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ABSTRACT

Evidence suggests that transplantedmesenchymal stem cells (MSCs) can aid recovery of damagedmyo-
cardiumcausedbymyocardial infarction.OnepossiblemechanismforMSC-mediated recovery is reprog-
ramming after cell fusion between transplanted MSCs and recipient cardiac cells. We used a Cre/LoxP-
based luciferase reporter systemcoupled tobiophotonic imaging todetect fusionof transplantedhuman
pluripotent stem cell-derivedMSCs to cells of organs of livingmice. HumanMSCs,with transient expres-
sionofaviral fusogen,weredelivered tothemurineheartviaacollagenpatch.At2daysand1week later,
livingmicewere probed for bioluminescence indicative of cell fusion. Cell fusionwasdetected at the site
of delivery (heart) and in distal tissues (i.e., stomach, small intestine, liver). Fusionwas confirmed at the
cellular scale via fluorescence in situ hybridization for human-specific and mouse-specific centromeres.
Humancells inorgansdistal to theheartweretypically locatednear thevasculature, suggestingMSCsand
perhaps MSC fusion products have the ability to migrate via the circulatory system to distal organs and
engraft with local cells. The present study reveals previously unknownmigratory patterns of delivered
humanMSCsandassociated fusionproducts inthehealthymurineheart. Thestudyalsosets thestage for
follow-on studies to determine the functional effects of cell fusion in a model of myocardial damage or
disease. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1–10

SIGNIFICANCE

Mesenchymal stem cells (MSCs) are transplanted to the heart, cartilage, and other tissues to recover
lost function or at least limit overactive immune responses. Analysis of tissues after MSC transplan-
tation shows evidence of fusion between MSCs and the cells of the recipient. To date, the biologic
implications of cell fusion remain unclear. A newly developed in vivo tracking system was used to
identify MSC fusion products in living mice. The migratory patterns of fusion products were deter-
mined both in the target organ (i.e., the heart) and in distal organs. This study shows, for the first
time, evidence of fusion products at sites distal from the target organ and data to suggest that mi-
gration occurs via the vasculature. These results will inform and improve future, MSC-based
therapeutics.

INTRODUCTION

More than 715,000 Americans experience a new or
recurrent myocardial infarction annually, leading to
cell death in cardiac tissue distal to the lesion and
a progressive loss of cardiac function [1]. One prom-
ising therapy to recover or at least sustain cardiac
function is the delivery of mesenchymal stem cells
(MSCs) to the damaged myocardium [2–8]. MSCs
home to injured tissues [9, 10], and several mecha-
nisms forMSC-based recovery have beenproposed.
First, MSCs can differentiate into cardiac cells to re-
place the dead and damaged cells [11–14]. Alterna-
tively, the transplanted MSCs could act through
secretion of paracrine factors that limit immune
responses [15] and/or increase angiogenesis [10,
16–22]. A third possible mechanism is nuclear re-
programming via fusion between the MSCs and

cells of thepericardium,epicardium,ormyocardium
[23]. Recent studies haveuncoveredevidenceof cell
fusion between stem cells and cardiac cells [24–29].
However, the effect of cell fusion and subsequent
reprogramming on cardiac function at the cellular
and tissue scale is not well understood.

The biologic outcome of the fusion of stem
cells at the tissue and organ level has been even
more challenging to discern than at the cellular
scale owing to the difficulty in detecting and track-
ing fusion products in living organisms. To date, all
methods to assess fusion in vivo have relied on tis-
sue procurement and histologic analysis. For ex-
ample, to study the contribution of fusion of
bone marrow (BM)-derived cells to liver regenera-
tion, female mice expressing green fluorescent
protein (GFP) in all hematopoietic-derived cells
were used as bone marrow donors (GFP+ cells)
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for male mice with liver injury. Fusion in this case was defined as
binucleated, GFP+ cells with one Y chromosome observed in the
histologic tissue sections. The investigators showed that bone
marrow-derived hepatocytes had a unique gene profile relative
to both hematopoietic cells and hepatocytes of the host, suggest-
ing reprogramming after cell fusion [30, 31]. Cell fusion of bone
marrow-derivedhematopoietic cells and cardiomyocytes has also
been reported in vivo, albeit at a low frequency [23, 29, 32]. How-
ever, just as with the liver, these studies relied on tissue analysis
after sacrificing the host animal (thus limiting studies of the kinet-
ics and outcomes of fusion). Also, analysis has typically been per-
formed on the target organs and not the entire animal (thus
limiting knowledge of the potential breadth of cell fusion).

Lacking is amethod to accurately detect fusion in vivo in the en-
tire organism over time. To address this gap, we previously devel-
oped a molecular approach in which bioluminescence is induced
on fusion [28]. We use a construct encoding the firefly luciferase
(Photinus pyralis) gene adjacent to a floxed stop codon. When cells
expressing this gene fuse with cells expressing the Cre recombinase
protein, the LoxP sites are cleaved, excising the stop signal and
thereby allowing transcription of luciferase. To increase the fre-
quencyof fusion,we simultaneously transfected the cellswith a viral
fusogen, vesicular stomatitis virus (the glycoprotein, VSV-G), along
with the LoxP-luciferase reporter plasmid [33, 34]. Because biolumi-
nescence can be reliably detected in living organisms, an inducible
“living”detection signal is produced that can be tracked in real time.

In the present study, we used this Cre/LoxP-based molecular
approach to detect fusion of transplanted cells to cells of organs
of living mice. Using this approach, we found that human mesen-
chymal stem cells delivered to the murine heart via a collagen-
based patch can fuse after delivery and that hybrids formed in this
way can be detected in vivo in the target organ and in surrounding
organ systems. We confirmed the inducible fusion detection sys-
tem with fluorescence in situ hybridization (FISH) for human and
mouse centromeres and immunohistochemistry for human leuko-
cyte antigen (HLA-A,B,C).We report the potential of thismolecular
methodappliedtothe studyof fusion in livingorganisms,especially
with cellular transplantation. In addition,we show for the first time
the substantial dissemination of human mesenchymal stem cells
and human-mouse hybrid cells to the stomach and small intestine
after transplantation to a healthy murine heart. Follow-on studies
will investigate the functional effects of cell fusion in a small animal
model of myocardial damage or disease.

MATERIALS AND METHODS

Transgenic Mice

WeusedC57BL/6mice (JacksonLaboratory,BarHarbor,ME,http://
www.jax.org) (5 mice, Fig. 1) or transgenic mice that constitutively
express Cre recombinase (B6.C-Tg[CMV-cre]1Cgn/J; Jackson Labo-
ratory), such that deletion of LoxP-flanked genes occurs in all tis-
sues, including germ cells. The Cre gene is under transcriptional
control of the cytomegalovirus (CMV) minimal promoter and is
X-linked. The Cre sequence was introduced to BALB/cJ derived
BALB/c-Iembryonic stemcells (ESCs). The resultingmicewereback-
crossed to the BALB/cbackground for 8 generations and then back-
crossed to the C57BL/6J background for 10 generations [35]. Only
male Cre mice (4 mice, 2 months old) were used for Figures 2–6 in
the study owing to a false-positive signal detected when imaging
the female transgenic mice (data not shown).

Figure 1. Frequency of fusion after delivery of MSCs to infarcted
murine heart via TM collagen-based patch. (A): Representative op-
tical section (multiphoton microscopy) of human MSCs after 2 days
with the TM patch and stained for MSC marker CD105 (green) and
DAPI (blue). More than 95% of cells imaged were CD105 positive.
Regions with high intensity (CD105) indicate cells aligned with
planes other than the focal plane, perhaps indicative of cells migrat-
ing into the patch. Scale bars = 50 mm. (B):MSCs and vMSCs fused
withmurine cells in an infarcted heart after delivery via TM patch. A
significant increase was seen in the percentage of fusion products
present in the TM for untransfected MSCs (TM + MSCs), 22% 6
17% (10 images/area), compared with the TM only control with
no cells, 2% 6 2% (10 images/area). p, p , .05. The percentage
of fusion products present in the BorderZone also increased for
untransfectedMSCs (14%6 9%, 10 images/area), but it was not sig-
nificantly different than that for the TM only control (0.2%6 0.5%,
10 images/area). The percentage of fusion products in the TM and
BorderZone increased (albeit not significantly) to 24% 6 16% and
23% 6 15% when the MSCs were transfected with VSV-G (TM +
vMSC) before delivery (10 images/area). pp, p, .01 compared with
the TM only control. No significant difference was found between
the TM control and both MSC and vMSCs in the unhealthy heart
and healthy heart regions. All percentages represent 10 randomly
selected images for each region in the tissue sections. (C):Represen-
tative images of murine heart after transplantation stained for hu-
man (red) and mouse (green) centromeres using fluorescence in
situ hybridization. Top row: A field of view from the TM patch. Bot-
tom row: A field of view from the BorderZone between the TM and
infarcted myocardium. Scale bars = 50 mm. Abbreviations: Border-
Zone, area between patch and myocardium; DAPI, 49,6-diamidino-
2-phenylindole; MSCs, mesenchymal stem cells; TM, TissueMend;
vMSCs, VSV-G-transfected MSCs.
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Cell Culture

Human MSCs derived from human embryonic stem cells (hMSCs
fromWA-01 orWA-09 [Fig. 1], a gift fromDr. Peiman Hematti, Uni-
versity of Wisconsin-Madison, Madison, WI) were expanded and
cultured,aspreviouslydescribed [36]. Inbrief,hMSCswerecultured
on a 0.1% gelatin (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) pretreated flask containing a-minimum es-
sential medium (MEM)-complete. a-MEM-complete consisted
of a-MEM (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com), 10% fetal bovine serum (HyClone Laboratories, Logan,
UT, http://www.hyclone.com), 0.1 mM nonessential amino
acids (Invitrogen), and 2mML-glutamine (Invitrogen). hMSC cul-
tures were allowed to grow to 60%–70% confluence and were
replated at a concentration of 1,500 cells per cm2. These human
ESC-derivedMSCs have cell surface markers, differentiation po-
tential, and immunologic properties in vitro that are similar to
those of adult BM-derived MSCs [36].

Gene Transfer

hMSCs were transiently transfected with viral fusogen VSV-G [24,
37] to promote cell-cell fusion. In addition, they were simulta-
neously transfected with the luciferase gene adjacent to a floxed
stop codon (p231 pCMVe-betaAc-STOP-luc; Addgene, Cambridge,
MA, https://www.addgene.org) [28]. Transfection was accom-
plished using the Neon Transfection System (Invitrogen), as previ-
ously described [38].All recombinantDNAresearchwas conducted
according to NIH guidelines and in accordance with the University
ofWisconsin-Madison and University ofMinnesota-Twin Cities in-
stitutional biosafety committees.

Myocardial Infarction and Cell Delivery

Mice underwent an infarction procedure by left coronary artery
ligation (Fig. 1), such as is routinely performed at theUniversity of
Wisconsin Cardiovascular Physiology Core Facility [28, 39, 40]. All
animal procedureswereperformed in accordancewith the guide-
lines of the American Association for Laboratory Animal Science
and the University of Wisconsin-Madison Animal Care and Use
Committee.

Delivery of Transfected hMSCs via the TissueMend
Matrix to the Murine Myocardium

Cotransfected hMSCs were delivered to the myocardium of mice
2 days after infarction (Fig. 1) or to a healthy heart (Figs. 2–6) via
a collagen patch (TissueMend; TEI Biosciences, Boston, MA,
http://www.teibio.com), as previously described [24, 39]. Tissue-
Mend matrices (23 23 0.8 mm) were placed in a 24-well plate
(Falcon; Thermo Fisher Scientific, Pittsburgh, PA, http://www.
thermofisher.com) and hydrated with a-MEM-complete culture
medium. After electroporation, hMSCs were seeded on the Tis-
sueMend sections at a concentration of 13 106 cells permilliliter
(Fig. 1A). The medium was changed at 24 and 48 hours, at which
point the TissueMend matrix, containing ∼1 3 105 transfected
hMSCs, was attached to the myocardium with a single suture
(7-0 Prolene; Ethicon, Johnson & Johnson, New Brunswick, NJ,
http://www.ethicon.com) at each corner of the matrix. A matrix
was placed such that it was in contact with both the infarct and
the peri-infarct regions of the myocardium (Fig. 1) [24, 39]. In
the follow-up study, twomatrices were placed on a healthy, non-
infarcted mouse heart such that they were in contact with the
myocardium (Figs. 2–6).

Bioluminescence Imaging

Recipient mice constitutively expressed Cre recombinase; there-
fore, when transplanted human MSCs fused with cells of the re-
cipient, the LoxP sites were cleaved, and the stop signal was
excised, allowing expression of luciferase. Luciferase expression

Figure 2. Detection of cell fusion in living mice. (A): Average biolumi-
nescent radiance (p s21 cm22 sr21) of the chest and abdomen of mice
receivingMSCs 2 and 8 days after transplantation to the heart. (B): Rep-
resentative IVIS imaging of one control and two treatedmice (Mouse 1,
Mouse 3). (C): Average bioluminescent radiance (p s21 cm22 sr21) of
heart, stomach, small intestine, liver and kidney (n =4mice). Signal from
heart, stomach, and small intestine was significantly higher than
that of corresponding control organs and kidney tissue of treated
mice (pp, p , .01, p, p, .05). (D): Representative images for each
organ. From top to bottom: photograph, bioluminescence emission,
overlay. Scale bar = 10mm. Abbreviation: p s21 cm22 sr21, photons
per second per cm2 per steradian.
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Figure 3. Frequency of fusion after delivery of vMSCs to healthy, noninfarcted, murine myocardium via TM collagen-based patch. vMSCs
fused with recipient cells in the murine heart after delivery via TM patch. (A): Significantly more fusion products were detected in the TM
patch and BorderZone than in the healthy heart distant from the patch (pp, p, .01). (B): Bright field cross section of the heart. (C): Fluo-
rescence in situ hybridization images are stained for mouse centromeres (green), human centromeres (red), and nuclei (blue). Represen-
tative fusion products, defined as dual color fluorescencewithin individual nuclei, are designatedwith a white arrowhead. Insets: Magnified
views of representative fusion products. Background signal in the healthy heart resulted fromautofluorescence of cardiac sarcomeres; left in
place intentionally to appreciate the position of the fusion products relative to the healthy myocardial tissue. Scale bar = 50 mm. (D): Im-
munohistochemistry for HLA-A,B,C (green) and nuclei (blue). Scale bar = 50 mm. Abbreviations: BorderZone, area between patch and myo-
cardium; BZ, BorderZone; DAPI, 49,6-diamidino-2-phenylindole; MSCs, mesenchymal stem cells; Myo, myocardium; TM, TissueMend;
vMSCs, VSV-G-transfected MSCs.
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was detected 2 and 8 days after cell transplantation in living mice
using an in vivo illuminessence system (IVIS) (IVIS Spectrum; Cal-
iper Life Sciences, Hopkinton,MA, http://www.caliperis.com) im-
aging system, as previously described [28]. The average radiance
was determined by measuring the emitted photons per second
per cm2 per steradian of each organ using the Living Image In
Vivo Imaging Software (PerkinElmer, Life and Analytical Scien-
ces, Waltham, MA, http://www.perkinelmer.com).

Optical Analysis of Heart/Tissue Explants

Murine hearts, stomachs, small intestines, livers, and kidneys were
harvested 8 days after matrix implantation to determine the inci-
dence of fusion at the cellular level. After excision, the hearts were
bisected longitudinally through the matrix, and the other organs
werebisected longitudinally near the site of thebioluminescent sig-
nal. The tissueswere immediately placed into 10% buffered forma-
lin (pH 7.2; Thermo Fisher Scientific) for 24 hours, followed by 24
hoursof fresh10%buffered formalin, anda final24-hour incubation
in 70% ethanol. The samples were further processed for paraffin
embedding and sectioning, as previously described [41]. A tissue
digestion kit with an all human centromere probe (Platinum-
Bright550) and all mouse centromere probe (PlatinumBright495;
Kreatech Diagnostics, Amsterdam, The Netherlands, http://www.
kreatech.com) was used to perform FISH on the sections [24].
The samples were processed by the Cytogenetics Laboratory
(WiCell Research Institute, Madison, WI, http://www.wicell.org),

according to the manufacturer’s protocol. In brief, slides with
paraffin-embedded sections were baked for 4 hours at 56°C. The
specimens were incubated with pepsin (Thermo Fischer Scientific)
for 70 minutes for tissue digestion before sequential hybridization
of the human probe followed by themouse probe. After hybridiza-
tion, the slides were stained with 49,6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich). Images were acquired with a 603 UPlan-
SApo (NA=1.35Oil), DAPI, green, andorange filters, on anOlympus
BX41upright fluorescencemicroscope (Olympus,CenterValley,PA,
http://www.olympusamerica.com), and analyzed with FISHView,
version 5.5, software (Applied Spectral Imaging, Vista, CA, http://
www.spectral-imaging.com). In the studies with myocardial infarc-
tion (Fig. 1), 3 different hearts were stained with FISH, and 10
images per region were analyzed (∼40–150 cells per image,
depending on the heart region). The control mice received either
theTissueMendpatch(withoutcells) or theTissueMendpatchwith
untransfectedMSCsafter inductionof infarction, asdescribed in the
preceding section. In the cases withoutmyocardial infarction, 3 dif-
ferent hearts were stainedwith FISH, and 6 images per regionwere
analyzed (∼20–100 cells per image, depending on theheart region).
The small intestine and stomach from the mouse with the greatest
abdominal bioluminescence emission were stained with FISH, and
at least 8 images per organ were analyzed (∼100 cells per image).
Fusion events were defined as nuclei with positive staining for both
human centromeres (red) andmouse centromeres (green). The fre-
quency of fusion was quantified for each image and defined as the
number of fusion events divided by the total number of nuclei and
reported as a percentage (% fusion products).

Figure 4. Detection of fusion products in the murine small intestine
using fluorescence in situhybridization (FISH). Fusionproducts (white
arrowhead) and unfused human cells (white arrow) were detected in
themurine small intestineusing ahumancentromereprobe (red) and
a murine centromere probe (green). (A): Bright field cross section of
the small intestine. (B): FISH images are stained for mouse centro-
meres (green), human centromeres (red), and nuclei (blue). Insets:
Magnified views of representative fusion products. Scale bar = 50 mm.
(C): Immunohistochemistry for HLA-A,B,C (green) and nuclei
(blue). Scale bar = 50 mm. Abbreviations: DAPI, 49,6-diamidino-2-
phenylindole; HLA, human leukocyte antigen.

Figure 5. Detection of fusion hybrids in the murine stomach using
fluorescence in situ hybridization (FISH). Fusion products (white ar-
rowhead) and unfused human cells (white arrow) were detected in
themurine stomachusing ahumancentromereprobe (red) andamu-
rine centromere probe (green). (A): Bright field cross section of the
stomach. (B): FISH images are stained for mouse centromeres
(green), human centromeres (red), and nuclei (blue). Insets: Magni-
fied views of representative fusion products. Scale bar = 50 mm. (C):
Immunohistochemistry for HLA-A,B,C (green) and nuclei (blue). Scale
bar = 50 mm. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole;
HLA, human leukocyte antigen.
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For immunohistochemistry (IHC) analysis, organ sections were
deparaffinized by incubating at 60°C for 1 hour and then washed
for 6minutes in Xylene twice. The sectionswere rehydrated by dip-
ping the sections 15 times each in 100% ethanol, 100% ethanol,
95%ethanol, and, finally, ultrapurewater. Antigen retrieval was ac-
complished by incubating the sections for 20 minutes at 37°C in
0.5% pepsin (Thermo Fischer Scientific) in 5 mM HCl. The sections
were removed and allowed to cool for 10 minutes at room tem-
perature. The sections were rinsed in 13 phosphate-buffered
saline (PBS) twice for 3 minutes. The sections were incubated with
1:10 dilution of unconjugated AffiniPure Fab fragment goat anti-
mouseIgG(H+L) (Jackson ImmunoResearchLaboratories, Inc.,West
Grove, PA, http://www.jacksonimmuno.com) in PBS for 1 hour at
room temperature. The sectionswere rinsed again in 13 PBS twice
for 3 minutes. A 1:50 dilution of the anti-HLA-A,B,C (EMR8-5; MBL
International Corp., Woburn, MA, http://www.mblintl.com) anti-
bodyora1:25dilutionofanti-vonWillebrand factor (F8/86,Thermo
Fisher Scientific,Minneapolis,MN, http://www.thermofisher.com)
wasmadewithdilutionbuffer containing5%bovine serumalbumin
(HyClone), 2% goat serum (MPBiomedical, Solon, OH, http://www.
mpbio.com), 1%glycine (Sigma-Aldrich), and0.1% triton-X (MPBio-
medical). Next, 40 ml of this antibody solution was placed on each
tissue section overnight at 4°C. The sections were washedwith 13
PBS and incubated for 45 minutes at 4°C with 40 ml of a 1:200 di-
lution of the secondary antibody (AF647 goat anti-mouse; Invitro-
gen) in dilution buffer. The sectionswere washedwith 13 PBS and
mounted using 1,4-diazabicyclo[2.2.2]octane (Dabco)/DAPI solu-
tion composed of 5% Dabco (Sigma-Aldrich) and 0.01% DAPI
(Sigma-Aldrich) in amixture of 50% glycerol (Thermo Fischer Scien-
tific) and 50% 23 PBS on a microscope coverslip sealed with nail
polish. Fluorescence emission was detected using an IX71 inverted
deconvolution fluorescence microscope (Olympus). The images
were acquired with a 203 UPlanFluor objective (NA = 0.5), using
Slidebook software (Intelligent Imaging Innovations, Denver, CO,

http://www.intelligent-imaging.com) and analyzed using ImageJ
(Fiji; open source software, http://pacific.mpi-cbg.de/wiki/index.
php/Fiji).Background fluorescencewasdeterminedusingasecond-
ary antibody-only control.

To confirm that theMSCs retained their phenotype after seed-
ing onto the TissueMend patch and before transplantation, the
MSCs were seeded onto TissueMend patches at a concentration
of 1 3 106 cells per milliliter and allowed to attach overnight.
The medium was changed at 24 and 48 hours, at which point,
the cells were fixed with 4% paraformaldehyde for 15 minutes
and then washed twice with 13 PBS. A 1:25 dilution of goat
anti-CD105 (GKY02; R&D Systems, Minneapolis, MN, http://
www.rndsystems.com) was made with dilution buffer containing
5% bovine serum albumin (HyClone), 2% goat serum (MP Biomed-
ical), 1% glycine (Sigma-Aldrich), and 0.1% triton-X (MP Biomedi-
cal). Next, 200 ml of this antibody solution was placed on the
patches seeded with MSCs overnight at 4°C. The patches seeded
withMSCswerewashedwith13PBSand incubated for45minutes
at 4°C with 200 ml of a 1:200 dilution of the secondary antibody
(AF488donkeyanti-goat; Invitrogen) indilutionbuffer. Thepatches
seeded with MSCs were washed with 13 PBS and stained with
Dabco/DAPI solution. Fluorescence emission was detected using
a multiphoton fluorescence microscope (Prairie Technologies,
Madison,WI, http://www.prairie-technologies.com). Imageswere
acquired with a 403 objective (NA = 0.80), using Prairie View, ver-
sion 5.0, software and analyzed with ImageJ. Background fluores-
cence was determined using a secondary antibody-only control.

Statistical Analysis

Statistical analyseswere performed using analysis of variancewith
Tukey’s honest significant difference post hoc test for multiple
comparisons or Student’s t test for 2 independent samples;
p, .05wasconsideredsignificant.DatawereanalyzedwithSigma-
Plot (Systat Software Inc, San Jose, CA, http://www.systat.com).

Figure6. Detectionof fusionproducts near the vasculature in themurine stomach. Fusionproducts (white arrowhead)weredetected adjacent
to the vasculature in the murine stomach using a human centromere probe (red) and a murine centromere probe (green) and an antibody for
vWF, a marker for endothelial cells. (A): Bright field cross section of the stomach. (B): Immunohistochemistry for vWF (red) and nuclei (blue).
Scale bar = 100mm. (C): Fluorescence in situ hybridization staining formouse centromeres (green), human centromeres (red), and nuclei (blue).
Insets: Magnified views of a representative fusion product near a blood vessel (dashed line). Scale bar = 50 mm. Abbreviations: DAPI, 49,6-dia-
midino-2-phenylindole; vWF, von Willebrand factor.
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RESULTS

Fusion of MSCs Occurs Both Spontaneously and With
the Aid of Viral Fusogens After Transplantation to the
Murine Heart

Previously, we showed that fusion of transplantedMSCs with recip-
ient cells occurs spontaneously in themurine heart [24]. In the pres-
ent study, amyocardial infarctionwas induced in C57BL/6mice and
then treatedwith either a TissueMendpatchwithout cells (TMonly)
oraTissueMendpatchwithhumanMSCs(TM+MSCs).MSCsseeded
on the patch and incubated for 2 days before transplantationmain-
tainedexpressionofCD105(.95%ofcells imaged;Fig.1A).Themice
were sacrificed after 3 weeks, and the heart of each was fixed
and sectioned. The histologic sections were probed using FISH for
human-specific andmouse-specific centromeres, and all nuclei con-
taining both probes were considered fusion products. Fusion prod-
ucts were identified in the TissueMend patch, BorderZone (area
between patch andmyocardium), unhealthy heart (the infarct scar),
andhealthy heart (areas distant from the infarct). Recently,we have
conducted amore comprehensive quantitative analysis of these tis-
sues by systematically counting 10 images, selected randomly for
each region. In each region, the percentage of fusion products
was determined by dividing the number of fusion products by the
total number of cells imaged. We detected substantial numbers
of fusion products in the TissueMend patch group, (TM + MSCs,
22% 6 17%), relative to the TM only control (2% 6 2%, p , .05;
Fig. 1B; supplemental online Table 1). A similar result was observed
in the BorderZone group (TM +MSCs, 14%6 9%; TM only, 0.2%6
0.5%). Representative images of the TissueMend and BorderZone
regions can be seen in Figure 1C (inset shows magnified view).

In the same study, we questioned whether transfection of
MSCs with the fusogen of the vesicular stomatitis virus (VSV-G)
before transplantation augments fusion. The percentage of fu-
sion products in the TissueMend patch and BorderZone was
higher (although not statistically significantly higher) with addi-
tion of the fusogen (24% 6 16% and 23% 6 15%; Fig. 1B; sup-
plemental online Table 1). Because of this augmented analysis of
tissues from previous studies and in an effort to realize as much
cell fusion as possible in a healthy mouse model, we elected to
implement our in vivo tracking method using MSCs transfected
with the VSV-G viral fusogen. The present study could have been
conducted without the fusogen (just as is the case for most pre-
clinical and clinical MSC grafts).

Cell Fusion Can Be Detected at the Delivery Site and at
Distal Organs in Living Mice

To test the hypothesis that cell fusion between hMSCs and cells of
the heart occurs and can be detected in living animals, we trans-
planted hMSCs expressing viral fusogen VSV-G and floxed luciferase

to the healthy murine myocardium. To determine whether trans-
planted cells could fuse with the cells of the ventricle and persist
for at least 1 week, live animal imaging for bioluminescence (and
therefore cell fusion)was conducted at 2 and 8 days after transplan-
tation.Bioluminescencewasdetectedboth inthechest regionand in
the mid/lower abdomen (Fig. 2A, 2B), suggesting the transplanted
cells could fuse with the recipient cells both in the heart (chest
region) and in organs distal to the heart (abdominal region). The
average radiance was unchanged or increasing from 2 to 8 days,
suggesting either that fusion can occur over an extended period
or that cells that fuse early after transplantation are capable of
proliferation. A similar increase in average radiance owing to MSC
proliferation in vivo has recently been shown to occur in mice
who received MSCs injected subcutaneously [42].

At 8 days, the bioluminescence peaked before decreasing
(supplemental online Fig. 1); therefore, the mice were euthanized,
and the heart and organs in the vicinity of the bioluminescent signal
were extracted and imaged independently. A distinct biolumines-
cent emission was detected in the excised heart of all (n = 4) mice
receiving transplanted cells (2,090 6 1,008 photons per second
per cm2 per steradian [p s21 cm22 sr21]; p , .05 compared with
the average radiance in nonbioluminescent organs [e.g., kidney];
Fig. 2C, 2D). Bioluminescence was also detected in the stomach
and small intestine of the transplanted mice, at levels similar to
that observed in the heart. The stomach had the highest emission
(3,6736 996.8 p s21 cm22 sr21), and the small intestine emission
was slightly lower (2,723 6 590.6 p s21 cm22 sr21; n = 4 mice;
p , .01, compared with average radiance in nonbioluminescent
organs [e.g., kidney]). Some of the mice receiving cell transplants
also exhibited low levels of bioluminescence in the liver (1,149 6
119.0 p s21 cm22 sr21; n = 4; not significant comparedwith average
radiance in nonbioluminescent organs [e.g., kidney]). Other distal
organs exhibited no bioluminescence (e.g., kidneys, spleen, and
lungs) andwerenotexcised forquantification.However, thekidneys
wereusedasanegativecontrolorganforcomparison(399.46102.1
ps21cm22sr21).Thedetected luciferaseactivity isa reflectionof the
number of cells expressing luciferase and therefore a reflection of
the relative number of cell fusion events.

Confirmation of hMSC-Mouse Cell Fusion at the
Cellular Level

To assess fusion at the cellular level, FISH was used to distinguish
the centromeres of the donor (human) from those of the recipient
(mouse).Cellsexhibitingfluorescencesignals indicativeofbothhuman
andmouse centromeres were considered fusion products. Using this
criterion, the fusion products were detected and quantified in organs
emitting a bioluminescent signal. In the heart, the fusion products
were 52% 6 24% of the total cells imaged in the collagen patch
(n = 17 fields of view containing fusion products of interest, 358 total

Table 1. Frequency of fusion in organs and tissues of mice after transplantation of mesenchymal stem cells expressing viral fusogens

Organ
Fusion products of

total cells (%)
Unfused human cells of
total human cells (%)

Fusion products of
total human cells (%)

Heart, TissueMend 52%6 24% 7% 6 8% 93%6 8%

Heart, BorderZone 44%6 27% 9% 6 9% 91%6 9%

Heart, healthy heart 3%6 5% 0% 6 0% 100%6 0%

Stomach 5%6 5% 12.5%6 28% 87.5%6 28%

Small intestine 11%6 5% 7.1%6 11% 92.9%6 11%

Abbreviations: BorderZone, area between patch and myocardium; healthy heart, areas distant from the infarct.
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cells) and 44%6 27% of total cells imaged in scar-like tissue (Border-
Zone)betweenthe patch and damagedmyocardium (n = 17 fields
of view containing fusion products of interest, 1,693 total cells;
Fig. 3A; Table 1). A few fusion products were localized to the
healthy heart (3%6 5% of total cells imaged, n = 4 fields of view
containing fusion products of interest, 553 total cells). The back-
ground fluorescence signal (green) in the healthy heart image
resulted fromautofluorescence of the cardiac sarcomeres (cyto-
plasmic), which did not interfere with the nuclear staining of
the centromeres (Fig. 3C). The result was not a function of the
TissueMend delivery vehicle, because similar results were
obtained after a bolus injection of VSV-G-transfected MSCs di-
rectly to the myocardium (supplemental online Fig. 2).

Thesmall intestineexhibitedextensive fusion (11%65%of total
cells imaged, n = 8 fields of view containing fusion products of inter-
est, 880 total cells), withmost of the fusion products localized to the
laminapropria of the villi (34%618%of the cells in the laminaprop-
ria, 222 total cells; Fig. 4; Table 1). No fusion productswere detected
in the epitheliumof the small intestinal villi (n = 72 villi). Unfused hu-
man cells were seen in the small intestine (7.1% of human cells
detected via FISH, n = 8 fields of view, 98 total human cells). In
the stomach, the fusion products were 5% 6 5% of the total cells
imaged (n = 14 fields of view containing fusion products of interest,
913 total cells), and the fusion products were primarily detected in
regions close to the vasculature (Figs. 5, 6; Table 1). Unfused human
cells were seen in the stomach (12.5% of human cells detected via
FISH, n = 14 fields of view, 32 total human cells). These results con-
firmed the bioluminescent emission detected in the live animals in
a variety of organs.

HLA-A,B,C Expressing Cells Are Detected at the Delivery
Site and Distal Organs

To further confirm the translocation of humanMSCs from the site
of delivery (the heart) to the small intestine and stomach, IHCwas
conducted with an anti-HLA-A,B,C antibody. Using this method,
human cellswere found in tissues harboring abioluminescent sig-
nal (Figs. 3D, 4C, 5C). Just aswith the FISHanalysis in theheart, the
human cells were concentrated in the collagen patch and in the
scar-like tissue between the patch and damaged myocardium.
The small intestine proveddifficult to probeowing to the high lev-
els of autofluorescence. However, a few human cells expressing
high levels of HLA-A,B,C (at an intensity level greater than the
background)weredetected in the laminapropria. In the stomach,
the human cells were observed in regions near blood vessel-like
structures, similar to what was seen in the FISH analysis. These
results further confirmed the movement of human MSCs from
the mouse heart to the small intestine and stomach.

Detection of Fusion Products Near the Vasculature in
the Murine Stomach

To test whether the observed fusion products were located near
blood vessels in a distal organ, the stomach was stained with an
anti-von Willebrand factor (vWF) antibody, a marker for endothe-
lial cells. By staining a stomach section adjacent to the section used
for FISH analysis, the location of the fusion products relative to the
blood vessels could be ascertained. Fusion products were usually
found near the vWF-positive cells (Fig. 6). One fusion product
(Fig. 6, inset) was located directly next to a blood vessels (Fig. 6,
dashed line). This result supports the possibility that human cells
or human cell hybrids transit via the vasculature to distal organs.

DISCUSSION

In the present study, we took advantage of a Cre/LoxP-based mo-
lecular approach todetect fusion of hMSCs after transplantation to
the heart. Thus, wewere able to determine the presence of fusion
in the heart and in other tissues and organ systems of the mouse.
We found (a) fusion of hMSCs with cells of themouse can occur at
the delivery site and at distal organs; (b) fusion is not a prerequisite
nor does it appear to hinder movement of hMSCs away from the
delivery site, becauseunfusedhumancellswere found in the stom-
ach and small intestine; and (c) fusion products in the distal organs
were localized around the vasculature. This is the first study to spe-
cifically track fusion of MSCs after transplantation and to do so at
the whole organism scale.

Migration ofMSCs has been indentified in studies conducted to
monitorhomingandengraftmentofMSCs.MSCmigration indisease
models or injured tissue has been reported in tumors [43], arthritic
joints [44], middle cerebral artery occlusion [45], andmyocardial in-
farction [46,47]. In adiseasemodel forChagasdisease,whichaffects
heart function,MSCs injected intravenouslymigratedtoa limitedde-
gree to the heart and to a greater extent to the liver, lungs, and
spleen [48]. Similarly, other studies have shown that most of MSCs
injected to the venous system were found in the liver, lung, and
spleen [47, 49].We also observed hMSC fusion products in the liver,
although most hMSC fusion products were detected in the heart,
stomach, and intestine. This difference from previous studies could
reflect the deliverymethod or that transplanted cells expressed a vi-
ral fusogen. In our study, hMSCs were delivered on a myocardial
patch rather than through the intravenous injection used in other
studies. hMSC fusion products in the heart were found primarily
in the collagen patch and in scar-like tissue between the patch
and damagedmyocardium.Homing of hMSCs or hMSC fusion prod-
ucts of our study could also have been affected by the expression of
fusogen, VSV-G. The fusogenmight enable fusion of hMSCswith cir-
culating cells, thereby altering theirmigratory properties and subse-
quent tissue targets.Also,ouranalysisof tissuesections followedthe
detection of fusion at the organ level. Thus, it is possible wemissed
organs that contained only human cells or that contained fused hu-
man cells at levels too low to detect using our approach.

Interestingly, the hMSC fusion products in organs distal to the
heart (i.e., stomach and small intestine) were found primarily
near the vasculature, suggesting that blood vesselswere the likely
path for mobility. Another possibility is that hMSCs remained in
the tissues in which the fusogen was most likely to be active
(pH ∼5.5) and therefore most likely to fuse with the recipient
cells. Similarly, the proximity of cells of the stomach to acidic di-
gestion conditions could also have activated the fusogen, stimu-
lating fusion. Yet unclear is whether hMSCs fuse with cells of the
murine heart and then migrate or migrate first to then fuse with
cells of the distal tissues. Unfused hMSCs were detected in the
stomach and small intestine, suggesting that hMSCs can migrate
to and infiltrate the distal organs without fusion. Also unclear is
what cell type or types of the recipient serve as fusion partners.
Possible candidates include those previously reported to fuse
with transplanted MSCs, including cardiomyocytes of the heart
[23, 29, 32] and hepatocytes of the liver [30, 31]. In addition,mac-
rophages might fuse with transplanted MSCs, because they have
well-defined fusion machinery used to fuse with other macro-
phages for the formation of giant cells [50].

The detection of fusion products was made possible by com-
bining an inducible, Cre/LoxP-basedmolecular strategywithwhole
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animal imagingusingthe IVISsystem.TheCre/LoxPsystemuses the
enzyme Cre recombinase, which only cuts at LoxP sites, to excise
the floxed stop codon from the LoxP-luciferase construct, thus
expressing the reporter only when both the Cre recombinase en-
zyme (mouse cells) and LoxP-luciferase plasmid (hMSCs) are pres-
ent in the same cell. This inducible method ensures detection of
only true fusion products (and their progeny) both in vitro and
in vivo. Also, the IVIS systemallows imaging of bioluminescence in-
tensity of the entire animal, not just the regions of interest. We
used this macro scale imaging technology to detect fusion in loca-
tions thatwerenot necessarily expectedafterdelivery ofour trans-
fected cells. In addition, imaging was conducted while the animal
was still alive,making imaging at successive time points possible. A
more in-depth study of the kinetics of fusion in vivo will be an im-
portant next step in applying this approach. In the present study,
the LoxP-luciferase plasmid was expressed transiently; thus, the
signalwas lostoncetheplasmidhasdegradedwithin thecell,which
occurs∼1 week after transfection. If the LoxP-luciferase construct
was redesigned to be expressed for a longer period or if it were in-
corporated into the genome, the kinetics experiment could beper-
formed to examine long-term survival (.1week) andmigration of
the fusion products.

The Cre/LoxP-based approach and the IVIS system are limited.
First, the inducible Cre/LoxP system detects only true fusion prod-
ucts; however, the generation of a signal requires time to remove
the stop codon and then transcription and translation of the re-
porter gene. This temporal delay prevents detection of fusion im-
mediately after the event. Thus, the actual frequency of cell fusion
is likely to be underrepresented in our findings. Second, the detec-
tion limit of the IVIS system for internal organs, including the heart,
is ∼10,000 cells [28]. The resolution limit makes finding very rare
events nearly impossible. For example, hMSC fusion products
might have been present in other distal organs in themouse; how-
ever, if the threshold were not greater than the background level,
fusionwould be undetectable. Recent developments in the field of
live animal imaging could help address this limitation. For example,
a 100-fold stronger synthetic luciferase substrate has been engi-
neeredthat increases thesensitivityof thesystemandtheoretically
decreases the detection threshold to less than 100 events [51].

CONCLUSION

The results of the present study establish the efficacy of using
a bioluminescent Cre/LoxP system, in conjunctionwithwhole an-
imal imaging, to examine cell fusion after transplantation in live
animals. Not only were we able to detect fusion events in live
mice, our results suggest that hMSCs, and possibly hMSC fusion

products, have the ability to migrate to distal organs and engraft
with local cells. This knowledge is important for the clinical trans-
plantation of hMSCs, because it appears hMSCs can home, reside,
and possibly fuse in unanticipated organs of the recipient. This
could cause potential complications in patients. Similarly, al-
though cell fusion occurs at a lower level without a fusogen,
hMSCs are able to spontaneously fuse with other cells [52, 53];
therefore, additional information about cell fusion and its role
in regeneration is essential when assessing the clinical potential
andpossible sideeffects of cell transplantation. Theworkwehave
presented provides not only additional insights into MSC cell fu-
sion and translocation but also establishes a technological plat-
form for additional study of cell fusion in vivo with other types
of cellular grafts. These results also provide a rationale for future
studies to determine how hMSC fusion products affect the func-
tional profile of a diseasedmurine heart and themechanisms that
govern the functional capacity of fusion products.
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