, and MSCs transplanted across allo-
eneic and even xenographic barriers sur-
ived in the myocardial tissue (Amado et
l. 2005, Kinkaid et al. 2010). The initial
hase I/II, randomized, double-blind,
lacebo-controlled study of intrave-
ously administered allogeneic adult
SCs in patients following an acute MI
as safe, and no significant side effects
ere observed (Hare et al. 2009). The

tudy tested an “off-the-shelf” cell prod-
ct (Prochymal, Osiris Therapeutics,
nc.) made from MSCs of a single
ealthy donor. A trend toward improved
linical symptoms and increased ejec-
ion fraction at 3 months, but not 6

onths, was reported in the cell-treated
roup. A larger phase II, multicenter
rial of Prochymal is currently under
ay. In a phase II, randomized, single-
lind, placebo-controlled, dose-escala-
ion, multicenter study, allogeneic mes-
nchymal precursor cells were given by
ndoventricular injection (Revascor,
esoblast Ltd.) to patients with CHF.

here were no procedure-related com-
lications, and the first cohort, which

eceived the lowest dose, showed a sig- n
ificant improvement in ejection frac-
ion at 6 months (Dib et al. 2010).

In these clinical studies, the long-term
ate of the cells and their long-term effects
n cardiac function were not determined.
he studies demonstrated functional im-
rovement within 6 months of cell im-
lantation, so it remains unclear whether
hese cells would retain their unique im-

une characteristics in the infarcted
yocardium after prolonged engraft-
ent. In a pig model, allogeneic MSCs
ere not immunogenic in vitro but elic-

ted immune responses after intracar-
iac injection in vivo (Poncelet et al.
007). In order to investigate the fate of
llogeneic cells in recipient tissue and
heir long-term efficacy, we transplanted
llogeneic and syngeneic MSCs into the
nfarcted myocardial tissue of rats. We
bserved an improved ejection fraction
months after MI; however, the alloge-

eic cells were eliminated from the heart
y 5 weeks, and the functional benefit
as lost within 5 months (Huang et al.
010). We detected circulating allo-anti-
odies against transplanted differenti-
ted MSCs in the host after 5 weeks but
ot against undifferentiated MSCs. In
ontrast, autologous MSCs were not
liminated, and the functional benefit
asted for more than 5 months. The
mmune rejection between 3 and 6

onths after allogeneic MSC transplan-
ation in rats may correspond to 6–12

onths in humans. Thus, an in-depth
nvestigation of the immune character-
stics of allogeneic MSCs for cardiac
epair seems necessary.

Differentiation of Allogeneic MSCs
Alters Their Immune Privilege

t is now apparent that the question to
e answered for successful allogeneic
tem cell–mediated cardiac repair is no
onger “How do MSCs suppress the host
mmune system?” but, rather, “Can the
uppression of immune responses be
ustained?” In this regard, detailed re-
earch on the fate of allogeneic stem
ells following implantation will provide
ssential information.

ffect of Differentiation on Antigen
xpression

e recently reported that donor MSCs
ere immune privileged in the alloge-

eic heart when in their undifferentiated
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state, but a switch to an immune-reac-
tive phenotype was triggered following
differentiation of the cells, rendering
them susceptible to rejection (Huang et
al. 2010). The undifferentiated MSCs ex-
pressed very low levels of immunogenic
MHC-Ia molecules and high levels of
nonclassical MHC-Ib, which mediates es-
cape of the cells from the host immune
system (Figure 1). As the implanted MSCs
differentiated toward myogenic (cardio-
myocyte), smooth muscle, or endothelial
ineages, the cellular expression of

HC-Ia and MHC-II increased signifi-
antly and MHC-Ib decreased. Thus, dif-
erentiation initiated an immune
switch” that altered the immune char-
cteristics of the MSCs. Recently, it has
een demonstrated that undifferentiated
SCs have low levels of MHC expression
nd the levels increased upon differenti-
tion. These differentiated ESC deriva-
ives encountered a heightened immune
esponse and exhibited impaired sur-
ival capacity (Pearl et al. 2011). In ad-
ition, it has been reported that MSCs
ifferentiating toward a chondrogenic

ineage showed an increased immuno-
enic response, whereas adipogenic, os-
eogenic, and neurogenic differentiation
id not generate any immune response
Chen et al. 2007, Liu et al. 2006).

We have also observed that the switch
from an immunoprivileged to an immu-
nogenic phenotype during differentiation
increased MSC susceptibility to allogeneic
T cell–mediated cytotoxicity (Huang et al.
2010). T cell activation was increased in
the hearts implanted with differentiated
allogeneic MSCs, and the differentiated
cells were eliminated from the host tis-
sue much more rapidly than undifferen-
tiated cells. The increased susceptibility
of differentiated MSCs to T cell–medi-
ated cytotoxicity is associated with the
shift in their MHC antigen profile. Spe-
cifically, cells expressing MHC-Ia were
eliminated by cytolysis, and the loss of
MHC-Ib, which has been reported to sup-
press CD4� T cell responses via CD94/

KG2A or CD94/NKG2C receptors, may
ompromise their immune-privileged sta-
us (Bainbridge et al. 2000).

ffect of Differentiation on
mmunosuppressive Soluble Factors

uccessful cardiac therapy with alloge-
eic stem cells depends, in part, on op-

imum levels of immunosuppressive sol-

266
ble factors secreted by the MSCs.
ngrafted MSCs can differentiate into
ultiple cell types in the host; however,

he effect of differentiation on the ex-
ression profile of soluble factors is

argely unknown. Kim et al. (2005) in-
estigated the expression of cytokines
nd growth factors in MSCs before and
fter differentiation. Their studies dem-
nstrated that the mRNA level of IL-12,
L-14, granulocyte colony-stimulating
actor, and granulocyte macrophage col-
ny-stimulating factor decreased signif-
cantly or disappeared after MSCs differ-
ntiated toward osteoblasts, adipocytes,
nd endothelial cells. One week after
llogeneic MSC transplantation into the
nfarcted heart, we observed a signifi-
ant decrease in interferon-� levels in

the myocardium. In addition, IL-10 lev-
els also decreased, but not significantly,
whereas no difference was observed in
TGF-� levels (Huang et al. 2010). In
MSCs cultured under neuronal differen-
tiation conditions, it was observed that
undifferentiated BM-derived MSCs se-
creted high levels of PGE2, and the level

ecreased gradually during differentia-
ion. This study also demonstrated that

SC-mediated immune regulation of
xperimental autoimmune encephalo-
yelitis correlated with decreased PGE2

levels because the loss of immunoregu-
latory function was observed in differen-
tiated MSCs (Matysiak et al. 2011). The
impact of this decrease in immunosup-
pressive soluble factors and cytokines on
the clinical application of allogeneic MSC-
based therapy remains to be explored.

• Strategies to Prevent Immune
Rejection of Transplanted
Allogeneic MSCs

Because the rejection of transplanted allo-
geneic MSCs following differentiation
limits their long-term benefit for cardiac
regeneration, successful cardiac therapy
with these cells requires strategies to en-
hance their survival. Improved survival
could be achieved by either maintaining
the immune privilege of MSCs following
differentiation or increasing host toler-
ance to the transplanted cells. Therefore,
an in-depth understanding of the im-
mune characteristics of the transplanted
cells and the factors in the injured myo-
cardial milieu that limit their survival
and functional integration will help in
designing strategies to prevent rejection

of allogeneic MSCs.
Maintaining the Immune Privilege of
MSCs After Differentiation

Genetic modification of donor cells to
maintain MHC-Ib and reduce MHC-Ia
and MHC-II expression is a potential strat-
egy for retaining the immune privilege of
differentiated MSCs. Advances in mam-
malian cell engineering techniques allow
permanent disruption of specific gene
loci to generate MHC knockouts and
overcome the limitations imposed by
extensive MHC polymorphisms. Haga et
l. (2006) showed that a dose-dependent
eduction in HLA cell surface expression
an be achieved by lentivirus-mediated
elivery of shRNA specifically targeting
an-class I and allele-specific HLAs. Ma-
ipulation of cell surface MHC molecules
as also been successfully performed by
argeting �2-microglobulin, which is a
omponent of MHC-I (Figueiredo et al.
007). Because multiple MHC molecules
re involved in the immune switch of
SCs after differentiation, tolerance
ay not be fully achieved by targeting a

ingle molecule; however, targeting all
HC antigens would be quite a chal-

enge. Moreover, we must also consider
he side effects of these genetic manipu-
ations on normal stem cell homeostasis.

It has been reported that MSCs se-
rete decreased levels of critical immu-
osuppressive soluble factors after dif-
erentiation (Kim et al. 2005, Matysiak
t al. 2011). Although the precise effect of
his decrease on immunoprivileged MSCs
as not been studied, it has recently been
emonstrated that MSC-mediated im-
une regulation of experimental autoim-
une encephalomyelitis correlated with

ecreased PGE2 levels (Matysiak et al.
2011). Thus, maintaining optimal levels
of immunosuppressive soluble factors
may be another way to preserve the
immune privilege of transplanted MSCs
and increase their survival in the host
myocardium. This approach might be
achieved by combining gene or protein
injections with allogeneic cell therapy.

Achieving Immune Tolerance of
Transplanted Allogeneic MSCs

Various studies, both preclinical and
clinical, have shown that precondition-
ing the host with donor hematopoietic
stem cells can establish chimerism and
help achieve long-term allograft survival

(Wekerle and Sykes 1999). Although the

TCM Vol. 20, No. 8, 2010
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chimeric hosts can tolerate allografts
and xenografts, a major concern with
this approach is the high dose of immu-
nosuppressive drugs used during hema-
topoietic stem cell transplantation that
could cause unwanted cytotoxicity to the
host.

Other strategies targeting key media-
tors of the T cell–mediated cell death
pathway may also be potential mecha-
nisms for achieving immune tolerance.
Fas ligand is a type II transmembrane
protein that induces apoptosis of T cells
that express Fas receptor (Griffith et al.
1996). It has been reported that overex-
pression of Fas ligand in the liver, kid-
ney, lung, blood vessels, and thyroid led
to a weakened immune response (Green
and Ferguson 2001, Griffith et al. 1996).
Serpin-6 is an endogenous inhibitor of
granzyme B, a T cell–derived cytotoxic
molecule. Upregulation of serpin-6 in
ESC-derived cardiomyocytes dimin-
ished their susceptibility to rejection,
which could be a potential strategy to
decrease immune rejection of implanted
cells (Abdullah et al. 2007).

• Conclusions and Future Directions

Cardiac injury activates innate immune
mechanisms, initiating an inflammatory
reaction and leading to chemotactic re-
cruitment of inflammatory leukocytes.
Thus, implanted cells face both innate
and adaptive host immune responses,
and their fate depends on their ability to
escape rejection by immune cells. Trans-
planted allogeneic MSCs have been sug-
gested to be safe, but little is known
regarding their survival in vivo. Preclin-
ical data show that allogeneic MSCs lose
their immune privilege following differ-
entiation, suggesting that transplanted
MSCs might be rejected by the myocar-
dium, limiting their long-term benefit.
Addressing the issue of loss of immune
privilege of MSCs may permit the suc-
cessful use of allogeneic MSCs for car-
diac regeneration.
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Autonomic Denervation Using
Magnetic Nanoparticles
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Nanoparticles with their unique physical and biochemical properties,
such as modifiable surface functionalization and versatility for carry-
ing various therapeutic payloads, are excellent vehicles for targeted drug
vascular diseases presents a great
hallenge to nanotechnology-based
rug delivery therapy. Cardiac ar-
hythmias, frequently caused by
eterogeneity of conduction, repo-

arization, and cell–cell communi-
ation, are particularly sensitive to
ny therapy that targets the pre-
umed arrhythmogenic myocar-
ium but inadvertently introduces
urther heterogeneity into the heart.
n this review, we focus on an alter-
ative approach that is to target the
anglionated plexi of the cardiac
utonomic nervous system respon-
ible for many arrhythmias. These
anglionated plexi, serving as the
integration centers” of the cardiac
utonomic nervous system, are lo-
ated in discrete sites on the epicar-
ial surface and potentially can be
argeted by magnetic nanoparticles
avigated by externally applied
agnetic field. (Trends Cardiovasc
ed 2010;20:268–272) © 2010
• Introduction

Nanotechnology offers a broad spectrum
of applications for clinical medicine.
Nanoparticles ranging from 5 to 500 nm
have unique physical and biochemical
properties, such as large area:volume ra-
tios, modifiable surface chemical func-
tionalizations, and the versatility of carry-
ing various therapeutic payloads (Ito et al.
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