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ABSTRACT

Redtime MRI detection of systemicdly injected
iron-labeled mesenchyma stem cdlls in the infarcted
rat myocardium

Bum-Kee Hong

Department of Medical Science
The Graduate School, Yonsa Universty

(Directed by ProfessoBeung Yun Cho)

Cell therapy using adult pluripotent stem celldingited by the inability to track in
vivo engraftment and the fate of transplanted .c&lscent evidence has demonstrated
the homing ability of mesenchymal stem cells to eébonarrow following systemic
infusion. Homing of stem and progenitor cells toopardial injury is one potential
mechanism that may permit a non-invasive approactcardiovascular cell therapy.
Cellular based contrast agents were initially usedmonitor T cell trafficking in
inflammation and, more recently, have been usettaitk stem cells for neurological
applications. Stem cell migration has been dematestrin healthy and damaged brain
tissue of rodents and tracked using gadolinium cbamgents. Recent evidence has
demonstrated the feasibility of iron labeling ofrst and progenitor cells without
affecting differentiation and proliferation and faronitoring cell engraftment following
direct myocardial injection.

In an attempt to assess the homing of systemiagjlieted mesenchymal stem cells
to infarcted myocardium, this study was initiatedhwa series of experiments aimed
at tracking of these cells which had been labelath won oxide microparticles,
followed by assessing whether these cells can sxprardiomyocyte-specific proteins
and contribute the functional competence.

Myocardial infarction was induced in sixteen Aug@Xipenhagen Irish (ACI) rats by



surgical occlusion of the left coronary artery doled by reperfusion and intravenous
administration of either allogeneic iron-fluoresoeparticle (IFP)-labeled mesenchymal
stem cells derived from ACI rats (n=9) or free IFBQn Serial cardiac MRI exams
were performed at fifth day, sixth week, third nmpnand sixth month. The presence
of IFP-labeled stem cells was confirmed using cmaifanicroscopy and immunohisto-
chemistry for desmin and connexin-43, the markdrsandiomyogenic differentiation.

The total number of cells was counted in both atéar and non-infarcted tissue and
compared to the total number of engrafted IFP-¢abeklls.

IFP-labeled MSCs were detected from as early asays d@fter injection up to 6
months in infarcted region (the peak at sixth weédkP-labeled MSCs preferentially
home to the site of myocardial injury, with a sfgaintly higher labeled-cell to total
cell ratio within the infarct zone compared to nafnmyocardium (0.62 vs 0.16, p<
0.001). At sixth week the engrafted MSCs expressedomeric and gap junction proteins
(desmin and connexin-43), which exhibited the naditom of their structural patterns
at third month. In left ventricular ejection framti even though there was no statisti-
cal significance, there was a trend for the MSEatdd animals to exhibit greater reco-
very of systolic function than that of the control.

This study demonstrates the feasibility of usinglNtRtrack the homing and prefer-
ential engraftment of allogeneic mesenchymal stelis @s they traffic to the sites of
tissue injury and seem to differentiate into celith cardiomyocyte phenotype.

Key Words mesenchymal stem cell, iron-fluorescence partigigocardial infarction,
magnetic resonance imaging, homing, differentiaté@smin, connexin-43
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Realtime MRI detection of systemically injected
iron-labeled mesenchymal stem cells in the infdraotst
myocardium

Bum-Kee Hong

Department of Medical Science
The Graduate School, Yonsa University

(Directed by ProfessoBeung Yun Cho)

[. INTRODUCTION

Recent reports of the discovery of human plurigotem cells that can differen-
tiate into any cell type found in the body have teda wealth of research and controversy
in the field of tissue repdif. While embryonic stem cells have received most of
attention as a source of tissue regeneration, atieth cells, which can be found in
neural, skeletal and adipose tissues in additiolbdioe marrow have been shown to
exhibit a degree of pluripotericy. It is possible that adult stem cells may offee-th
rapeutic benefits similar to those of embryonidscel

The use of bone marrow-derived stem cells allom®l@gous transplants, which
reduces the possibility of immune system rejectiBane marrow derived adult stem
cells have been shown to differentiate into newastrocytes and cardiomyocytes
Orlic, et al. has shown that mobilized bone marroglls, when injected directly
adjacent to an infarcted region of murine myocandiuifferentiate into myocytes,
vascular endothelium and smooth muscle Cellslice receiving the cells exhibited
significantly higher ejection fractions than thos®t receiving the transplant. In
another study, left ventricular wall thickness wasreased and collagen deposition
decreased

While the Ferrari study showed that bone marrols @aluld differentiate into myoblasts,
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it did not indicate the type of stem cell populaticesponsible for the regenerated
muscle fibers. Hematopoetic (HSC) and mesenchyreah sells (MSCs) both reside in
the bone marrow. HSC differentiate into variousesyf blood cells while MSCs become
adipocytes, chondrocytes, osteoblasts and othés t&t support the stroma. MSCs
make up an extremely small percentage of bone wmaratls (0.001% to 0.01%), and
have been located in adipose tissue, muscle, skiaddition to other locations of the
body>'® Due to the difficulty in identifying MSCs in vivit has been challenging to
precisely locate and quantify the MSC populationn some studies indicate that the
MSC population decreases with dganhile it was originally thought that tissue-sfieci
stem cells did not exhibit the same amount of iplastas embryonic stem cells,
recent studies have demonstrated that marrow dtroetla can differentiate to form
neural cells and cells with a cardiomyocyte pheuedty®

Since they reside in the bone marrow, it is possiol obtain MSCs via normal
aspiration. They can then be cultured for autolsgtiansplantation, avoiding possible
immune system complications. Data suggests thabrnagd minor histocompatibility
complexes affect cell transplantation effectivefiéss Autologous cell therapy would
obviate the need for histocompatibility complex ehatg. MSCs are currently being
used in clinical trials relating to osteogenesigarfecta, lymphoma, myeloma and
stroké”* While MSCs were discovered almost 40 years agw, sticcessful isolation
and culture-expansion of a homogeneous batch ofamumMSCs has made research
involving such cells much easier However, it has recently been reported that the
late-passage growth rate of MSCs varies from démodonor, with a loss of chondro-
genic potential beyond passage five and decreastedgenic potential beyond passage
eightzs. Most importantly, the loss of plasticity of thesells in culture was not detected
by a change in phenotype. With their pluripotengdsCs have great potential for the
repair of tissue injured during myocardial infasati Once localized to the area of
injury, it is possible that MSCs can differentiatdo cardiac myocytes and aid in the
generation of new muscle to replace scarred tissfesting contractility. In doing so,
MSCs may reduce the size of the 'at risk' regigacedt to the infarct or even enhance
angiogenesis.

However, cell therapy using adult pluripotent steefls is limited by the inability
to track in vivo engraftment and the fate of trdesigd cells. Recent evidence has
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demonstrated the homing ability of mesenchymal stelis to bone marrow following
systemic infusiol. Therefore, in vivo non-invasive tracking approacbuld be a
potential prerequisite to figure out the mechanisshshoming and differentiation of
transplanted stem and progenitor cells. Cellulasedbacontrast agents were initially
used to monitor T cell trafficking in inflammaticnd, more recently, have been used to
track stem cells for neurological applicati%?ﬁg Stem cell migration has been demon-
strated in healthy and damaged brain tissue ofntedand tracked using gadolinium
based agerfs®™* Recent evidence has demonstrated the feasibfliiyon labeling of
stem and progenitor cells without affecting difféiation and proliferation and for
monitoring cell engraftment following direct myodi injection”™>”. Therefore, in an
attempt to assess the homing of systemically ®geatnesenchymal stem cells to
infarcted myocardium, this study was initiated wahseries of experiments aimed at
tracking of these cells which had been labeled with oxide microparticles, followed
by assessing whether these cells can expressneaudite-specific proteins and contribute
the functional competence.



1. MATERIALS AND METHODS

1. Cdl expanson and labeling

Rat mesenchymal stem cells were derived from boaeom aspirates from healthy
adult AugustCopenhagen Irish (ACI) rats as prevjousscribetf. The cells were resus-
pended in mesenchymal stem cell growth medium {BaeiBiowhittaker, Walkersville,
MD, U.S.A) and seeded at concentrations of 1,0139me. After 3 days, non-adherent
cells were removed and adherent colonies furtheangled. Superparamagnetic fluorescent
microspheres containing Flash Red or Dragon Grégorothromes with an average
diameter of 0.9m (Bangs Laboratories, Inc. IN, U Were added to the cell culture
medium for 18 hours prior to trypsinization (10/ral§ recently describ&d

An image of rat MSCs labeled with the iron fluoroph is shown in Figure 1. It
was discovered that xylene destroys the fluoresgeoperties of the microspheres.
The importance of this cannot be understated, #neyis routinely used to remove
paraffin from tissue in histologic processing. Asresult, most of the tissues in the
following experiments were snap-frozen in liquidragen to preserve the antigenicity
of the tissue and particle fluorescence, then dlioa a cryostat in preparation for
histology and immunohistochemistry.



"

Foure 1. A light image of plated, labeled cells revealsinparticles within rat MSCs
that allow tracking with MRIA). The excitation of the particles by a fluoresckmhp
illuminates their fluorescent properties, whichoatt their detection via histologg).
An overlay of the two photos illustrates the dusbperties of the particle€].



2. Anima Modd

Anesthesia was induced using an induction chamber naaintained on +3% iso-
flurane, administered through intubation. The ahimvas placed on a heated water
blanket and monitored via ECG/capnography.

Myocardial infarction was surgically induced in h&le ACI rats as follows; After
cutting and removing pericardial fat and accompanypericardium with microscissor,
key anatomical structures including left atrial eqtage, the left ventricle and possibly
the right ventricle were identified. At a level apfmately upper 1/3 the length of anterior
side of the heart from the apex, 7-0 suture wad tdie off a section perpendicular
to the long axis of the heart(a piece of polyetgldubing was inserted between the
suture and myocardium prior to tightening the sujurWhile the left coronary artery
cannot be seen since it runs beneath the tissige,ctlused a detectable area of
ischemia in the left ventricle when tied. The osidao of the left coronary artery was
maintained for an hour, after which the tubing wesmoved and the suture cut to add
reperfusion injury. During awakening rat after suyg 8-10x10 iron-fluorescence particle
(IFP)-labeled rat MSCs per kg of body weight wemgedted to rats (n=9) via the tail
vein over 20 minutes in a volume of 1miThe ratenffision was limited to 0.05 mi/min
due to the fact that MSCs lodge in the lungs aftéavenous infusion. For control
(n=9), we injected only free IFP without MSCs. Whitse rate of administration was
increased beyond 0.05 ml/min, five rats developebingmary problems ranging from
tachypnea (n=2) to death (n=3).

3. MRl parameters

A. In vivo imaging parameters

All in vivo studies were performed using either an Oxforadrungints (Oxford Magnet
Technology, United Kingdom) 4.7T/40cm or a Magnea@iex Scientific, United
Kingdom) 7T/20cm horizontal bore magnet using ak&runstruments Avance console,
controlled by Paravision software (Bruker, EttlinggBermany).In vivo scans were
performed using slice selective gradient echo ingagiequences with a flip angle of
20, pixel size of 200x200x2,0@0n, a pulse repetition time of 26 ms and an echo



time of 2.6 ms with central k-space echos acquiirsti Three 2 mm short axis slices
and one long axis slice were acquired per animaheairt rates ranging from 360
400 beats per minute.

B. Ex vivo imaging parameters

Following euthanasiagx vivo MRI scan was performed on an Oxford Instruments
7T/81 mm vertical bore magnet running ParavisiBr.vivo scan parameters included
a 3D gradient echo imaging sequence with a fliplearf 30, pixel size of 60x60
x100um, a matrix size of 2,563, a pulse repetition tiofe300 msec and an echo
time of 2.6-3.1 msec.

4. Histologicd analysis

Sections were stained with Prussian Blue to confine presence of the intracellular
iron particles. Immunohistochemistry was perfornusthg an anti-desmin antibody (Dako,
Carpinteria, CA, U.S.A., 1:100 dilution), anti-cemin 43 (Dako, Carpenteria, CA, U.S.A.,
1:50 dilution), and anti-alpha actinin (Pharming&an Diego, CA, U.S.A., 1:100 dilution).
Slides were coincubated with the antibody & 4#vernight before the application of
a fluorescent secondary antibody.

5. Ejection Fraction Anaysis

Using MRI data, an implementation of the modifigchiiSon's rule was used to compute
left ventricular end-diastolic and end-systolicumogs, from which left ventricular ejection
fraction was computed. Such a model uses shorfrasiges at the mitral valve and papillary
muscle levels to compute the volumes of a stackpdeed of a basal cylinder, a
truncated cone, and an apical cone. The shortkoasdary areas of the left ventricle
at mitral valve (Am) and papillary muscle levels aarontoured off-line using Paravi-
sion software. The boundary between the endocardiamblood pool was traced, excluding
the papillary muscles. The length of the left vieatar cavity was measured from the
long axis view as the distance from the left ventar apical endocardium to the
midpoint of the mitral annulus. Volume (V) at endgtible and end systole was computed
as: (Am)L/3 + (Am+Ap)L/6 + (Ap)L/9.



[1l. RESULTS

1. MRl Results

A. In vivo tracking of systemicdly infused MSCs

Once it was confirmed that MSCs preferentially adigd to the infarct and could
be detected with ex vivo MRI, the same experimeas weproduced withn vivo
scanning. Eight rats underwent the procedure wih-labeled cells, undergoing cardiac
MRI examinations at 24 hours, 48 hours, 72 hours fare days after surgery.

In general, tissue edema from the invasive surgiwatedure prevented the acquisi-
tion of high quality images at 24 hours. A sustdti induced contrast artifact attri-
buted to the presence of MSCs was noted in 7/theftreated animals by fifth day.
which is compared to the absence of dark signadointrol heart (figure 2A).

Figure 2. A short axis view of a rat heart five days aftefaiction in control ratX)
and in rat injected with iron-labeled mesenchyntaims cellsB). The anterior wall
infarct (between the two arrows in B) is akineticdahas a signal intensity that is
33% lower than a healthy region of myocardium.



B. Ex vivo MRl reaults

Following euthanasia, MRI microscopy was perforneedthe rat hearts in order to
more precisely determine the location of the c@lsee-dimensional data sets were acquired
over a period of approximately 16 hours. Due to #mount of labor involved in
performing histology and immunohistochemistry, sgam through the 3D data to
locate tissue regions of interest improves thecieffty of tissue processing. An exam-
ple of a high-resolution 3D data set is shown gur 3 and 4.

Fgure 3. A comparison between tha vivo short axis image from figure 2B) and
the ex vivo higher resolution three-dimensionaladset of the same heds)( Note
the presence of the susceptibility artifact causgdthe presence of the iron- labeled
cells (arrows).



Fgure 4. Three-dimensional data sefg(can be used to guide tissue selection for
histology. Instead of blindly searching for celtee susceptibility artifact allows ex-
traction of tissue containing the iron-laden cel&ll nuclei are shown in blue, while

fluorescently labeled iron particles are showned ).

Eight rats were euthanized six weeks after surg€ells were detectable in the

infarct zone in 7/8 animals, as shown in figure 5.

Foure 5. A short axis view of a rat heart six weeks aftdargztion and the admini-
stration of iron-labeled mesenchymal stem celle @hterior wall infarct (between the
two arrows) is visibly darker than regions of Healtmyocardium. The susceptibility
artifact is present in every time frame of the camguisition.
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Using the 3D data sets to guide the histology, inohistochemistry was performed
on the hearts from these animals. Cells were d@eteby MRI and via histology in
seven of the eight animals. The tail vein cathberame dislodged during one of the
injections and it is possible that the bulk of ttells were injected in the subcutaneous
region of the tail, accounting for the absence alisdn the heart in one of the animals.

2. Histological results

Histology was used to confirm the presence of dellshe infarct area. A Prussian
Blue stain for iron is shown in figure 6. In suchsiin, iron shows up in blue and
normal tissue is shown in pink. A thin vein of blaells runs through the infarct. A
higher power view confirms the fact that the blymts are cells with iron filling
their cytoplasm.

Figure 6. A Prussian Blue stained sample of one of the didart days after surgery
and subsequent administration of MSCs. The preseh@®n is indicated by the blue
color and normal tissue shows up in pink. A thirnvef blue runs through the
infarct. A higher power view confirms the presemdeiron-laden cells.
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In general, cells localized to the infarct. Howevemall numbers were also seen in
slices more basal to the infarct; such cells werend clustered around the coronary
arteries on the left side of the heart, as showrdigare 7 and were absent around
the coronaries in the right side of the heart.

v T s e T g = h L )
o ki AT B p 0 el AT Y ol

Figure 7. The presence of iron-laden cells localized arotia left coronary artery in
slices significantly basal to the infarction (arrpwSimilar findings were not seen on
the right side of the heart.
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A. Ealy desmin expression

Cell nuclei were counterstained with DAPI and tledative engraftment of IFP-
labeled cells compared in infarcted and normal m@ughom (figure 8). The absolute
number of IFP-labeled cells within the infarct zomas significantly increased compared
to non-infarct zone (5,650+610/fmys. 7204290/mfA p<0.001). There was a significantly
higher IFP-labeled cell to total cell ratio withthe infarct zone compared to normal
myocardium (0.62 vs 0.16, p<0.001).

At sixth week, large numbers of MSCs were foundhe infarct zone, as shown in
figure 9. The majority of iron-labeled cells (orangae concentrated within the infarct
zone. Figure 9B reveals IFP-labeled cells coexpgesdesmin (green). However, such
cells are devoid, for the most part, of striatityysical of muscle tissue.

B Cell nuclei
B ITP-labeled cells

10,000

8,000

6,000

Counts per mm”

Infarct Healthy

Figure 8. A comparison between the number of iron-labelelts ¢a infarct vs. non-
infarct region six weeks after the procedure fagheianimals. Significantly higher
numbers of cells and cell nuclei are seen in tif@adh region (p<0.01).
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FHgure 9. (A) Representative confocal micrograph at sixth weskeals IFP-labeled
cells (orange) localized to the central infarct zaweexpressing desmin (green). Nuclei
are counterstained with DAPI (blueB)( High power view of the infarct zone showing
healthy striated cells with adjacent IFP cells xporessing desmin.

B. Early connexin-43 expresson

IFP-labeled MSCs began to express connexin-43xatwseks, as shown in Figure
9B. Although expression is seen at six weeks, tmnexin-43 did not resemble cohe-
rent gap junctions, as shown in a piece of heattigpcardium (figure 10A).

Figure 10. Connexin-43 expression in healthy myocardidh énd infarcted tissue at
sixth week B). Connexin-43 is shown in green, IFP label in geanand cell nuclei

in blue. Note that the iron-labeled cells exprdss ¢ardiac specific gap junction pro-
tein, connexin-43 (B).
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C. Lae desmin and connexin-43 expression

Eight animals were euthanized three months afteyesu After sacrifice, antibodies
against desmin and connexin-43 were applied t@seadf infarcted tissue. Cells containing
iron-fluorescent particles as detected by confoo@roscopy were found in 7/8 of the
hearts (figure 11) and were not noted in the congalup. In general, the cells
exhibited striations typical of skeletal and cardimuscle. Three-dimensional analysis
of the confocal images confirmed the presence oh iparticles within the cell
boundary. In addition, gap junctions were notedthe form of intercalated disks, as
shown in figure 12.

Figure 11. Desmin expression in infarcted tissue at third tmoDesmin is shown in
red, IFP label in green, and cell nuclei in bl (A high power view reveals stria-
tions similar to those found in muscle ceB$.(
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Figure 12. Connexin-43 expression by IFP-labeled cells thmemths after the pro-
cedure. Connexin-43 is shown in red, cell nucleibloe, and the iron particles in
yellow.

3. Cdl digtribution over time

While cell differentiation is of utmost importansghen looking to repair damaged
tissue through cell therapy, information pertaintogthe length of time that the cells
remain in the target organ is just as critical. éb&lv groups have reported that stem
cells injected within the core of an infarct do nm#rsist for more than a couple of
weeks’,

Following cell injection, histology confirmed thahe majority of cells were con-
fined to the infarct region, although small numbesese seen basal to the infarct, near
the coronary arteries. The numbers of cells inetbdfsom 745+230 per nimat 24
hours to 2,190+302 at five days to 5,650+610 at wbeks (figure 13). Maximal
engraftment of intravenously delivered MSCs wasechait six weeks. After six weeks,
there was a dramatic fall off in IFP-labeled celimer within the infarct.
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Foure 13. Quantification of cell engraftment over time. Theximum number of cells
was seen in those animals euthanized six weeks cafileinfusion. Although there were
far fewer cells in the infarct zone at third angthsimonth, those present phenotypically
resemble cardiomyocytes.

4. Ejection fraction anaysis

Results of the ejection fraction analysis are shewfigure 14 for 12 animals, seven
treated and five controls, out to sixth month. Whilone of the results are statistically
significant, a few generalizations can be madest,Fthe decrease in ejection fraction
of the treated animals was less than that of timtrals. In addition, at third and sixth
month, there was a trend for the treated animalextibit greater recovery of function
than that of the control group.
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Long Term Ejection Fraction Data
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Figure 14. Ejection fraction data for eleven animals over smonths. Dashed lines
denote animals receiving MSCs, while control arsiahve solid lines.

5. Cdl digtribution to other organs

While cells preferentially homed to the injured mgalium, they were also found
in large numbers throughout non-target organs. eBysally infused cells became
lodged in the lungs immediately following infusidmt tended to clear out after 48
hours in 4/4 animals examined. At this time posignificant numbers of cells were
also found in the liver and spleen but were notadbsent in the kidneys. Cells
persisted in the liver and spleen out to sixth wdmit were not noted at the third or
sixth month endpoints.
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V. DISCUSSION

Recent evidence of the ability of stem cells tcemegate myocardium has been greeted
with enthusiasm as well as a fair amount of skisptic Thus far, few studies have
demonstrated the capacity of various progenitoedypo migrate regions of injury.
Additionally, conventional stem cell studies laygekly on genetic labeling for stem
cell identification in postmortem analyses. Howgiendamental questions are extremely
difficult to be answered using these ex vivo teghes. For example, to determine the
bio-distribution of a graft, the entire organ muim sectioned and evaluated histolo-
gically. The present study demonstrates that mbeked, bone marrow-derived mesen-
chymal stem cells, when administered intravenoteslyat model of myocardial infarction,
home to sites of myocardial injury, which can ipevivo tracked by magnetic reso-
nance imaging, have the capacity to differentiate cells with cardiomyocyte pheno-
type expressing desmin and connexin-43 in spitebaifng labeled with iron micro-
particles, and contribute to functional improvemehtinfarcted heart.

Cell-based therapies to replace lost tissues ind#maged heart suggest a promising
approach for the treatment of cardiac diseaseder®itt cell types have been assayed
for their capacity to differentiate into cardiomyts. For instance, spontaneously contrac-
ting cardiomyocytes can easily be produced fromngmiz stem cellsin vitro®. These
cells can even colonize the adult heart and diffee into contractile tissugs’
However, ES cellderived cardiomyocytes resembléi@ayocytes of the primary heart
tube”’, and the risk of uncontrolled proliferation of ama cells, as well as ethical
reasons, is likely to reduce their wide use in apie§** Adult hematopoietic stem
cells, as well as stromal stem cells isolated frinm bone marrow and endothelial
progenitor cells, turn into cardiomyocytes undee #ppropriate culture conditidfis’
Furthermore, bone marrow (BM)-derived mesenchyman stells (MSCs) not only have
high proliferative and self renewal capabilitiegit f[tan also secrete a broad spectrum
of angiogenic cytokines and contain multipotentltagtem cell®*® In addition, MSCs
seem to lack immunogenecity, which may be a patefii allogeneic transplantatfn
Therefore, allogeneic BM-derived MSCs used in #iisdy would be the adequate cell
type for stem cell transplantation because of thmik of immunogenicity as well as
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relative ease of handling.

Homing, a process defined as migration of cellstamet tissues, of transplanted
stem cells to the injured sites is an essentigd Bteengraftment and maintenance of
regeneration. Adequate regulation of signaling &etwthe bone marrow, the peripheral
circulation and the infarcted myocardium is impairtén orchestrating the process of
mobilization, homing, incorporation, survival, pfetation and differentiation of stem
cells, that leads to myocardial regeneration. Alghothere are some proposed scenarios
for homing of stem cells to areas of tissue injullye basic concepts support the
view that there are circulating stem cells thatlacauriginate from a common pool in
bone marrow. This is further supported by findinat show that stem cells isolated
from skeletal muscle retain hematopoietic actiatyd are itinerant cells derived from
bone marroX> Various signaling factors like as SDF-1, G-CSEFSIL-8 and VEGF,
known for their mobilizing and chemotactic abiltieare expressed after myocardial
infarction in the setting of the pathophysiologidaaling process characterized with
TNF-q, IL-8, IL-10, HIF{3, VEGF, and G-CSF although these factors and exacha-
nisms for homing are poorly understood so*far

Actually, this study focused on tracking stem d#diming in vivo rather than loo-
king for the mechanism of it because the abilityntm-invasively track homing cells
in vivo, following either local injection or intramous administration, would provide
insights into many basic and practical questiorgarging these cell therapies. Hema-
topoietic progenitor cells have been labeled witamiorane dyes and recovered from
informative sites such as the marrow and spledowfiblg intravenous admini- stration
in murine models, but membrane dyes or other fgerg labels require tissue sampling
for detection, preventing real-time non-invasivacking, except at very low resolution
using new highly sensitive optical camétas Nuclear medicine techniques and PET
scanning are under active development, but likally never reach levels of sensitivity
and resolution necessary for detection of small wembers or localization of these
cells anatomically within orgaMs Magnetic resonance imaging (MRI) has the potential
to overcome these obstacles, by allowing serial-imeasive monitoring of adminis-
tered cell populations, if cells can be made ddtkctvia contrast agent Ioacﬁ?JgThe
ability to localize or track specific cell poputats in vivo via MRI has been pursued
intensively over the past decade. A number of mdiffe contrast agents have been
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developed, all predicated on loading cells withapaignetic or superparamagnetic com-
pounds. The first such experiments used fetal elis charvested from sheets of
cortical tissue. Initial techniques to facilitatedegenous cellular uptake of superpara-
magnetic iron oxide particles included targetingthe transferrin receptor via monoclonal
antibodies or liposomal coating and then membrar®ori, but neither resulted in
efficient enough uptake for in vivo tracking, arfgere was significant cellular toxicity
or impact on critical cellular characteristt® Small superparamagnetic iron particles
coated with dextran were taken up into cells via@oeytosis and allowed dynamic
tracking of loaded T cells to a site of inflammatin the rat testicle; this labeling

0% Using the same approach, oligoden-

enabled single cells to be detected vitr
drocyte precursors have been labeled with smalltratexsuperparamagnetic iron
particles and localized after infusion into the irbraf rat$>. Recently, transferrin
receptortargeted dextran-coated iron oxide nariolesrt were shown to have very
efficient cellular uptake and were used to follaw vivo migration of labeled oligo-
dendrocyte neural progenitor cells after injectioto rat spinal cords; 50,000 labeled
cells were injected at one site, and it is uncledsat minimum number of cells
localized in one area could be imaged using thistrast ageﬁf. Weissleder and
coworkers linked small dextran-coated fluoresceom ioxide particles to the 'tat' peptide
from the human immunodeficiency virus. This traostion signal increased uptake of
the particles up to 100-fold into lymphocytes arileo hematopoietic cells, compared
with particles without 'tdf. Human CD34 cells labeled with these particles could be
recovered from the marrow of immunodeficient miadlofving transplantation and
detected via MRI in bones of these animals aftenowal of the bone from the
whole mouse but notn vivo in real time following transplantation. Most rettgn
Bulte and coworkers have utilized a new contragintagermed a magnetodendrimer,
suspending iron oxide particles within a dendrimeatrix that is efficiently taken up
into cells and optimized for favorable magnetic perties for imaging; 50,000 neural
stem cells labeled with these particles could biectEd in vivo following injection
into the rat brain and used to track migration loé tcells for up to 6 weeks
Moreover, mixing ultra-small iron oxide particlestiwcommon lipofection agents has
enabled efficient labeling of stem cells and inovivacking in the brafd®

On the other hand, this study used fluorescent axide polymer particles, which
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offer several potential advantages for certain iegiins compared with previously
described agents. Single cells have been detettedra after labeling with iron oxide,
but this required very high resolutiéh® The large particles should enable the
presence of single cells to be detected at lowsplutons (20Qim) that can be
achieved in vivo. These particles are much larpan tother agents, with an average
diameter of 0.9 to 10m. Hinds et al. showed that these larger particlesited a
much greater magnetic moment within individual s;eihcreasing the likelihood that
in vivo imaging of single cells or very small numbeof cells will be possibT&
These particles were taken up very rapidly and Wwigh efficiency into all cell types
analyzed to date, with no apparent toxicity or iohpan bioactivity, despite dense
loading of the cells with large iron particles. Mover, the uptake of these particles
did not appear to impact on the proliferative difedéntiative potential of these cell
populations. As mentioned in results, iron-labed&Cs homed exactly to infarcted
myocardium after intravenous administration asyead 5 days after injection, which
could be in vivo tracked with MRI even though cellere found at other extracardiac
tissues like as lung spleen. Moreover, these sesudmpare favorably with a report
published by Ciulla, who found that bone marrow amutlear cells home to myo-
cardial injury after a myocardial freeze-thaw igfar However, the different method
of creating myocardial damage coupled with the féett cells were infused seven
days post-injury make direct comparison with ousults difficult. While the Ciulla
group only examined one time point, cells were ¢oun the spleen in addition to
the injured myocardium. Other groups performingilaimexperiments in swine models
of myocardial infarction have reported negativeultss highlighting the possibility that
the mechanisms behind homing are species-sﬁécimany chemokines and receptor
ligands are likely involved in the attraction anetention of stem cells to sites of
tissue damage. The tissue microenvironment of teathhas been shown to induce
the differentiation of many different cell typestanthose of a differentiated myocyte
phenotype.In vitro preparations have demonstrated that MSCs can aeedointo
forming beating myotubes when provided with theropate signafé‘. Indeed, it had
been shown that when treated with 5-azacytidingl @ansplanted directly into a
myocardial scar, MSCs reduce scar area, limit Vefttricular dilatation and increase
angiogenesfs Untreated MSCs were shown to have no signifiedieict. More recently,
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MSCs genetically engineered to produce the Aktlegamd transplanted into ischemic
rat myocardium were shown to reduce myocardiahnmihation in addition to completely
restoring normal cardiac function By these tracking results including this studyijsi
proposed that the ability of MRI to noninvasiveladk the migration of stem cells
over many time points will enable scientists toedmaine which cytokines are necessary
for this process to occur.

Desmin is the major intermediate filament protefnskeletal and cardiac muscle. It
serves to link Z-bands with the sarcolemma andntigenuclei of a cell. Connexin-43
is a cardiac specific membrane protein that formtercellular channels clustered toge-
ther at gap junctions. Such channels allow ions medsenger to pass from one cell
to its neighbors. Cells in a tissue must be coatelih so that growth, differentiation,
apoptosis, wound healing, and homeostatic contal lee maintained. One mechanism
for such control is through coupling of the cellghim a tissue via gap junctions. In
terms of embryonic development, it has been shban ftom day 13 onward, connexin-43
can be detected immunohistochemically in myocar7c?|ur|n this study, data indicate
that IFP-labeled cells within the infarct region-ee@ressed desmin and connexin-43
as early as 6 weeks after injection suggesting itjatted MSCs can differentiated
into cells with phenotype of cardiomyocytes. In igokd to differentiation, maturation
of these two structural proteins is noted at 3 hwrafter injection, that is, formation
of striation typical of muscle cell and coherenp ganction at 3 months after injection.
The possibility of this staining being an artifabifor cells overlapped by recipient
cardiomyocytes) can be ruled out because positd/staining could be observed on
consecutive 5-mm sections. If overlapping was resiple for this expression, multiple dual
positive staining would not have been observed. magority of studies using bone
marrow cells demonstrated cardiomyocyte differéotiain vivo, following transplanta-
tions in animals similar to this study. Transcopal profiles such as Nkx2.5, GATA-
4, or MEF2 will help understanding the necessanjeoutar regulation of cardiac
differentiation pathways. Recently, a clonal sulimpn of stem cells from adult
bone marrow developed features of cardiomyocytedotieelial cells and smooth muscle
cells after co-culture with cardiomyocytes, whichswpartly the result of fusifn In the
present study, we were unable to examine the quesfi fusion between donor and
host cells. Characterization of donor-derived cafislonger-term engraftment studies
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may shed light on these questions.

To determine whether these microscopic findings gme rise to functional com-
petence, left ventricle ejection fractions werelwtaed with MRI. There is a trend for
the MSCs-treated animals to exhibit greater regowdrsystolic function than that of
the control injected with only IFP devoid of MSCeee though the MRI parameters

are not statistically significant.
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V. CONCLUSION

Noninvasive imaging using MRI is very useful foadking systemically injected
MSCs labeled with iron-fluorescence particles, psipg that the response to stem cell
therapy can bén vivo monitored with this technigue. Additionally, thisudy demonst-
rated that homed MSCs can seed damaged myocardidnseem to differentiate into
cells with cardiomyocyte phenotype, which might reated to functional improvement
of infarcted heart. While there is the room to bled with much evidences and the
need to expand the scope of investigations, thiesknds should have exciting cli-
nical potential for unveiling the homing mechanisafisstem cells.
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