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Purpose:

Materials and
Methods:

Results:

Conclusion:

To use multimodality reporter-gene imaging to assess the
serial survival of marrow stromal cells (MSC) after ther-
apy for myocardial infarction (MI) and to determine if the
requisite preclinical imaging end point was met prior to a
follow-up large-animal MSC imaging study.

Animal studies were approved by the Institutional Admin-
istrative Panel on Laboratory Animal Care. Mice (n = 19)
that had experienced MI were injected with bone mar-
row—derived MSC that expressed a multimodality triple
fusion (TF) reporter gene. The TF reporter gene (fluc2-
egfp-sr39ttk) consisted of a human promoter, ubiquitin,
driving firefly luciferase 2 (fluc2), enhanced green fluores-
cent protein (egfp), and the sr39tk positron emission to-
mography reporter gene. Serial bioluminescence imaging
of MSC-TF and ex vivo luciferase assays were performed.
Correlations were analyzed with the Pearson product-mo-
ment correlation, and serial imaging results were analyzed
with a mixed-effects regression model.

Analysis of the MSC-TF after cardiac cell therapy showed
significantly lower signal on days 8 and 14 than on day 2
(P = .011 and P = .001, respectively). MSC-TF with MI
demonstrated significantly higher signal than MSC-TF
without MI at days 4, 8, and 14 (P = .016). Ex vivo lucif-
erase activity assay confirmed the presence of MSC-TF on
days 8 and 14 after MI.

Multimodality reporter-gene imaging was successfully
used to assess serial MSC survival after therapy for MI,
and it was determined that the requisite preclinical imag-
ing end point, 14 days of MSC survival, was met prior to
a follow-up large-animal MSC study.

©RSNA, 2016

Online supplemental material is available for this article.
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eart failure is responsible for one
in 8.6 deaths and costs approx-
imately $39 billion U.S. dollars
annually (1). Cardiac cell therapy
(CCT), a potential treatment for heart
failure, has emerged as an extremely
promising area of research and experi-
mental therapy (2). Seminal studies of
bone marrow-derived cells for acute
myocardial infarction (MI) (3) spurred
experimentation with several thera-
peutic cell types in clinical CCT trials
(4), including bone marrow-derived
marrow stromal cells (MSC). MSC are
a nontumorigenic, adherent fraction
of heterogeneous cells that exhibit
spindlelike morphology and clonogenic
growth and express CD90, CD103, and
CD73 but not CD34 or CD45 (5). Af-
ter acute MI, MSC reverse both path-
ologic remodeling and scar size and
enhance both ventricular mass and
ejection fraction (6,7). Overall, MSC
have proven to be a safe, attractive,
and potent candidate for CCT.
Despite the promise of MSC, link-
ing preclinical CCT data in small an-
imals with data in large animals and,
eventually, humans has been an enor-
mous challenge (8), in part because
of the natural complicating factors
of CCT. For example, CCT enables

Advances in Knowledge

® Marrow stromal cells (MSC) can
be successfully engineered with a
multimodality triple fusion (TF)
reporter gene for preclinical eval-
uation of in vivo cell fate.

B The extent of in vivo cell fate of
MSC-TF, directly associated with
improved therapeutic effect, can
be assessed with noninvasive op-
tical molecular imaging after car-
diac cell therapy (CCT) for myo-
cardial infarction (MI).

m After CCT for MI, noninvasive
optical molecular imaging com-
bined with an ex vivo luciferase
assay demonstrated that MSC
can survive at least 14 days, sat-
isfying the specific imaging end
point needed for initiating a fol-
low-up, multimodality MSC im-
aging study in large animals.

complex processes in vivo like mul-
tilineage growth and differentiation,
angiogenesis, and ventricular remodel-
ing, while pharmacologic therapy pre-
dictably targets a single cellular recep-
tor for efficacy. Further confounding
CCT is the choice of therapeutic cells
(4,9) and cell delivery techniques (10),
as well as the impact of host factors
(11), suggesting that new approaches
are needed to link data between model
systems (12).

The ability to combine imaging mo-
dalities for a particular imaging strategy
(13) by using reporter gene imaging is
a critical approach for linking small-
animal, large-animal, and, eventually,
human CCT data. Fluorescent reporter
genes, like egfp (enhanced green fluo-
rescent protein) (14), enable the inter-
rogation of cellular events in vitro but
are not valuable for in vivo imaging,
owing to background autofluorescence
and both absorption and scattering of
light (with some exceptions) (15-18).
In contrast, the bioluminescent en-
zymatic reporter genes such as firefly
luciferase (fluc or fluc2 [humanized
fluc]) (19) have greatly facilitated in
vivo imaging. The bioluminescent re-
porter genes emit linear signal propor-
tional to luciferase activity over a wide
range (20), with no background signal.
Luciferases have been used to quanti-
tatively assess stem cell differentiation
(21) and to perform in vivo cell track-
ing (22) but demonstrate steep loss of
sensitivity with incremental increases
in tissue depth. A third approach is
positron emission tomography (PET)
reporter gene imaging, which enables

Implication for Patient Care

B Incorporating the TF reporter
gene into candidate MSC for
CCT enables direct, quantitative
comparison of the in vivo cell
fate of CCT candidates in small
animals prior to the launch of
large-animal studies with the
same MSC; this approach would
streamline preclinical studies and
eventually inform the design of
clinical CCT trials, thereby accel-
erating implementation of CCT.

equal spatial resolution or sensitivity at
all depths. Three PET reporter genes,
the hsvItk, its sr39tk mutant, and the
truncated sr39tk (sr39ttk), function by
enabling selective accumulation of a
radiolabeled reporter probe (23), and
this approach has been used for CCT
in small animals (22), large animals
(24-26), and human patients (27). Im-
portantly, the combination of the these
three reporter genes, egfp, fluc2, and
sr39ttk, expressed as a fused protein,
the triple fusion (TF) reporter gene, en-
ables multimodality cell imaging (13).
Here we have used multimodality
reporter gene imaging to assess serial
MSC survival after therapy for MI and
to determine if the requisite preclinical
imaging end point is met prior to a fol-
low-up large-animal MSC imaging study.

Materials and Methods

Industry Support
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Abbreviations:

CCT = cardiac cell therapy

EGFP = enhanced green fluorescent protein
MI = myocardial infarction

MSC = marrow stromal cells

TF = triple fusion
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Study Workflow

The TF reporter gene construct was
composed of the human ubiquitin C
promoter driving fluc2-egfp-sr39ttk
(Fig 1a) in a second-generation lenti-
viral backbone and incorporated into
lentivirus. MSC were transfected with
lentivirus to create MSC-TF (Fig 1b).
MSC-TF were expanded and sorted
for EGFPhgh MSC-TF. These EGFPhieh
MSC-TF were expanded for 2 weeks
and re-sorted again for EGFP"¢" ex-
pression. This serial sorting and expan-
sion procedure was performed three
times (Fig 1c). The final MSC-TF cell
population was expanded and cryopre-
served. It was hypothesized that MSC-
TF could survive for 14 days in a mu-
rine MI model. The four groups used
in the study were no MI (n = 3), MI (n
= 8), mock injection (n = 3), and MSC
with no TF (n = 3) (Fig 1d). Mice were
imaged at four time points and harvest-
ed. Two separate groups of mice (MI [n
= 8] and no MI [n = 5]) were analyzed
for luciferase activity at three different
time points.

Culture of MSC and MSC-TF

To avoid variation in rat MSC isola-
tion, all reagents, including MSC, cul-
ture medium, and serum supplement,
were purchased together (Cell Applica-
tions, San Diego, Calif; catalog number,
#R492-03). Cells at passage 2 were re-
ceived, thawed, washed, and cultured
in tissue culture-treated T225 flasks
(Corning, Corning, NY) in a volume
of 25 mL medium with 1% penicillin/
streptomycin (Life Technologies [Invit-
rogen], Carlsbad, Calif) and 10 mg/mlL
gentamycin (Gibco; Life Technologies,
#15710-064). Further details are pro-
vided in Appendix E1 (online).

Construction of Lentivirus Containing the
TF Reporter Gene

The TF reporter gene construct con-
sisted of firefly luciferase 2 (fluc2);
enhanced green fluorescent protein

(egfp); and truncated, mutated herpes
simplex virus type I thymidine kinase
(sr39ttk), together called FGT, and was
modified from the original (13). The
FGT vector was excised from the pcD-
NA vector and was used to replace the
egfp sequence in pFUG (kindly provided
by Dr Owen Witte, of the University of
California Los Angeles) that contained
the ubiquitin C promoter. Blunt-end
cloning was used to create the lentiviral
vector pFU FGT (pFU-ubiquitin-fluc2-
egfp-sr39ttk). This vector contains FGT
driven by the ubiquitin C promoter (Fig
la, 1b). The reporter gene construct
was approximately 3.45 kb and consist-
ed of “F” (fluc2, 1.6 kb), “G” (egfp, 795
bp), and “T” (sr39 truncated mutated
HSV1-tk, 993 bp), along with the two
small spacers (Fig 1b).

Lentiviral Vector Production and
Calculation of Virus Titer

The pFU-FGT vector containing the TF
reporter gene was used to engineer a
high-titer  self-inactivating lentivirus
with a second-generation lentiviral
vector system, as described previously
(16). Further details are provided in
Appendix E1 (online).

Transduction of MSC with Lentivirus
Containing the TF Reporter Gene

MSC were washed and plated into a
T75 flask (Corning) at 500000 cells per
flask. A 5-mL mixture of OptiMEM (Life
Technologies [Invitrogen|, #31985070)
with 1% penicillin/streptomycin (Life
Technologies [Invitrogen|) and 8 pg/mL
polybrene (Sigma-Aldrich, Milwaukee,
Wis; #AL-118) was added to titered
lentivirus at a multiplicity of infection
of 10. Medium was replaced after 8-12
hours and then every other day. The re-
sulting MSC are referred to as MSC-TF
throughout this report.

Fluorescence-activated Serial Cell Sorting
of MSC-TF

To obtain MSC-TF that expressed the
highest levels of the TF reporter gene
after lentiviral transfection, MSC-TF
were serially expanded for 2 weeks and
were serially sorted for EGFP"¢" cells,
as described in the Study Workflow sec-
tion and Fig 1c. Fluorescence-activated

serial cell sorting was performed by
using the Stanford University shared
cell-sorting facility. For cell sorting,
gates were drawn on the phycoerythrin-
against-EGFP plot, and the EGFPhh
cells that were sorted were typically at
103-10* in arbitrary fluorescence level,
at least 100 times higher than back-
ground, and clearly shifted toward the
EGFP axis. During each sort, approxi-
mately 1%-10% of total cells were ex-
panded. Further details are provided in
Appendix E1 (online).

In Vitro Bioluminescence Imaging of
MSC-TF

To determine levels of reporter gene
activity, MSC-TF populations were
assessed for FLUC2 activity. The
following three populations were an-
alyzed with bioluminescence imaging:
(a) high-expressing MSC-TF from the
first sort, (b) high-expressing MSC-TF
from the second sort, and (c) high-
expressing MSC-TF from the third
sort. Bioluminescence
performed by using an IVIS-50 cooled
charge-coupled device camera system
(Caliper Life Sciences, Hopkinton,
Mass). Medium binning, defined by us-
ing Living Image Software, version 2.5
(Xenogen, Alameda, Calif), was used
during the analysis. Ten thousand cells
from the first, second, and third sorts
were plated per well in a 48-well plate.
The average radiance (in photons per
second per square centimeter per ste-
ridian) was calculated for five samples
and was compared between each con-
dition. Further details are provided in
Appendix E1 (online).

imaging was

Cell Gulture Uptake Studies of MSC-TF
Populations for Thymidine Kinase Activity

To determine levels of reporter gene ac-
tivity of SR39TTK, MSC-TF, already se-
rially sorted three times, were assessed
for thymidine kinase activity compared
with MSC alone. Further details are
provided in Appendix E1 (online).

Immunocytochemistry of MSC

We characterized rat MSC and MSC-
TF for the established cell surface
markers CD435 (Biolegend, San Diego,
Calif; #202201), CD90 (Biolegend,
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Figure 1:  General study design and workflow. (a) Schematic for the TF reporter gene construct fluc2-egfp-sr39ttk driven by the ubiquitin C
promoter. The TF reporter gene consists of fluc2, a 14—amino acid spacer, egfp, an eight—amino acid spacer, and sr39ttk. (b) Schematic for
lentiviral transduction of MSC. The ubiquitin (L) TF reporter gene construct was excised and cloned into a second-generation self-inactivating
lentiviral vector system. High-titer lentivirus containing the ubiquitin TF reporter gene was produced, and MSC were transduced with lentivirus
containing the ubiquitin TF reporter gene in cell culture, generating MSC-TF. (c) MSC-TF were expanded for 2 weeks and were then sorted for
cells showing high enhanced green fluorescent protein (EGFP) (GFP+) and those showing low EGFP (GFP—). This was referred to as sort 1.
After expansion in culture for 2 weeks, the EGFP"9" cells from sort 1 were sorted again; this was referred to as sort 2. Again, after expansion in
culture, the EGFPMa cells from sort 2 were sorted for high-expressing, EGFP"" cells; this was referred to as sort 3. The EGFPM" cells from sort
3 were expanded in culture, and the resulting MSC-TF were frozen in aliquots and used in all mouse, rat, and swine studies. (d) Schematic for
study design for CCT after Ml in mice. MSC-TF were divided into four groups, including MSC-TF with no Ml (n = 5), MSC-TF with Ml (n = 8),
mock injection (n = 3), or MSC with no reporter gene (n = 3). Each group underwent MI induction, injection of 5 X 10° MSC-TF, and biolumi-
nescence imaging on days 2, 4, 8, and 14.

_ /

#202501), and CD105 (Santa Cruz,
Santa Cruz, Calif; #SC-19793) us-
ing immunohistochemistry. Further
details are provided in Appendix E1
(online).

MTT Assay of MSC-TF

[etrazolium dye (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide)
MTT assays were performed by using
the Vybrant MTT cell proliferation kit

(Life Technologies, #V13154) according
to the manufacturer’s instructions. Fur-
ther details are provided in Appendix
E1 (online).

In Vivo Bioluminescence Imaging of
Subcutaneously Implanted MSC-TF
All animal procedures were approved
by the Institutional Administrative
Panel on Laboratory Animal Care at
Stanford University. So that we could

determine whether signal correlated
with cell number, MSC-TF were im-
planted at equal cell numbers, subcuta-
neously in the right and left hind limbs
of each nude mice, over several cell
numbers (16 injections in eight mice),
and were imaged with biolumines-
cence. Mice were anesthetized with 2%
isofluorane, were placed into the IVIS
200 (Caliper Life Sciences), and were
kept in a continuous state of anesthesia
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for bioluminescence imaging. Medium
binning, defined by using Living Image
Software, version 2.5 (manufacturer),
was used during the analysis. In each
mouse, two technical replicates were
performed, and these data were plot-
ted as means * standard deviations at
each cell number. The mean values at
each cell number were correlated. Fur-
ther details are provided in Appendix
E1 (online).

Induction of Ml in Mice and Intracardiac
MSC Injection

Animal procedures were approved as
stated above. All surgical procedures
were performed in 8-10-week-old fe-
male nude mice (Charles River Labo-
ratories, Davis, Calif) and were per-
formed by three microsurgeons with
extensive experience (J.E.C., and
A.B.G.). Briefly, after thoracotomy and
left anterior descending artery ligation,
5 X 10° MSC-TF in a total volume of
20 pL of phosphate-buffered saline with
50% Matrigel (BD Biosciences, San
Jose, Calif; #356234) were injected in-
tramyocardially, and the animals were
allowed to recover. Further details are
provided in Appendix E1 (online).

Induction of Ml in Rats and Intracardiac
MSC Injection

Animal procedures were approved
as stated above. All surgical proce-
dures were performed in adult female
Sprague-Dawley rats (weight range,
200-300 g; Charles River Laboratories,
Wilmington, Mass) by a single experi-
enced microsurgeon. Briefly, after tho-
racotomy and left anterior descending
artery ligation, 5 X 10¢ MSC-TF in a
total volume of 50 pL of phosphate-
buffered saline with 50% Matrigel (BD
Biosciences, #356234) were injected
intramyocardially, and the animals were
allowed to recover. Further details are
provided in Appendix E1 (online).

In Vivo Bioluminescence Imaging of MSC-
TF after CCT

Animal procedures were approved as
stated above. Bioluminescence imag-
ing was performed as described above.
The maximum radiance or average
radiance (in photons per second per

square centimeter per steridian) was
calculated and compared between con-
ditions. For the CCT studies, animals
were imaged on days 2, 4, 8, and 14.
The four groups evaluated were MSC-
TF with no MI (n = 5), MSC-TF with
MI (n = 8), mock injection (n = 3), and
MSC with no reporter gene (n = 3).
Further details are provided in Appen-
dix E1 (online).

Luminometry Assay for Luciferase
Activity on Ex Vivo Heart Tissue

Two separate groups of mice (eight
with MI and five without MI) were an-
alyzed for ex vivo luciferase activity by
sacrificing the mice on days 4, 8, and 14
and using the Luciferase Assay System
(Promega, Fitchburg, Wis; #E1500).
Further details are provided in Appen-
dix E1 (online).

Statistical Analysis

Data are reported as means * stan-
dard deviations. For comparison of two
groups, means were compared, and a
Student t test was used to calculate P
values. An a = .05 was considered to
indicate a significant difference, and a
two-tailed distribution was assumed.
The sample size for each compari-
son is stated in the Results section
and/or in the figure legends. This ap-
proach was used for comparison of
MSC-TF that were sorted different
amounts of times (Fig 2, B and C),
and for comparing MSC and MSC-TF
with and those without SR39TTK ac-
tivity (Fig 2, D). For comparing mice
with MSC-TF and MI and mice with-
out MI, effects of time point and group
were assessed with a mixed-effects re-
gression of log signal on time point and
group, with mouse sample as the ran-
dom effect. For data correlations, the
Pearson product-moment correlation
was performed, and P = .05 were con-
sidered to indicate a significant differ-
ence. This analysis was performed for
correlation between bioluminescence
and subcutaneously transplanted MSC-
TF cell number and between ex vivo
luciferase activity and in vivo biolumi-
nescence. Listed for each correlation is
the correlation coefficient and P value.
We also recorded the standard error of

the correlation coefficient, the t test for
significance, and degrees of freedom.
These calculations were made by using
a statistical software package (Statis-
tics Calculator, version 3.0; StatPac,
Bloomington, Minn). The mixed-effects
regression model was calculated by
using Stata, release 14 (Stata, College
Station, Tex). The assumption for each
cell injection as a single sample was
two-tailed distribution samples of equal
variance.

In Vitro Characterization of Engineered
MSC-TF

MSC-TF were serially sorted by using
fluorescence-activated cell sorting, and
the EGFPe" population from the third
sort was used for all animal experi-
ments. In a typical sort, 2%-5% of the
EGFP"¢" population was selected (Fig
2, A). As expected, MSC-TF demon-
strated increasing bioluminescence sig-
nal due to increasing FLUC2 activity af-
ter each serial sort (Fig 2, B and C; sort
1 and sort 3, P = .0001; sort 2 and 3, P
= .0001). These triple-sorted MSC-TF
showed statistically significant uptake of
the radiolabeled reporter probe, indi-
cating HSV1-SR39TTK activity in MSC-
TF (Fig 2, D; P = .0007 at 3 hours and
P =.0001 at 5 hours).

In Vitro Characterization of MSC-TF

Both MSC and MSC-TF showed spindle-
like morphology, and no morphologic
differences were observed (Fig 3, A).
MSC and MSC-TF expressed normal
proliferative ability when assessed for 5
days in cell culture (Fig 3, B). Immunos-
taining for CD105 demonstrated clear
staining in punctuate areas primarily on
the cell surface compared with negative
controls (Fig 3, C-E). Immunostaining
for CD90 demonstrated clear detection
on the cell surface compared with nega-
tive controls. Immunostaining for CD45
demonstrated no difference compared
with negative controls, as expected.
These data indicate that MSC-TF dis-
play normal morphology and growth
and a CD105®)-CD90®-CD450) pheno-
type, as expected.
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Figure 2: In vitro characterization of engineered MSC-TF. A, Dot plot shows phycoerythrin (PE) versus EGFP from fluorescence-activated cell sorting of the second

serial sort of MSC-TF. A gate was drawn around EGFP" MSC-TF, which were sorted and represented 2.99% of the population. B, In vitro bioluminescence image of
FLUC2 signal obtained by using a cooled charge-coupled device, or CCD, camera shows equal amounts of two unique EGFP"e" MSC-TF sorted populations. Top row:
EGFPMiah MSC-TF from the first sort. Bottom row: EGFPM cells from the second sort. Signal is measured in photons per second per square centimeter per sterid-

ian. C, Plot of bioluminescence signal versus number of serially sorted MSC-TF. MSC-TF were sorted for the EGFPS" (and hence high-FLUC2) population after three
serial sorts. Ten thousand cells from the first, second, and third sorts were plated per well in a 48-well plate. The average radiance (in photons per second per square
centimeter per steridian) was calculated for five samples and was compared between each condition. The means =+ standard deviations of the average radiance were
plotted. Statistically significant differences are depicted with an asterisk (+ = sort 1 and sort 3, P=.0001) or (** = sort 2 and 3, P = .0001). D, Bar graph shows
ability to accumulate 8—3H-penciclovir, a substrate for sr39ttk, versus time in cell culture. MSC-TF (serially sorted three times) were cultured in 12-well plates and
were exposed to 8—3H-penciclovir (0.82 pCi/mL) for 15 minutes to 5 hours. Data were expressed in disintegrations per minute (@pm), as (dpm cells/dpm medium
[medj/microgram protein), or as fractional uptake of 8—3H-penciclovir for three samples.

Optical in Vivo Imaging of Transplanted

MSC in a Small-Animal Model of MI

We first calculated the limit of detection
in vivo to be at least 1 X 103 cells, with a
linear relationship between cell number
and signaling (Fig 4a, 4b; n = 8; corre-
lation coefficient = 0.995; P = .0001).
Analysis of the MSC-TF transplanted into
animals with and those without MI dem-
onstrated that signal was significantly
lower on days 8 and 14 than on day 2

(P = .011 and P = .001, respectively), as
expected, indicating cell death over time
(Fig 4c, 4d). Importantly, MSC-TF with
MI demonstrated significantly higher sig-
nal than did MSC-TF without MI at days
4, 8, and 14 (P = .016) (Fig 4c, 4d). We
correlated ex vivo luciferase activity with
in vivo bioluminescence (Fig 4e, correla-
tion coefficient = 0.832, P = .004). We
determined the presence of ex vivo lucif-
erase activity between MSC-TF with no

MI (n = 6) and MSC-TF with MI (n = 8)
at days 4, 8, and 14 (Fig 4f, day 8 and 14
shown), and this showed similar trends
to those in Figure 4d. Finally, we imaged
the same MSC-TF in a rat model of MI,
demonstrating survival on day 7 (Fig 4g).

Despite widely successful preclini-
cal animal studies, inconclusive data
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Figure 3
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Figure 3: In vitro characterization of MSC-TF. A, Phase-contrast micrographs of rat MSC (rMSC) and MSC-TF (rMSC-TF) show no differences in morphology.

Bar = 100 wm. B, Bar graph shows results of MTT assay of cellular proliferation in MSC and MSC-TF. Twenty thousand cells were plated in 12-well plates and
assayed for proliferative activity on days 1, 2, 3, 4, and 5. MTT assays at each time point were normalized to day 1 and performed in duplicate. Three replicates
per experiment for three experiments were performed. Means = standard errors of the mean are plotted. P = NS (not significant) for all time points. C, Immuno-
cytochemistry of MSC-TF for CD105. Left: Negative (Neg) control, which was stained only with secondary antibody. Middle and right: Images in two independent
fields. Bar = 100 ym. D, Immunocytochemistry of MSC-TF for CD90. Left: Negative (Neg) control, which was stained only with secondary antibody. Middle and
right: Images in two independent fields. Bar = 100 pm. E, Immunocytochemistry of MSC-TF for CD45. Left: Negative (Neg) control, which was stained only with

secondary antibody. Middle and right: Images in two independent fields. Bar = 100 m.

in clinical trials (8,28) have limited
CCT implementation, in part due to
the inability to link small-animal and
large-animal preclinical data to clini-
cal data. To address this, we designed
a two-part study to use multimodality
imaging as an enabling tool to analyze
MSC for CCT and to achieve a specific
small-animal imaging endpoint prior
to the large-animal study. In this first
study, we introduced the TF reporter
gene into MSC and then character-
ized the MSC-TF, observing no distur-
bance of normal morphology, growth,
and cell surface phenotype. We estab-
lished stable levels of TF reporter gene
through fluorescence cell sorting and

quantitative evaluation of FLUCZ2 and
SR39TTK activity. We demonstrated a
detection level of at least 1 X 10° cells
using optical (bioluminescence) imag-
ing in small animals with a linear sig-
nal (P = .0001). Next, we performed
a preclinical molecular imaging study
of MSC-TF as CCT for MI. We desig-
nated 14 days of survival after MI as
a required imaging end point. Studies
of CCT after treatment of mouse MI
with MSC-TF indicated survival in the
MI condition and significant differences
in signal compared with MSC with no
MI on day 14 (P = .016), and this trend
was confirmed with ex vivo luciferase
assays. Having achieved the required

imaging end point, we proceeded with
a follow-up large-animal multimodality
molecular imaging CCT study of the
same MSC.

We focused on reporter gene im-
aging of a key biologic event, MSC-TF
survival after CCT for acute MI, and
our desired preclinical end point was
14 days. Importantly, MSC survival
during MI has been linked to improved
outcomes. For instance, the dose of
MSC can have a strong stimulatory
effect on heart function (7), with an
accompanying functional benefit (29).
The preclinical end point of 14 days
was selected on the basis of the wide
range of reported MSC survival rates,
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Figure 4

ranging from 1 week (30) to 14 days
(9,31) to 3 months with genetic modi-
fication (29). Moreover, at 14 days, the
increases observed in heart function
stabilize (7), potentially representing
a critical junction of cell survival and
efficacy. Thus, 14 days represents a
middle ground for measuring cell sur-
vival and for demonstrating efficacy.
Importantly, our in vivo data demon-
strated a mean of 32% * 23 of day
2 maximum signal present on day 14
after MI, and our ex vivo luciferase
activity data demonstrated similar
trends, which led us to confidently pro-
ceed with these same MSC-TF in the
follow-up large-animal study.

1.E+08
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Max Radiance (p/s/cm?/sr)

1.E+02

CC = 0.995
p = 0.0001

Caolor Bar
Min = 4500
Max = 2.9852¢+05

Although noninvasive in vivo bio-
luminescence imaging is a powerful
approach for estimating cell number
in vivo, it is not quantitative, and im-
proving quantitative approaches can
improve assessment. A complementary
quantitative approach for imaging MSC-
TF is micro-PET, a mouse small-animal
PET imaging approach, which, in con-
trast to bioluminescence imaging, has
equal sensitivity and spatial resolution
at all depths. Although the MSC-TF also
express the PET reporter gene, and
PET reporter gene imaging can be per-
formed after CCT, we did not perform
micro-PET imaging of MSC-TF. Below,
we describe why the MSC here would

+ T ‘ ‘ T )
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Cell Number

Figure 4: Optical imaging of transplanted

MSC in a small-animal model of MI. (a) In vivo
bioluminescence image of representative nude
mice subcutaneously injected with various amounts
of triple-sorted MSC-TF shows mice injected with
between 1 X 1085 X 10° and 5 X 10* MSC-TF,
as labeled. The imaging parameters were as follows:
medium binning; field of view, 12 c¢m; f-stop, 1; and
time, 20 seconds. (b) Graph shows quantitation of
bioluminescence images in a by using the maximum
radiance (photons per second per square centimeter
per steridian) for each injection and the plotted
means = standard deviations for eight cell numbers
(two injections per cell number) (there were 16
injections in eight mice; correlation coefficient =
0.995, P=.0001). (c) Serial in vivo biolumines-
cence images of nude mice after CCT with MSC-TF
show the same three mice from the MSC-TF-no-MI
and MSC-TF MI groups on days 2 and 8. The imag-
ing parameters were as follows: medium binning;
field of view, 12 cm; f-stop, 1; and time, 1 minute
(Fig 4 continues).

likely not have been detectable with
micro-PET. A similar study (22) involv-
ing embryonic stem cells and the same
hsvltk PET reporter gene and ubiqui-
tin promoter detected PET signal only
4 days after transplantation of 1 X 107
embryonic stem cells, suggesting that
initial reporter gene activity was below
the detection limit. In our case, we in-
jected 5 X 10° MSC-TF, 20-fold fewer
cells than in Cao et al (22), and MSC
are known to rapidly lose survival after
CCT, while embryonic stem cells are
highly proliferative. Assuming 4 days of
embryonic stem cell proliferation, it is
likely that MSC-TF cell number in our
study was approximately 50-100-fold
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Figure 4 (continued)
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Figure 4 (continued):

Day 7

Optical imaging of transplanted MSC in a small-animal model of MI. (d) Bar graph shows differences in cell growth kinetics between the

mock-injection group (n = 3), the group with MSC but no reporter (n = 3), the group with MSC-TF but no MI (7 = 5), and the group with MSC-TF and MI (n = 8) for
images of nude mice after CCT with MSC-TF. Maximum (Max) radiance (in photons per second per square centimeter per steridian) was calculated for each region

of interest, was averaged between mice of the same group, and was plotted as the mean = standard deviation. Analysis with a mixed regression model showed
significantly lower signal on days 8 and 14 than on day 2 (P=.011 and P = .001, respectively). The group with MSC-TF and MI showed significantly higher signal
than the group without Ml at days 4, 8, and 14 (P = .016). (e) Scatterplot shows correlation of normalized luciferase activity (in relative light units /RLU] per minute
per microgram [of total heart protein]) of ex vivo heart lysates versus maximum radiance (in photons per second per square centimeter per steridian) for 13 mice at
days 4, 8, and 12. Data were pooled from the MSC-TF-with-no-MI (n = 6) and MSC-TF-with-MI (n = 8) conditions. Luciferase activity versus maximum radiance was
correlated (correlation coefficient = 0.832, P = .0004). (f) Bar graph shows normalized luciferase activity (in relative light units [RLUJ per minute per microgram [of
total heart protein]) of heart lysates after transplantation of MSC-TF, with and without MI, on days 8 and 14. Conditions were MSC-TF with no Ml on day 8 (n = 2) and
day 14 (n = 2) compared with MSC-TF with Ml on day 8 (n = 2) and day 14 (n = 3). Data are plotted as means =+ standard errors of the mean. (g) Bioluminescence

images show activity in rats at days 1, 4, and 7 after 5 X 108 MSC-TF for CCT after MI.

lower than that of the embryonic stem
cells at the time of initial embryonic
stem cell detection, well below the min-
imum detectable level with micro-PET,
with further loss of cells over time. In
this regard, the best technique for di-
rectly accounting for the entire cell
mass with PET reporter gene imaging
is ex vivo whole-body autoradiogra-
phy, which is an end-point technique
(23). Given the wide range of potential
mechanisms of MSC-mediated repair
after CCT (29-32), future work for im-
proving PET reporter gene sensitivity is
needed.

The analysis of in vivo cell fate in
this study had further limitations worth

mentioning. For example, we observed
a large variation in cell signal after ini-
tial CCT, which was likely due to the
combined effects of the variation in
the induction of MI, cell counting, and
cell injection, which can be improved.
Furthermore, in terms of improving re-
porter technology, the in vivo imaging
signal depends, in part, on the promoter
activity, the levels of reporter gene ac-
tivity per cell, the number of cells ex-
pressing the reporter gene reporter,
the probe transport to the reporter
gene, the chemical biology and physics
by which the reporter gene generates
imaging signal, and the physics of the
imaging device. Strategies to improve

optical imaging signal include red shift-
ing of light emitted from the reporter
gene (33), a signal amplification strat-
egy (34), bioluminescence resonance
energy transfer cell imaging for deep
tissue imaging (35), and blood-based
monitoring of stem cells (36). Alternate
modalities for improved small-animal
preclinical imaging include photoacous-
tic tomography (37), the integration
with nanoparticles and existing imag-
ing techniques (38), and pushing the
boundaries of existing techniques like
magnetic resonance imaging (39). Fi-
nally, the use of human MSC and im-
munodeficient mice will also improve
the clinical translation of these studies.
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A key point here is that integrating
multimodality molecular imaging with
CCT not only can enable the analysis
of cell fate in small animals but can also
help discriminate between various CCT
types by employing a specific imaging
endpoint. If this specific end point is
achieved, then large-animal studies
can be performed by using clinical im-
aging modalities. We expect that this
approach can be used to identify new
MSC therapies and other CCT candi-
date cell types that function favorably
after MI. Small-animal models are
ideal for testing molecular pathways,
effects of specific genetic modification,
and host factors (ie, aging) on CCT.
Targeting more biologic events criti-
cal for stem cell functions, including
self-renewal, differentiation, stem cell
niche, and MSC-tissue interaction, can
be accomplished with future reporter
strategies. We strongly believe that
multimodality imaging directly enables
both measurement of complex stem cell
events in small animals and the use of
specific imaging end points as criteria
for discriminating which CCTs should
be used large-animal studies.

Practical application: The practi-
cal application of this work is the pre-
clinical evaluation, in small animals,
of MSC into which a special reporter
gene has been inserted. This reporter
gene is special because it allows ex-
pression of three reporter proteins as
a single protein and because it allows
biologic events in cells to be assessed
by using multiple imaging modalities,
like fluorescence, bioluminescence,
and PET imaging. This allows the bene-
fits of all three imaging modalities to be
combined synergistically. As a result,
this approach allows the integration of
preclinical data in mice and rats with
large-animal data in swine, thereby in-
forming the design of clinical trials.
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