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Abstract

Background—Recent results from animal studies suggest that stem cells may be able to home to
sites of myocardial injury to assist in tissue regeneration. However, the histological interpretation of
postmortem tissue, on which many of these studies are based, has recently been widely debated.

Methods and Results—With the use of the high sensitivity of a combined single-photon emission
CT (SPECT)/CT scanner, the in vivo trafficking of allogeneic mesenchymal stem cells (MSCs)
colabeled with a radiotracer and MR contrast agent to acute myocardial infarction was dynamically
determined. Redistribution of the labeled MSCs after intravenous injection from initial localization
in the lungs to nontarget organs such as the liver, kidney, and spleen was observed within 24 to 48
hours after injection. Focal and diffuse uptake of MSCs in the infarcted myocardium was already
visible in SPECT/CT images in the first 24 hours after injection and persisted until 7 days after
injection and was validated by tissue counts of radioactivity. In contrast, MRI was unable to
demonstrate targeted cardiac localization of MSCs in part because of the lower sensitivity of MRI.

Conclusions—Noninvasive radionuclide imaging is well suited to dynamically track the
biodistribution and trafficking of mesenchymal stem cells to both target and nontarget organs.
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Because of the limited regenerative capacity of the heart, stem cell transplantation is now being
explored as a new method to limit infarct size and prevent deleterious remodeling after
myocardial infarction (M I).l_8 The success of such therapies in patients will require methods
to determine the biodistribution and fate of stem cells without postmortem histology as well
as noninvasive ima in&; techniques as a measure of cardiac function to determine stem cell
therapy efficacy.3v 1

Gender-mismatch heart transplantation has shown the ability of certain host cells, Eresumably
bone marrow-derived mesenchymal stem cells (MSCs), to migrate into the heart. 1-16 with
this in mind, many investigators have administered intravenously cell preparations containing
stem cells to potentially augment the pool of endogenous stem cells homing to the myocardium
after infarction. However, the localization of these exogenous cells in the infarcted tissue has
relied primarily on postmortem histology, and the dynamic redistribution of peripherally
injected stem cells as well as trafficking of cells could only be surmised by comparative studies
with serial sacrifice of large numbers of animals.

MSCs isolated from bone marrow have the ability to differentiate into multiple cell lineages
including osteocytes, chondrocytes, and cardiac myocytes;.17'18 Moreover, because MSCs can
be culture-expanded in large numbers, the potential exists to deliver a substantial quantity of
MSC:s to repair or reconstitute a wide array of organs including the heart. The recent ability to
label MSCs with radiotracers19-21 provides a method to serially assess the biodistribution of
these stem cells after intravenous administration with the use of radio-nuclide imaging as well
as to determine the homing potential of MSCs to sites of injury.

1111n oxine labeling is a commercially available radioactive tracer used clinically to label
leukocytes for monitoring inflammation. 1111n oxine labeling using many different types of
cells across different species can be readily tagged. In addition, 111In oxine is an attractive
labeling agent because of the relatively long half-life at 67.3 hours, which allows for prolonged
serial, dynamic imaging.

We present here combined single-photon emission CT (SPECT) and x-ray CT (SPECT/CT)
and MRI studies of intravenous delivery of 111In oxine-labeled MSCs colabeled with
ferumoxides—poly-.-lysine (PLL) in a large-animal model of acute MI. The biodistribution of
the radiolabeled MSCs was assessed immediately after injection as well as at multiple time
points between 1 and 7 days after injection to determine MSC redistribution and the homing
potential of MSCs to damaged cardiac tissue.

MSC Culture and Labeling

Canine MSCs were isolated from iliac crest bone marrow, culture-expanded for 2 passages in
vitro, and frozen, as described previously.17 After thawing, magnetic labeling of the MSCs
was achieved by 24-hour incubation in culture medium containing a ferumoxides injectable
solution (25 ug Fe per milliliter, Feridex, Berlex Laboratories) mixed with PLL (375 ng/mL;
average molecular weight, 275 kDa) 1 hour before cell incubation.22:23 The MSCs were
washed and labeled with a fluorescent marker (Cell Tracker Orange, Molecular Probes) for
fluorescence analysis of histological samples in conjunction with immunofluorescent staining.

For radiolabeling, the Feridex-PLL fluorescently labeled MSCs were first washed with PBS,
mixed, and suspended with 1111n oxine and then were incubated for 20 minutes at room

temperature with 769 + 268 uCi 1111n oxine. Cells were centrifuged at 400g for 7 minutes, and
the supernatant was removed. The cells were then washed with Hanks’ balanced salt solution
(Sigma Chemical Co) and again centrifuged at 320g for 7 minutes. After the aforementioned
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cell washing was repeated, the 1111n oxine radiolabeling efficiency of the MSC was measured,
and cell viability was determined by trypan blue exclusion.

In Vitro Proliferation, Toxicity, and Differentiation Assays

To determine the dose-response toxicity of MSCs to 111In oxine labeling, aliquots of 2 x 107
canine MSCs from a single donor were labeled with increasing dosages of radiotracer (ie, O,
5, 10, 20, and 30 pCi per million MSCs) with the use of the previously described labeling
protocol. Serial measurements of cell counts and radioactivity were performed on alternate
days in alternate flasks that were initially seeded with 2 million viable MSCs per T-25 flask.
In addition, immediately after labeling and at 1, 2, 3, 6, and 8 days after labeling, cell viability
was determined by trypan blue exclusion, and metabolic activity/proliferation rate was
determined by (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt) (MTS) assay.

The MTS assay (Promega) was performed at each time point in triplicate, with 5000 MSCs
plated per 100-pL well in a 96-well plate, which was incubated at 37°C for 2 hours followed
by absorbance measurements at 492 nm with the use of a microplate reader (Beckman Coulter).
Media changes were performed after 4 days for the well plates that were tested at >4 days.
Absorbance measurements for the different radiolabeled doses of MSC were compared with
unlabeled MSCs by a linear regression analysis.

The ability of the MSCs to differentiate into normal adipocytes was determined at all labeling
doses. Approximately 2 x 10° MSCs were plated per well of a 24-well plate, and the cells were
allowed to form a confluent monolayer. The MSCs were then subjected to 3 cycles of induction
with adipogenic induction medium (Cambrex) and maintenance in maintenance medium
(Cambrex) with the use of a standard protocol 5 to stimulate adipogenic differentiation. After
the third cycle, cells were held in maintenance medium for 7 days. At harvest, the medium was
gently aspirated, and the cells were fixed in 10% buffered formalin and stained with Oil Red
O. Only cells with neutral lipid vacuoles appear red, indicating adipogenic differentiation.

Experimental Protocol

The studies were approved and conducted in accordance with the institutional guidelines for
care of laboratory animals. Mongrel dogs (weight, 25 to 30 kg) were induced with sodium
thiopental, intubated, and placed on isoflurane anesthesia with mechanical ventilation for the
duration of the surgical procedure. To create an acute nontransmural Ml, a 90-minute closed-
chest left anterior descending coronary artery balloon occlusion with the use of x-ray cardiac
catheterization techniques, followed by reperfusion, as described previously,20 was performed
in 7 dogs. At 72 hours after reperfusion, 6 animals were reanesthetized and received 1.6 x
108+ 2.1 x 107 Feridex-PLL 111In oxine-labeled MSCs intravenously, followed immediately
by SPECT/CT imaging. In 1 animal not subjected to balloon occlusion and reperfusion, 9.8 x
107 Feridex-PLL 111In oxine-labeled MSCs were administered intravenously, followed
immediately by SPECT/CT imaging. In 1 animal subjected to experimental MI, 111In oxine
(1.1 mCi) without MSCs was administered intravenously, followed immediately by SPECT/
CT imaging.

SPECT/CT Imaging Protocol

The anesthetized dogs were mechanically ventilated and placed in left decubitus. Serial
SPECT/CT projection data were acquired on a clinical scanner (Millenium VG/Hawkeye, GE
Healthcare) immediately after injection (day 1), at 24 hours after injection (day 2), and at at
least 1 time point between 48 to 168 hours after injection (day 3 to day 8) to determine the
initial distribution and dynamic redistribution of the MSCs versus 111In oxine. Two imaging
sections were acquired to obtain whole-body images of the thorax and abdomen. Imaging
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parameters were as follows: medium energy collimators, 128 x 128 projection matrix, 3.45-
mm pixel, 120 projections over a 360-degree rotation with the use of dual cameras, and 30 to
60 seconds for each projection (depending on the imaging day after injection). Two energy
windows were acquired around the 173 and 247 keV 111In photopeaks.

SPECT/CT Image Reconstruction and Analysis

The acquired SPECT and CT data were processed with the use of a custom software package.
The quantitative image reconstruction method consists of a 3-dimensional (3D) iterative
ordered-subset expectation-maximization algorithm (5 iterations with 10 subsets) and a
projector and back-projector pair that models image degradation factors including nonuniform
attenuation2® and scatter?” of photons within the animal and the full collimator-detector
response28 with the medium energy collimator for their accurate compensationzg*30 to obtain
higher image resolution and less noise compared with the conventional filtered back-projection
reconstruction method. The registered CT images were used for nonuniform attenuation
distribution within the animal’s body.

The fused SPECT/CT images were examined visually in the transaxial, sagittal, and coronal
planes for 111In oxine uptake in major organs as well as redistribution over time. The mean
pixel values in 3D regions of interest (ROISs) in the lung, heart, kidney, spleen, liver, and spine
were defined on the 3 plane views with a custom tool (Amide31) for each imaging session.
Elliptical ROIs were chosen such that they sampled as large a volume of the organ as possible
without creating partial volume errors. The ROI volume for each organ was kept constant
between imaging sessions for each animal. Emission data for each imaging session were
normalized for counts per projection and expressed as a percentage of left lung uptake
immediately after intravenous MSC injection. ROI data were plotted by organ over time, where
the logarithm of the emission data over time would be expected to be linear only if radioactive
decay of tissue uptake was occurring.

Whole-body emission counts from the 3D ROIs were determined at each imaging session for
all animals. In addition, emission counts for known amounts of 111In oxine radioactivity that
were placed on the chest wall of the animal that received only radiotracer without MSCs were
determined. With the use of the emission counts per second of the known 1111n oxine standards,
the expected injected dose was determined for each animal on the day of injection and compared
with the actual injected dose. In addition, the whole-body emission counts were decay-
corrected, and the percentage of the original dose that could be accounted for was determined
at each successive imaging session.

Statistical Analysis

For comparison with postmortem tissue well counter counts, the emission data were corrected
for radioactive decay between the time of imaging and well counting, and a robust regression
(Stata Corporation) was performed with clustering by animal. Statistically significant
differences in cell viability and toxicity assays by day or labeling dose were determined by a
linear regression analysis. A paired t test was used to compare SPECT cardiac emission data
between tissues (eg, infarcted versus noninfarcted). A probability value <0.05 was considered
statistically significant. All values are presented as mean + SD.

MRI Protocol

Cardiac MRIs were obtained with the animals under general anesthesia after the final SPECT/
CT study on aclinical 1.5-T MR scanner (CV/i, GE Healthcare) with a 4-channel phased array.
Axial scout images were obtained to determine the extent and location of the heart. Short- and
long-axis images were obtained with use of a high-resolution, ECG-gated, segmented k-space,
fast, gradient echo imaging pulse sequence (repetition time 9.0 ms; echo time 2.0 ms; 32 views
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per segment; 512 x 512 image matrix; 28 x 21-cm field of view; 20° flip angle; 32-kHz
bandwidth; 5-mm slice thickness with no gap; and number of signal averages 3 to 4), which
accentuates susceptibility artifacts due to Feridex-PLL-labeled MSCs.23 Delayed contrast-
enhanced MRI at mid-diastole in the short- and long-axis imaging planes was obtained ~15
minutes after a 0.02-mmol/kg IV bolus of gadopentetate dimeglumine (Berlex Laboratories)
with an ECG-gated, segmented k-space, inversion recovery, fast gradient echo sequence
(repetition time 7.2 ms; echo time 3.2 ms; 16 views per segment; 256 x 192 image matrix
interpolated to 256 x 256; 25° flip angle; 32-kHz bandwidth; 8-mm slice thickness with no
gap; number of signal averages 2; and inversion time 175 to 200 ms).

MR Image Analysis

MR images were transferred to a PC for analysis with a custom software tool (cine, GE
Healthcare). Endocardial and epicardial borders were segmented to determine left ventricular
mass. The hyperintense mzyocardium on the delayed contrast-enhanced MRI, which represents
nonviable myocardium,3 was determined with full-width half-maximum criteria.33 Infarct
size was normalized to left ventricular mass.

MRI Registration With SPECT/CT Images

Volumetric data sets obtained from the MRI, CT, and SPECT were volume-rendered in a
colocalized manner with the use of an opacity attribute to control the voxel-selective fusion of
the multimodality data set. The CT data set provided the anatomic reference for the SPECT
data registration with MRI. Initially, the axial MRI scout data set was registered with the axial
CT data set with the boundaries of thorax (ie, ribs and sternum) and spine used as anatomic
reference indicators for goodness of registration. With the use of 3D stereoscopic viewing and
interactive display with 6-degree control for position and orientation of the individual data sets
(Dextroscope, Volume Interactions Pte Ltd), manual alignment of the axial CT and MRI data
sets was performed with a consensus of 3 observers. After the registration of the axial MRI to
the CT data set was established, the CT data were excluded from the display to provide a
coregistered volume-rendered display of the SPECT and short-axis contrast-enhanced delay
MRI for anatomic localization of SPECT cardiac uptake relative to infarcted myocardium.

Postmortem Analysis

After humane euthanasia at the final imaging session, the heart was harvested, sliced along the
short-axis plane, and captured as a digital image. The short-axis slices were subdivided into
transmural wedges. A portion of each wedge (=300 to 800 mg) was weighed and counted in a
gamma well counter for 3 minutes. Counts per minute per gram were decay corrected and
reported as a percentage of the injected dose per gram of tissue.

The remainder of each heart wedge was snap-frozen for histological analysis. Tissue obtained
from the liver, kidney, spleen, lung, gastrointestinal tract, skeletal muscle, and skin was also
gamma counted or frozen for histological analysis. Feridex (ie, iron)-containing cells were
identified by Prussian blue staining with and without 3,3’-diaminobenzidine (DAB)
enhancement.34 An acid phosphatase stain (Sigma Aldrich) to detect macrophages was
performed on adjacent sections and double stained with Prussian blue without nuclear fast red
counterstaining. With the use of this protocol, double-stained cells were macrophages
containing iron, whereas Prussian blue—positive only cells were Feridex-labeled MSCs. With
the use of an anti-dextran mouse monoclonal antibody (DX1, StemCell Technologies) and a
secondary Alexa-Fluor goat anti-mouse antibody (Molecular Probes A21141), MSCs labeled
exogenously with Feridex were also identified by retention of the dextran coating of the iron
oxide.
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Results

In Vitro Proliferation, Toxicity, and Differentiation Assays

After 1111n oxine labeling, viability remained high at all labeling doses (89.3 + 2%) with a high
efficiency of labeling (82.1 £+ 3%), and cell counts between labeled and unlabeled cells did not
vary significantly. With trypsinization at 24 hours after seeding, there was an initial loss of
cells (regardless of labeling or lack of labeling), which was not unexpected because MSCs
typically require 48 hours to adhere after seeding (Figure 1A). Thereafter, cells were harvested
on alternate days. Up to 6 days after labeling, there was very little noticeable cell proliferation
in either labeled or unlabeled cells primarily because of plating cells close to confluence.

By MTS assay, there was a slight rise in metabolic activity/proliferation in the unlabeled cells
compared with the labeled cells (P < 0.01) at 48 hours after labeling. However, until 6 days
after labeling, the metabolic activity/proliferation in the unlabeled MSCs relative to the labeled
MSCs was constant. After 6 days after labeling, a slight improvement in metabolic activity
was noted in the unlabeled MSCs relative to the labeled MSCs (P < 0.001). However, no dose-
dependent changes by MTS assay or cell counts were seen between different doses of labeled
cells (Figure 1B). Moreover, 111In oxine-labeled MSCs underwent adipogenic differentiation
as efficiently as unlabeled MSCs (Figure 2).

Labeling Efficacy and Cell Viability

The efficiency of 111In oxine labeling was high in all MSC preparations (84.7 + 11%) for in
vivo injections, with an average of 73.9 + 16% viability immediately before injection.
Approximately 1.13 x 108* 3.6 x 107 viable MSCs (=5 x 108 MSCs per kilogram) were
administered intravenously with an average radioactivity of 5.05 + 1.4 pCi per million MSCs,
resulting in 673 = 368 uCi total activity per animal.

Initial Distribution of MSCs After Intravenous Injection

In agreement with previous studies,19:20 nitial uptake of the radiolabeled MSCs administered
at 72 hours after MI was restricted primarily to the lungs (Figure 3A). Modest uptake by the

liver and Kidney (14.5 + 15% and 16.2 + 21% of left lung uptake, respectively) was also seen.
In addition, the initial trapping of the MSCs in the pulmonary vasculature was related to local
perfusion, as demonstrated by a reduction of right lung uptake by 70 + 10% relative to left lung
uptake due to animal positioning in left decubitus (Figure 3A). The initial high uptake in the

lung was not due to the closed-chest infarction procedure because lung uptake was also high

in a dog that did not have a Ml (Figure 3B). Moreover, the SPECT emission data were related
to the pattern of MSC distribution because injection of 111In oxine administered without MSCs
acted primarily as a blood pool agent and resulted in no substantial lung uptake immediately
after injection (Figure 3C). Volume-rendered movies of the initial high uptake in infarcted and
noninfarcted dogs receiving MSCs can be viewed in the online-only Data Supplement (Movies
I and 11, respectively).

Early Redistribution of MSCs After Intravenous Injection

SPECT/CT imaging was performed at 24 hours after MSC injection (day 2) and at least once
between days 3 to 8 after injection. On day 2, left lung uptake had dropped to 9.7 + 2% of the
original uptake value (Figure 4A). Moreover, the 3:1 ratio of left to right lung uptake seen
immediately after injection was maintained (Figure 4A).

MSC redistribution was predominantly to the liver (48.2 £ 18% at day 2 of initial left lung
uptake) in both infarcted and noninfarcted animals (Figure 3D to 3F). 111In oxine alone also
demonstrated an increased liver uptake on day 2 (Figure 4B). Kidney uptake remained constant
(16.2 + 21% immediately after injection versus 16.9 + 8% at day 2), whereas splenic uptake
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increased (2.3 £ 2.7% versus 5.6 = 1.9%). Thus, at 24 hours after MSC injection, loss of MSCs
from the lungs and redistribution to organs of the reticuloendothelial system as well as the
kidney and bone marrow occurred (Figure 4B). Volume-rendered SPECT/CT movies showing
the redistribution of the MSCs at 24 hours after injection to the liver in representative infarcted
and noninfarcted animals can be viewed in the online-only Data Supplement (Movies 11l and
IV, respectively).

Image pixel values beyond day 2 in the lungs, liver, kidneys, spleen, and heart were found to
decline over time at a rate faster than predicted by radioactive decay (Figure 4B and 4c).
Because no increase in uptake was observed in these organs after day 3, declines larger than
attributable to radioactive decay are likely due to stem cell loss® or loss of the radiotracer from
the cell. 35,36

Evidence of Trafficking of MSCs to the Heart

At 24 hours after injection, cardiac uptake in the anterior apex without decay correction was

not significantly different than immediately after injection (4.1 + 3.5% of day 1 left lung uptake
on day 1versus 4.6 = 2.4% on day 2), indicating redistribution of MSCs to the heart well beyond
that expected by the normal radioactive decay (Figure 4C). In contrast, the cardiac uptake in

the noninfarcted animal demonstrated the expected exponential decay from day 1 to day 2 on
the basis of the 111In oxine half-life (data not shown).

Curiously, an intense focal uptake in a more anterior midventricular location in the infarcted
myocardium was clearly visualized in half of the infarcted dogs receiving MSCs. This cardiac
“hot spot” was best visualized at day 2 because of substantial clearance of lung uptake (181 +
240% of day 1 left lung uptake; Figure 5B). However, with the use of our specialized
quantitative SPECT image reconstruction method,26_30 spillover from the lung, which could
be misinterpreted as cardiac uptake, was avoided such that the cardiac hot spot could also be
observed at initial injection in these same animals (189 + 160% of day 1 left lung uptake; Figure
5A). This focal cardiac uptake was also apparent in half of the infarcted animals (Movie Il1)
but not in the noninfarcted animal (Movie V). Activity time curves indicated that the hot spot
decreased more rapidly than could be attributed strictly to radioactive decay (Figure 4D).

However, in all of the infarcted animals receiving MSCs, image pixel values in the anterior
apex, excluding the cardiac hot spot if present at day 1, were increased after day 1 in infarcted
tissue relative to noninfarcted tissue (3.03 £ 2.9% infarcted versus 1.38 + 2.2% noninfarcted
of day 1 left lung; P < 0.02). In the noninfarcted animal receiving 111In oxine-labeled MSCs,
no differential cardiac uptake was observed between the anterior and inferior myocardium
(2.56 + 1.9% versus 1.95 + 1.4%; P = 0.19).

At later time points of 4 to 7 days after MSC injection, a diffuse myocardial uptake, not related
to the original focal cardiac hot spot if present, could be observed in all infarcted animals
corresponding to the anterior apical distribution of the MI (Figure 5D to 5F). Volume-rendered
SPECT/CT movies demonstrating the apical cardiac uptake in an infarcted animal and the lack
of MSCs in the heart in a noninfarcted animal at 5 to 7 days after injection may be viewed in
the online-only Data Supplement (Movies V and VI, respectively).

Infarct Size by MRI

Infarct size at approximately 1 week after infarction was 18.8 + 6.8% of left ventricular mass.
The site of Ml overlapped areas of focal uptake in the heart on SPECT images (Figure 6). No
MRI evidence of Feridex-PLL-labeled MSCs, which would appear as a hypointense lesions,
23 could be detected in the heart by either in vivo or postmortem MRI (data not shown).
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Accuracy of Emission Data

Tissue counts correlated well with quantitative SPECT data (R2 = 0.66; Figure 7A). This high
agreement is due in part to the quantitative SPECT image reconstruction methods that
compensate for image degradation effects and also diminish internal effects from organs with
high activity, such as the liver, that might contaminate adjacent organs, such as the heart (Figure
I in the online-only Data Supplement).

The accuracy of our quantitative SPECT image reconstruction methods26-30 was further
confirmed by a high agreement between the calculated and actual injected dose (R? = 0.96; y
=0.99x + 11.9; Figure 7B). On successive days after injection, decreasing amounts of the
original dose could be accounted for at successive imaging sessions (91 + 16% on day 1; 83 +
21% on day 2; 71 + 7% on days 4 to 8; Figure 7C).

On the basis of well counter tissue data, the estimated number of MSCs retained in the infarcted
myocardium at =1 week after injection was 3180.8 + 1271 per gram of nonviable myocardium.
If it is assumed that the MSCs were distributed equally throughout the infarcted tissue, then,

on average, 81 500 MSCs were localized in each infarcted heart at animal sacrifice =1 week

after MSC injection.

Histological Analysis

Prussian blue—positive staining representing iron, presumably from Feridex labeling of the
MSCs, was detected in the infarcted heart, liver, spleen, and lung (Figure 8A to 8D). In
particular, MSCs were localized in the peri-infarction zone and Ml (Figure 8E and 8F). No
Prussian blue—positive cells were detected in the remote noninfarcted heart or the kidney
(Figure 8G to 8l). Fluorescent imaging demonstrated a similar pattern with cell tracker orange
(Figure Il in the online-only Data Supplement). Because the Prussian blue—positive cells could
potentially represent phagocytic macrophages that either contain native iron or have ingested
Feridex from lysed MSCs, enzymatic histochemistry was performed to detect macrophages.
Although macrophages were present in infarcted myocardium, the majority of Prussian blue-
positive cells were intact Feridex-labeled MSCs (Figure 8J and 8K) that did not colabel with
the acid phosphatase enzyme (ie, red). Moreover, the immunofluorescent staining of the
dextran coating in Feridex also demonstrated that the cells contained the original magnetic
label on an adjacent section (Figure 8L). No multinucleated Prussian blue—positive cells were
noted, indicating little to no cell fusion with native cells. At 1 week after injection, little to no
differentiation of MSCs would be expected,18 and thus no immunohistochemical studies were
performed to determine whether the MSCs had undergone differentiation.

Discussion

In the present study we have demonstrated that 111In oxine, a Food and Drug Administration—
approved clinical radiotracer for autologous leukocyte labeling, can also be used to efficiently
label MSCs to study their dynamic biodistribution and trafficking after an intravenous
injection. One advantage of 1111n oxine is the relatively long half-life, which allows for serial
imaging. In the present study we were able to use a specialized SPECT reconstruction
techniquezg’30 to quantitatively track cell distribution with <12 pCi error in the whole-body
dose and >70% of the dose still accounted for at =1 week, which is in agreement with previous
reports on elution of the radiotracer.39:36

Systemic administration of stem cells offers a minimally invasive route for delivery that is
especially attractive for multiple dosing regimens. However, because of the relatively large
size (=25 pum in suspension) of MSCs, radiolabeled studies of 111In oxine-labeled MSCs have
shown high initial uptake in the lung after intravenous injection,lg’20 which may lead to
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undesirable side effects. On the other hand, 111In oxine—labeled human endothelial progenitor
cells (EPCs), which are substantially smaller than MSCs, demonstrated little lung uptake after
systemic injection.37 However, when 111In oxine-labeled human hematopoietic progenitor
cells (HPCs) were injected intraventricularly in the same rat infarction model,3° a transient
high uptake in the lungs, which resolved by 24 hours after injection, was observed.

In addition, prior studies with 111In oxine—labeled MSCs have shown a species-dependent
redistribution after intravenous injection.lg‘21 In the noninfarcted rat, planar gamma camera
imaging showed redistribution to the liver at 48 hours after injection with relatively high uptake
persisting in the Iung.19 In a closed-chest swine reperfused M1 model, 111In oxine—labeled
MSCs administered intravenously resulted in persistent localization of the MSCs in the lungs
with minimal redistribution to other organs such as the liver and spleen at follow-up intervals
ofupto2 weeks.20 Moreover, no localized uptake of the radiolabeled MSCs in the infarcted
heart was demonstrated.29 On the other hand, in an open-chest rat MI model, a systemic
injection containing ~50% purified MSCs labeled with technetium 99m showed uptake not
only in the lung but also in the liver, spleen, and heart.21 Because of the nontomographic nature
of the imaging, localization of the MSCs in the infarcted heart in this rat model could only be
demonstrated by histology. Similarly, localization of EPCs to the heart in the rat was modest
and was best demonstrated histologically.37 HPCs showed no cardiac localization in this same
rat model. 39

Although 111In oxine labeling of EPCs did not appear to affect viability, functionality, or
migratory capacity, HPC labeling reportedly severely impaired migratory and proliferative
capacity as well as overall viability and functionality. However, it is impossible to determine
whether an increased radiosensitivity of HPCs to 111In oxine is the sole result of a less
differentiated cell type or reflects the effects of a different radiation dose and long-term freezing
of HPCs relative to, for example, EPCs. In the present study allogeneic canine MSCs were all
frozen before 111In oxine labeling, yet in vitro assays demonstrated high viability with only
slight declines, if any, in proliferative or metabolic activity in MSCs labeled up to labeling
doses of 30 uCi per million MSCs. In vitro differentiation capacity of the MSCs was not
impaired at any dose up to 30 uCi per million MSCs. Moreover, high viability with rapid
redistribution after intravenous administration, including evidence of MSC trafficking to Ml,
was present in vitro. Thus, the present study suggests that MSCs, despite either mechanical
trapping and/or adhesion initially in the lungs, receive the appropriate cues to migrate to injured
tissue even after freezing and thawing.

Furthermore, the use of radiotracer labeling has given direct insight into the dynamic
redistribution of MSCs in a relevant cardiac injury model. In general, rat infarction models
require open-chest surgery and thereby create a large skin wound that may potentiate the
ischemic cardiac injury. The closed-chest canine reperfused infarction model, as used in the
present study, does not have the confounding variable of potentially creating a large release of
cytokines in the surgically injured area, which may enhance stem cell mobilization and homing.
Moreover, because of the tomographic nature of SPECT/CT, MSC detection and information
about the degree and spatial extent of cardiac localization in vivo could be obtained. When
combined with high-resolution MRI, the localization of the MSCs in the infarcted and peri-
infarction tissue could be demonstrated, which has not been shown in previous planar imaging
studies. Because the present study was performed on standard clinical scanners with Food and
Drug Administration-approved agents, these techniques could be readily applied to future
human clinical trials.

Interestingly, the present study showed redistribution of the allogeneic canine MSCs from an
initial high lung uptake to the infarcted heart, liver, spleen, and spine, whereas our previous
study using 111In oxine-labeled allogeneic swine MSCs in a reperfused M1 showed persistent
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lung uptake and no evidence of myocardial homing.20 Thus, one might conclude that the
chemotactic cues may not only be cell line specific, eg, EPCs versus HPCs, but also species
specific, eg, swine versus canine. However, a critical factor is to determine whether the 111In
oxine labeling adversely affects viability, functionality, migration, and proliferative capacity
differently in distinct cell populations as well as species. Further studies are needed to resolve
these questions.

Early studies demonstrated that 5 to 20 pCi 111In oxine per 100 million lymphocytes did not
cause radmtoxmty in this extremely radiosensitive cell line. 38 Using rat MSCs, Gao and
coIIeagues demonstrated that cell viability and proliferative capacity were not adversely
affected at levels up to 40 uCi 111In oxine per million cells, which is in agreement with the in
vitro assays used in the present study, indicating that MSCs are less radiosensitive than
lymphocytes. The activity used in the present in vivo study was well below thls dose at <10
uCi per million MSCs. However, in the peripheral delivery of swine MSCs20 and rat
EPCs3% in animal MI models, labeling was performed at a much higher level of radioactivity
(100 to 810 pCi per million cells). Although viability of the swine MSCs remained >95% for
48 hours after labeling, viability was reduced after 48 hours in the human EPCs. Thus, it is
possible that the lack of homing and redistribution seen in the previous studies could be largely
due to the effect of the label, ie, radioactivity or perhaps the oxine portion of the label, rather
than any specific mechanism related to cell type or species. Therefore, in considering 11In
oxine labeling of human stem cells, the effect of radiation dose on human cell lines will need
to be carefully assessed before clinical trials are initiated. Accordingly, the homing and
redistribution of the 1111n oxine—labeled MSCs used in the present study indicate that migratory
capacity in vivo is not affected at the 5 uCi per million MSCs dosage.

The large redistribution of the 111In oxine-labeled MSCs to the liver at 24 hours after injection
was consistent with previous histological studies of intravenous delivery of MSCs in a lethal
total-body irradiation nonhuman primate model. 39 1111 oxine-labeled HSCs delivered
systemically also demonstrated trafficking to the liver in both irradiated and nonirradiated
mice.40 Similarly, both hematogmetlc and nonhematopoietic cells delivered systemically have
shown trafficking to the spleen. 41 However, in one of these studies using bone marrow—
derived mononuclear cells and a rat cryoinjury model, localization to the liver based on
fluorescent microscopy at 7 days after injection was not observed. Similarly, at 12 to 86 days
after whole-body irradiation, Chapel et al*2 were unable to demonstrate enhanced green
fluorescent protein—transfected MSCs administered systemically in non-human primates in the
liver or spleen by PCR. However, these results may not be inconsistent but rather suggest that
PCR and microscopic analyses require a higher threshold of detectlon than radiolabeling (eg,
10-fold larger number of cells needed by PCR in the heart)

Although intraventricular injections of stem cells have been shown to yield higher stem cell
engraftment in the MI, the primary mode of heart localization may be due to leakage or trapping
of the stem cells on the first pass through the coronary vasculature rather than redistribution
and direct homing of the stem cells to the heart. Similarly, in 50% of the animals in the present
study, SPECT/CT revealed a high uptake of MSCs after intravenous injection in the mid-to-
basal infarcted region that did not increase over time, which may represent some nonspecific
uptake mechanism. However, at 24 hours after injection, a maximal uptake in the infarcted
myocardium, in a site distinct from any focal midbasilar uptake noted in half of the animals,
was present in all animals on imaging. These results are consistent with the original studies of
leukocyte trafficking with the use of 1111n oxine labeling in infarcted animals after an
intravenous injection. In these leukocyte trafficking studies, there was a window of 24 to 96
hours after M1 when leukocyte accumulation occurred, suggesting a specific uptake
mechanism.#4 Thus, the increased uptake at day 1 (or 96 hours after MI) of 1111n oxine-labeled
canine MSCs in the present study indicates that shared migratory cues for leukocytes and MSCs
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are present in the first days after MI. Moreover, the lack of cardiac uptake in the infarcted
animal that received free 111In oxine indicates that the increased cardiac signal observed with
SPECT in the dogs receiving exogenous MSCs reflects cellular distribution rather than just
tracer uptake.

The inability to detect MSC engraftment by MRI was consistent with previous studies that
have shown an MRI detection limit at clinical field strengths of cell numbers >10° for Feridex-
PLL-labeled cells in the heart. 4546 Although the number of cells that were found to engraft
in the heart at 1 week after injection was low, our results are consistent with previous studies
indicating that a low number of cells survive beyond 24 hours after administration.6:18,35
However, the noninvasive nature of intravenous delivery offers promise as a method for serial
administration of MSCs to increase engraftment.

Thus, in the present study we have presented a method to dynamically track the whole-body
redistribution of MSCs after systemic injection. In addition, radiolabeling methods to monitor
stem cell trafficking may be more sensitive than immunofluorescent or quantitative techniques
such as PCR, which can only be performed as a single “snapshot” either postmortem or in
limited tissue obtained after biopsy. In particular, we have demonstrated a method to monitor
the in vivo engraftment of <100 000 MSCs in the infarcted heart using imaging scanners and
2 FDA-approved agents that are currently available in most major clinical centers. Thus,
important questions such as identifying the factors involved in stem cell homing as well as the
time course of the expression of these factors could be monitored in vivo to develop methods
to optimize therapeutic protocols for enhanced stem cell engraftment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a, Viable cell counts from in vitro assay of either unlabeled MSCs (control) or MSCs labeled
with increasing doses of 111In oxine ranging from 5 to 30 uCi per million MSCs determined
1 to 7 days after labeling. Cells were initially plated in a T-25 flask at a density of 2 x 10°
MSCs. Cell counts were determined every other day in alternate flasks. Cell counts remained
constant after adhering =48 hours after seeding. b, MTS assay measuring absorption of different
doses of 111In oxine—labeled MSCs and unlabeled MSCs (control) at 1 to 8 days after labeling.
At 6 days after labeling, unlabeled MSCs showed an increased metabolic activity relative to
labeled cells (*P < 0.001). However, no dose-dependent change in metabolic activity was noted
between different amounts of MSC radiolabeling.
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Figure 2.

Adipogenic differentiation of MSCs in vitro was confirmed with Oil Red O staining, in which
lipid vacuoles stain red. Both unlabeled (a) and 111In oxine-labeled MSCs (b =5; ¢ = 10; d =
20; and e = 30 puCi/million MSCs) showed equivalent ability to differentiate.
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Figure 3.

Coronal fused SPECT (color) and CT (gray-scale) image of a dog with (top left) and without
(top middle) MI during the first hours after intravenous injection of 1111n oxine-labeled MSCs
showing predominant lung uptake with increased uptake to the dependent left lung (green-
yellow color toward right). In a dog with Ml that received 111In oxine without MSCs (top
right), the tracer behaves primarily as a blood pool agent, with uptake visible in left and right
ventricles of the heart. A reference marker (arrow) containing 1111n oxine was placed on the
chest wall on the dog that did not receive MSCs (top right). Redistribution of 111In oxine-
labeled MSCs to predominantly the liver occurs at 24 hours after intravenous injection in both
a representative infarcted (bottom left) and noninfarcted (bottom middle) dog. In an infarcted
dog injected intravenously with 111n oxine only (ie, no MSCs), a similar pattern of
redistribution to the liver is observed at 24 hours after injection (bottom right).
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Figure 4.

a, Box-whisker plot of natural log of lung emission counts by imaging day. Initially, more
radiolabeled MSCs are present in the left lung (left) than the right lung (right) because of the
injection being performed with the animal on the left side (ie, dependent lung uptake). The
lung emission counts over time decay faster than predicted by radioactive decay alone (eg,
linear decay shown as crosses), indicating either redistribution of MSCs to other organs or cell
death and removal. b, Uptake of 111In oxine—labeled MSCs increased in the kidney, liver, spine,
and spleen at 24 hours after injection (day 2). After day 3, the uptake decreased at a rate faster
than the radioactive decay of 111In oxine, indicating cell loss or loss of tracer. ¢, Activity in
the infarcted anterior apex of the heart (left) was relatively constant for the first 24 hours after
injection, indicating redistribution of 111In oxine—labeled MSCs to the infarcted tissue, whereas
a rapid decrease in activity in the noninfarcted myocardium (right) was observed in the first
24 hours after injection, indicating a combination of radioactive decay plus loss of MSCs in
normal heart tissue. d, In 3 animals demonstrating a focal uptake of activity to the heart, the
decay of the activity was ~3 times faster than predicted for radioactive decay of 111In oxine.
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Figure 5.

Sagittal (left) and coronal (right) view of fused SPECT/CT images on days 1 (a), 2 (b), and 7
(c) in an animal that demonstrated focal uptake in the anterior midventricular region of the
heart. d to f, At the last imaging time point (days 5 to 8), an anterior apical region of MSC
uptake (arrow) is shown in 3 representative animals in the coronal view. This more anterior
apical distribution was present independent of whether an early focal hot spot was observed
(yellow arrowhead, f only).
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Figure 6.

Registration of SPECT/CT with MR images of the heart demonstrating focal uptake of MSCs
in the peri-infarcted region. a, Short-axis view of alignment of CT (gold) with MRI (gray scale)
and SPECT (red) showing focal uptake in the septal region of the Ml in a representative dog.
b, Focal uptake on SPECT (red) in another animal demonstrating localization of the MSCs to
the infarcted myocardium (MI) in the short-axis (b) and long-axis (c) views.

Circulation. Author manuscript; available in PMC 2006 May 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kraitchman et al. Page 21

)

Dog6 ®

8
I

® Dog 5

6
1
[}
v}
<]
[
<
[
v}
<]
"
Y

4
1

® Dar 6
Dog & Dog 7 ® Dog 7

Emission Counts (counts/volume/s)

® Dog 5
Lo B % ® Dog 2 R Dog!
®Dog4 e ®Hog 6
8 Dog 7 ® Dog 5 ® Dog 1

- ® Dog 1

T T T T T

0 01 .02 04

Well Counts (%ID/g)
b c

120

1200

1000

2

T
_|
_\ =

-
s

Calculated Injected Dose
800

600

800 L ! I 2 £
Injected Dose Days Pust-lnjection

Figure 7.

a, Correlation between SPECT emission counts and gamma well counts from spleen, liver,
lung, kidney, and heart. Predicted robust regression (solid line) demonstrates high agreement
between quantitative SPECT imaging and tissue gamma well counting (y = 156.1x — 0.67;
R2 =0.66). b, Actual injected dose to the calculated injected dose (linear regression: y = 0.99x
+11.9; R? = 0.96) showing ~12 pCi error in measurement with the use of our specialized
reconstruction technique. c, Percentage of the original injected radio-tracer dose that can be
accounted for in the whole body after decay correction. After 1 to 2 half-lives, <71% of the
original dose is retained within the body.
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Figure 8.

Photomicrographs of various organs demonstrating the presence or absence of Feridex-labeled
MSCs. DAB-enhanced Prussian blue—stained photomicrographs of liver (a), lung (b), spleen
(c), and heart (d) demonstrate iron-positive cells in these organs. Higher magnification of d
showing Prussian blue staining with (e) and without (f) DAB enhancement demonstrates the
intracytoplasmic iron and MSC localization in the MI rim (N indicates normal myocardium).
No iron-positive cells were demonstrated with or without DAB-enhanced Prussian blue
staining in the noninfarcted myocardium (g, h) or kidney (i). j, Double-staining cells for acid
phosphatase (red) and iron (blue) indicate that macrophages (arrowhead) in the heart were rare,
whereas the majority of Prussian blue—positive cells were the original Feridex-PLL-labeled
MSCs (arrows) (bar = 200 um). k, Inset of j at a higher magnification demonstrates primarily
MSCs (blue stain) with a few macrophages with (filled arrowheads) and without (open
arrowheads) iron (bar = 100 um). I, Dextran staining (green, yellow arrow) indicates Feridex
retention in a labeled MSC in the heart. Nuclei are stained with DAPI (blue).
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