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Serial imaging of human embryonic stem-cell engraftment
and teratoma formation in live mouse models
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Two new types of lentiviral vectors expressing a reporter transgene encoding either firefly luciferase (fLuc) for
bioluminescence imaging or the HSV1 thymidine kinase (HSV1-TK) for radiopharmaceutical-based imaging were
constructed to monitor human embryonic stem cell (hESC) engraftment and proliferation in live mice after trans-
plantation. The constitutive expression of either transgene did not alter the properties of hESCs in the culture. We
next monitored the formation of teratomas in SCID mice to test (1) whether the gene-modified hESCs maintain their
developmental pluripotency, and (2) whether sustained reporter gene expression allows noninvasive, whole-body im-
aging of hESC derivatives in a live mouse model. We observed teratoma formation from both types of gene-modified
cells as well as wild-type hESCs 2-4 months after inoculation. Using an optical imaging system, bioluminescence from
the fLuc-transduced hESCs was easily detected in mice bearing teratomas long before palpable tumors could be de-
tected. To develop a noninvasive imaging method more readily translatable to the clinic, we also utilized HSV1-TK
and its specific substrate, 1-(2’-deoxy-2'-fluoro-p-D-arabinofuranosyl)-5-[ *I]iodouracil (['*I|FIAU), as a reporter/
probe pair. After systemic administration, [“I|FIAU is phosphorylated only by the transgene-encoded HSV1-TK
enzyme and retained within transduced (and transplanted) cells, allowing sensitive and quantitative imaging by
single-photon emission computed tomography. Noninvasive imaging methods such as these may enable us to moni-
tor the presence and distribution of transplanted human stem cells repetitively within live recipients over a long term
through the expression of a reporter gene.
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Introduction

Several methods for transient labeling of transplanted
cells with contrast-generating reagents have been devel-
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oped for optical, nuclear [positron emission tomography
(PET) and single-photon emission computed tomogra-
phy (SPECT)], and magnetic resonance (MR) imaging.
However, it has been difficult to label human stem cells
stably, which divide extensively in vivo and generate
an array of differentiated cells after transplantation. We
investigated techniques to track the presence and prolif-
eration of transplanted human stem cells in vivo based
on transgenic reporter expression. We have earlier shown
stable gene transduction of human hematopoietic stem
cells (HSCs) by lentiviral vectors expressing the green
fluorescent protein (GFP) reporter gene under the control
of either a ubiquitous or tissue-specific promoter [1, 2].
Although GFP fluorescence can be easily detected using
ex vivo analysis months after engraftment, a high back-
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ground signal (in the visible light spectrum) prevents
efficient GFP detection in vivo particularly from deep tis-
sues and organs [1-5]. Consequently, postmortem histology
remains necessary when using a GFP-based fluorescent
reporter [3-5].

hESCs are established cell lines that proliferate in cul-
ture in an unlimited fashion, while retaining their pluri-
potency to differentiate into essentially any cell types [6].
The pluripotency can be tested using in vitro assays and
in vivo using severe combined immune deficient (SCID)
mouse models. Several months after being injected intra-
muscularly or into another site in a SCID mouse, hESCs
slowly form a benign tumor (teratoma) comprising vari-
ous cell types derived from all of the three embryonic
germ layers [6]. To monitor hESC engraftment and pro-
liferation in live animal models, we constructed two new
types of lentiviral vectors co-expressing GFP and an ad-
ditional transgene encoding an in vivo imaging reporter.
In the first reporter vector, the gene encoding the firefly
luciferase (fLuc) is used for bioluminescence imaging.
To develop a noninvasive imaging method more readily
translatable to the clinic, we also constructed a second
vector in which the HSV1 thymidine kinase (HSV1-
TK) is used as a reporter gene for radiopharmaceutical-
based, planar y or SPECT imaging. For this purpose, the
HSVI1-TK and its specific substrate, such as 1-(2'-deoxy-
2'-ﬂuoro—B-D—arabinofuranosyl)—S—[lzsl]iodouracil ["’1
FIAU), serve as a reporter gene/reporter probe pair [7-
9]. FIAU, which is inert to uninfected mammalian cells,
can be synthesized in radiolabeled form with a variety
of isotopes that enable imaging by PET (iodine-124) or
SPECT (iodine-123, or in small animals, iodine-125).
After systemic administration at a non-pharmacological
dose, ['”IJFIAU is phosphorylated by HSV1-TK encod-
ed by the HSVI-tk transgene, but not by the mammalian
nuclear 7K genes. Only phosphorylated ['*I]FIAU is re-
tained within transduced (and transplanted) cells, where-
as the unphosphorylated substrate freely crosses the cell
plasma membrane and is cleared much more quickly
from the extracellular fluid. Although this method has
been successfully used for in vivo imaging studies of hu-
man tumor cells [7-9], it has not been applied to monitor
transplanted human stem cells in a live recipient until re-
cently. We report here that we can easily detect teratomas
by SPECT in live mice months after transplantation of
hESCs labeled by the HSV1-tk-GFP fusion reporter gene,
or by a standard bioluminescence imaging system for
hESCs labeled with the fLuc reporter gene after injection
of a fLuc substrate D-luciferin.

We will discuss the difference and applications of
these types of noninvasive imaging methods that enable
us to monitor repetitively the presence and biological
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activity of transplanted human and mouse stem cells
through the expression of reporter genes within live or-
ganisms at the whole-body level.

Results

Characterization of lentiviral vectors co-expressing GFP
and an in vivo reporter gene

To deliver vectors encoding reporter genes stably
and efficiently to a variety of cell types, including those
refractory to plasmid transfection, we used a virus-
mediated gene transfer and expression system based on
lentiviral vectors that we had developed earlier [1]. The
central purine track (cPPT) element was added to this
lentiviral vector system to increase vector integration
efficiency (Figure 1). A ubiquitous promoter from the
human housekeeping gene EFlo was used to drive the
expression of two types of imaging reporter genes. In the
first vector, cEF.tk-GFP, the cDNA encoding the HSV1-
TK-GFP fusion protein [9] was inserted as the sole
transgene (Figure 1A). The bi-functional HSV1-TK-GFP
fusion protein allows us to monitor transduced cells by
both optical imaging (of GFP signal) and PET or SPECT-
CT (of HSV1-TK using radiolabeled probes such as ['*I]
FIAU) from a single reporter protein [9]. Similarly, we
made several lentiviral vectors in which the fLuc encod-
ing sequence was fused in frame with that of the GFP
gene, without or with a 10-amino-acid spacer. We found
that in all cases GFP intensity was severely reduced. Af-
ter repeated failure, we tried a second strategy in which
the fLuc and GFP genes were expressed from the same
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Figure 1 A diagram of lentiviral vectors used in this study, in the
form after viral integration. (A) cEF.tk-GFP; (B) cEF.Luc-IRES.
GFP. EF1a: (human) elongation factor 1o promoter; HSV1-tk:
Herpes simplex virus 1 (HSV1) thymidine kinase gene (encod-
ing the HSV1-TK enzyme); fLuc: firefly luciferase gene; GFP:
enhanced green fluorescent protein gene; LTR: long-terminal
repeat of lentiviral DNA (The one used here is mutated and lack-
ing viral promoter and enhancer activities.); cPPT: central purine
track (of viral) element that enhances viral integration; IRES:
internal ribosomal entry site sequence (to express two proteins
from one mRNA). See Materials and Methods for more details.
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Figure 2 Human ESCs transduced with the tk-GFP reporter. After transduction by the cEF.tk-GFP lentiviral vector, hESCs
were expanded by passage on top of mouse feeder cells. Many undifferentiated hESC colonies expressed GFP (A). We fur-
ther analyzed the whole cell population by staining for cell surface marker SSEA-3, which is expressed only in undifferentiated
hESCs but not on feeder cells or differentiated human cells (B). The percentage of cells in each quadrant (measuring SSEA-
3 and GFP expression) is denoted. Approximately 50% of cells expressed both GFP and SSEA-3. After expansion, tk-GFP-
transduced or control hESCs were tested for their sensitivity to the cell killing by FIAU, a selective prodrug for HSV1-TK (C).
Human ESCs were cultured under a feeder-free condition and treated with various concentrations of FIAU for 4 days. The
harvested cells were then plated under the optimal culture condition (with feeders) to numerate colony-forming (undifferentiated)
hESCs. Numbers of hESC colonies were plotted as a function of the FIAU concentration and normal by those when FIAU was
absent (100%), for both tk-GFP or control hESC groups. A representative experiment is shown with mean and SD (n = 3). (D)
The expanded tk-GFP or control hESCs were also injected into SCID mice to allow teratoma formation. The excised teratoma
cells were also subjected to RT-PCR analysis for the expression of lineage markers, as evidence of hESC pluripotency. Spe-
cific primers for PAX6 (ectoderm), CD34 (mesoderm) and AFP (endoderm) as well as B-actin (a normalization control) were
used to detect expression of these genes in either undifferentiated hESCs (hESC) or teratoma cells either from the control (Cont)
hESCs or from the tk-GFP transduced hESCs. The normalized levels (mean and SD, n = 4) of gene expression are plotted us-
ing a log scale. As expected, the expression levels of lineage markers such as PAX6, CD34 or AFP are very low or undetect-
able (*) after 40 cycles of PCR. The expression levels of these three marker genes are not significantly different between the
two types of teratomas from control or tk-GFP-transduced hESCs.

transcript, but as two separate proteins. Specifically, the  gene through an internal ribosomal entry site (IRES) ele-
fLuc was placed as the first gene to allow maximal ex-  ment (Figure 1B).
pression, whereas the GFP was expressed as the second
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Characterization of the tk-GFP lentiviral vector and
transduced cell lines

We first tested the cEF.tk-GFP lentiviral vector in sev-
eral human cell lines, including 293T and TF1 (hemato-
poietic progenitor) cells. The viral titer of this new vector
is similarly high as the cEF.GFP parental vector (~10 x 10°
transducing units [TU]/ml). After one round of transduc-
tion, > 50% of transduced cells stably expressed GFP. We
observed a moderate reduction (~2-3 fold) of GFP fluores-
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Figure 3 In vitro and in vivo imaging of the luciferase gene
(fLuc)-labeled human cells. The human 293T cell line was
transduced by either the lentiviral cEF.luc-IRES.GFP or the cEF.
X-IRES.GFP control vector, and transduced (GFP+) cells were
selected. (A) Transduced or control human cells were plated in
96-well plates (0.34 cm?) at different cell doses. D-Luciferin was
added the next day into the culture medium. The fLuc activity
was measured by the Xenogen IVIS 200 system. The average
signal (n = 2) from each well was recorded as photon counts
per minute. Note that < 500 fLuc cells per well (or < 1 800 cells/
cm?) could be easily detected in vitro. (B) In vivo imaging of
three mice in each group harboring tumors derived from fLuc-
transduced 293T cells. Measured in photons/second/cm?*/stera-
dian, signal densities were calculated and are illustrated with a
color bar in gradient and over-laid on the black and white image
of mice. (C) Mice harboring teratomas derived from parental
hESCs (no. 1), hESCs expressing the tk-GFP reporter (no. 2) or
the fLuc reporter (no. 3). Note that both thighs of no. 3 mouse
were injected with hESCs transduced with the fLuc lentiviral
vector 75 days before imaging. Injected fLuc-transduced cells
on the right thigh of no. 3 mouse (T2, although no sign of a pal-
pable tumor) were detected as in the left thigh (T1) 20 min after
D-luciferin systematic administration. The region of interest (ROI)
and sum (total photons/s) were identified and calculated by the
commercial (Xenogen IVIS) software for both T1 and T2 tumors.
See Figure 4 for corresponding longitudinal data.

www.cell-research.com | Cell Research

Martin G Pomper et al. @

cence as expected, as compared with the cells transduced
by cEF.GFP expressing non-fused GFP in 293T cells.
Similar results were seen with transduced TF1 hemato-
poietic progenitor cells (data not shown). The cEF.tk-GFP
lentiviral vector offers long-lasting transgene expression:
> 4 months in continuous culture of both human cell types.

We next transduced hESCs with the cEF.GFP lentiviral
vector. Transduced (GFP+) cells were expanded by pas-
sage on top of mouse feeder cells. As evident in Figure
2A, undifferentiated hESC colonies expressed GFP. We
further analyzed the whole cell population by stain-
ing for cell surface markers, such as SSEA-3, which is
expressed preferentially in undifferentiated hESCs but
not in feeder cells or differentiated human cells (Figure
2B). Approximately 50% of cells expressed both GFP
and SSEA-3. The GFP expression in transduced hESCs
remained stable during the following cell expansion
and characterization (lasting for 1-2 months). We next
examined the biological functionality of the HSV1-TK
enzyme in cEF.tk-GFP-transduced cells (Figure 2C).
One assay is to use HSV1-TK-specific prodrugs, such as
FIAU, that are cytotoxic to the HSV1-TK-positive cells
during cell proliferation [9]. We measured the sensitivity
of cEF.GFP-transduced hESCs in comparison with con-
trol (untransduced) hESCs to the exposure of FIAU at
various concentrations for 5 days followed by a colony-
forming assay of undifferentiated hESCs. As evident in
Figure 2C, FIAU selectively blocked the growth of cEF.
tk-GFP-transduced hESCs. We conclude that the tk-GFP
fusion reporter protein made by the cEF.tk-GFP lentiviral
vector is bi-functional as intended.

Our data indicate that expression of the tk-GFP re-
porter by our lentiviral vector did not retard the growth of
undifferentiated hESCs. Similarly, the tk-GFP-transduced
hESCs formed teratomas at a normal rate using the as-
say we have described earlier [10], as did the hESCs
expressing HSV1-tk or GFP alone [11, 12]. We analyzed
teratoma cells derived from tk-GFP-transduced hESCs
for the expression of specific markers of the three embry-
onic germ layers, as an evidence of pluripotency of the
transduced hESCs. Whereas the expression of PAX6 (ec-
toderm), CD34 (mesoderm), and AFP (endoderm) is very
low or undetectable in undifferentiated (Undiff) hESCs,
it was vastly elevated in teratoma cells generated from
either the control (cont) or tk-GFP-transduced hESCs
(Figure 2D).

Characterization of the fLuc lentiviral vector and trans-
duced human cell lines

Similarly, the new fLuc vector (cEF.Luc-IRES.GFP,
Figure 1B) was tested in 293T human cells, together
with the parental vector cEF.X-IRES.GFP (Figure 3A).
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Although the GFP intensity in the bi-cistronic vector was
weaker than that from the tk-GFP vector, the intensity
sufficed to allow cell sorting based on GFP signal. Sorted
GFP 293T cells were cultured and expanded for > 3
months, as for other lentivirally transduced cells. The fLuc
activity of the transduced 293T cells was measured, after
a limiting cell dilution, both in vitro (in 96-well plates
after overnight culture) and in vivo (imaging 1 day after
injection into SCID mice) using the Xenogen IVIS 200
imaging system (Figures 3A and 3B, respectively). Figure
3B represents an example of composite images showing
density maps of three mice 2 weeks after injection of 293T
cells transduced with the fLuc vector. We estimated that
~500 cells can be readily detected in vitro and 10 000 cells
can be detected in SCID mice 1 day after intramuscular
injection.

hESCs were transduced by the same cEF.Luc-IRES.
GFP vector, using a method identical to that described in
Figure 2 for cEF.tk-GFP. GFP transduced hESCs were
sorted and expanded. After confirming the flLuc activity
in vitro, hESCs transduced by the cEF.Luc-IRES.GFP
were injected intramuscularly in SCID mice: 2-5 million
cells per site in one or both thighs. The implanted hESCs,
which form palpable tumors (teratomas) typically after
2-4 months [10], can be monitored virtually daily after
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Figure 4 Longitudinal data for the three tumors over a period of
122 days after inoculation of hESCs labeled with the fLuc vec-
tor. Data were compiled from the mouse with two tumors (T1,
red and T2, blue) in Figure 4 and an additional mouse with tu-
mor T3 (gray). Animals were imaged at either 5 or 20 min after
injection of D-luciferin at various days after inoculation. The total
signal (photons/second) from the tumor ROl was plotted using a
log scale as a function of time. p: palpable tumor detected at the
site of inoculation. A dashed horizontal line (blue) denotes the
threshold of an optical signal level (2 x 10" photons/s) when a
palpable tumor was first detected.

coronal

sagittal

Figure 5 Noninvasive and whole-body SPECT imaging of hu-
man ESCs in vivo. Representative planar y (A) and SPECT-CT
(B) imaging of tumors derived from hESC cells transduced with
the cEF.tk-GFP vector. This animal was scanned at 87 days
after tumor inoculation (when palpable tumor was detected). In
all, 671 pCi of ["*I]FIAU was injected through the tail vein, and
the animal was scanned at 24 h after radiopharmaceutical injec-
tion. The tumor is shown by the yellow arrows in (A) and (B).
Tumor radiopharmaceutical uptake: 0.646 + 0.007 nCi/cm®. (C)
Longitudinal SPECT-CT imaging of another SCID-beige mouse
harboring a teratoma from hESCs transduced with the cEF.tk-
GFP vector. The same mouse was imaged at 61, 81, and 95
days after inoculation. The animal was treated with ~1 mCi of
['®IFIAU at each time point and imaged at 24 h after injection.
Radiopharmaceutical uptake: 61 days (0.018 = 0.001 nCi/cm®), 81
days (0.066 + 0.001 nCi/cm®), and 95 days (0.098 = 0.001 nCi/cm®).

systemic administration of fLuc substrate D-luciferin.
Figure 3C represents an example of composite images
showing density maps of three mice with hESC-derived
tumors (teratomas). A mouse (no. 3) inoculated with the
fLuc-transduced hESCs showed optical signals (co-local-
ized with tumor) 75 days after hESC injection, and only
after D-luciferin administration. In contrast, two mice that
were inoculated with either parental vector (no. 1) or tk-
GFP-transduced hESCs (no. 2) and bore a small but pal-
pable tumor did not show signals above background after
the same D-luciferin administration. Using Xenogen’s
IVIS software, the region of interest (ROI) and sum (total
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photons/second in the ROI) were identified and calculated
for both detected tumors (T1 on the left and T2 on the
right thigh) of no. 3 mouse. We noticed that the density as
well as sum of optical signals reached the plateau at 20 min
after D-luciferin administration (Figure 4), and then de-
clined after 30 — 40 min (data not shown).

We also carried out longitudinal studies by imaging a
group of mice that had been injected with fLuc-transduced
hESCs, before and after palpable tumors were evident
(Figure 4). Three representative tumors (T1, T2, and T3)
with various tumor sizes were scanned twice at 5 and 20
min, respectively, after D-luciferin administration. The
total signal (photons/s) in ROI was plotted as a function of
time (days after hESC injection). For the mouse bearing
a tumor (T3), imaging scans were carried out periodically
from day 1 to day 122. Although variable growth rates
occurred, we observed a rapid cell growth from 42 to 56
days after hESC inoculation. For mice with tumor T1 and
T3, the formation of a palpable tumor was evident at day
84 and 98, respectively. However, the presence of fLuc-
labeled hESC cells (or derived tumors) can be detected
long before the detection of palpable tumors (T1 and T3),
or for a small tumor like T2, which was never palpable.
An estimated threshold for detecting a palpable tumor
was determined ( ~2 x 107 photons/s), which is more
than four orders of magnitudes higher than the detection
limit of the current optical technology ( < 10° photons/s).

Planar y and SPECT-CT imaging of tumors derived from
hESCs

Similarly, we used clinically translatable in vivo imag-
ing technologies, such as SPECT to detect hESCs after
transplantation into SCID mice. We used a dedicated
small-animal SPECT/CT device to obtain high-resolution
imaging, while concurrently providing anatomic details
(by CT). Figure 5 shows the ability to use the tk-GFP
vector for radiopharmaceutical-based imaging (Figures
5A and 5B). The longitudinal imaging shown in Figure
5C demonstrates the typical time course for growth of a
teratoma derived from hESCs.

Discussion

hESCs that can divide indefinitely in culture, while
retaining their pluripotency to form tissues derived from
all of the embryonic germ layers, provide unprecedented
opportunities to develop new cell therapies and basic re-
search models for human biology and disease. To realize
the full potential of hESCs, however, understanding their
disposition, i.e., their location, viability, and ability to
differentiate into the tissue of interest, once administered
in vivo, is critical (see two recent reviews, [13, 14]). An
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ideal way to follow the disposition of hESCs is to use
molecular-genetic imaging, which is a highly sensitive,
noninvasive technique that employs a variety of modali-
ties, including those that can be translated to human stud-
ies. We describe the use of molecular-genetic imaging,
an “indirect” reporter imaging technique, to study the
expansion and differentiation of hESCs into teratomas
— their inevitable fate when undifferentiated hESCs are
transplanted to immune-deficient mice.

As an initial step, we labeled undifferentiated hESCs
by either the fLuc or the HSV1-tk reporter gene with
lentiviral vectors that deliver transgenes efficiently and
more stably. These two reporters have been widely used
in cancer cell in vivo imaging, but few studies on human
stem cells have been published [15-17]. We also found
that the expression of the two reporters had no detrimen-
tal effects on the growth of hESCs. Under the control
of the EF1a housekeeping gene promoter, fLuc reporter
expression can be readily detected even 4 months after
hESC inoculation. (The animal had to be terminated
at this point because of a large tumor size.) Similarly,
transplanted hESCs labeled by the HSV1-tk reporter (as
a GFP fusion protein) can be detected by SPECT 95 days
after inoculation. Therefore, use of molecular-genetic im-
aging techniques is a viable approach to imaging hESCs
and other types of human stem cells that divide exten-
sively in vivo and require long-term monitoring to assess
their biological activities. During the course of this study,
however, we also observed partial silencing of the GFP
transgene signal in the majority of teratoma cells when
being analyzed postmortem. This is not unique to tk-GFP
or fLuc reporter as we also observed similar silencing of
transgene expression when the GFP reporter gene was
used, after extensive cultures [18] or after teratoma for-
mation lasting for several months (data not shown). The
transgene silencing was observed even when a house-
keeping gene promoter such as the EFlo promoter was
used [18]. Although we could always select GFP+ cells
in vitro, gene silencing poses a problem for in vivo ex-
periments, such as the in vivo imaging studies described
in this paper. Progressive silencing of the transgene not
only reduces the sensitivity of our detection methods, but
also causes a heterogeneity problem as we can no longer
assume all the engrafted cells will be imaged in the same
way. We are currently testing several approaches to re-
duce the silencing. One way is to drive the reporter gene
by a promoter from other housekeeping genes, such as
that of Ubiquitin C (UbC), which is slightly weaker but
also less dependent on cell proliferation than the EFlq
promoter ([18]; ZY and LC, unpublished data). An im-
proved transgene expression system will likely help us in
conducting long-term in vivo imaging of other cell types,
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in addition to teratoma formation. This sensitive method
of detecting teratoma formation derived from undiffer-
entiated hESCs may also help us to estimate the levels
of residual undifferentiated hESCs (as contaminants)
after they are induced to differentiate into a mature or
committed cell type for clinical applications. Similarly,
this method may help us to measure whether there is an
increased level of teratoma formation or other forms of
tumorigenesis from induced pluripotent stem (iPS) cells,
which are reprogrammed from human and mouse somatic
cells by ectopic expression of a set of transcription factors
delivered by retroviral or lentiviral vectors [19-22].

Teratoma formation remains the only in vivo assay for
pluripotency of hESCs and iPS cells. For early-passage
hESCs that retain a normal karyotype and grow slowly
in culture (doubling time is about 36 h), it normally takes
months to form a palpable tumor. Noninvasive imaging
of fLuc-labeled hESCs provides a sensitive and simple
means to monitor the presence of engrafted hESCs. We
noticed that the fLuc activity dropped initially but in-
creased eventually above the initial level (Figure 4). The
levels of fLuc activity roughly correlate with the tumor
size: palpable tumors displayed a greater fLuc activity
(> 2 x 10’ photons/s), but non-palpable tumors can also
be detected even when their fLuc activities are as low as
103 photons/s (Figure 4). Our in vivo imaging data are
consistent with the notion that the majority of injected
hESCs died out after injection, and a teratoma is formed
after cell proliferation from a small fraction of the in-
jected hESCs [23]. It is currently unclear whether tumor
formation is initiated from a subpopulation of distinct
hESCs, or whether all hESCs are capable of tumor for-
mation but only a few randomly surviving hESCs even-
tually form tumors in vivo. Sensitive and noninvasive
techniques such as the fLuc bioluminescence reporter
system will help us answer this important question [23].
A possible approach is to fractionate and monitor a sub-
population of hESCs that is enriched for teratoma-form-
ing cells. Alternatively, one could inject more hESCs
and harvest surviving hESCs at nadir (but still detectable
using the fLuc bioluminescence reporter system) from
animals, and then analyze these survived hESCs. Further
investigations are necessary with increasing numbers of
recipient animals and monitoring time points.

With the ability to track a small number of cells in vivo,
the fLuc bioluminescence reporter system may help to
monitor teratoma formation and provide an experimental
model for human teratomas and teratocarcinomas. It has
also been proposed that an hESC-derived teratoma sys-
tem may provide an experimental platform for studying
the growth and invasiveness of human tumor cells within
a microenvironment supplied by an hESC-derived tera-

toma [24, 25]. For example, teratoma may provide human
cell-derived endothelium ([24, 25], and our published
data), which may in turn promote angiogenesis for human
tumor cells inoculated into a teratoma. Noninvasive im-
aging using a ubiquitous promoter as described here or a
cell-specific promoter may help to monitor the location as
well as functions of the cells derived from hESCs.

A major goal of this project was to compare the
strengths and weaknesses of the available modali-
ties (fLuc-based bioluminescence and HSV1-tk-based
SPECT) to visualize the disposition of hESCs in vivo and
over time. The fLuc bioluminescence reporter system is
easy to use and is very sensitive. It allowed us to detect
inoculated hESCs daily and tumor formation long before
a palpable tumor could be detected (Figure 4). It also of-
fers a dynamic range (at least four orders of magnitudes)
of detection. This optical system will likely be useful in
basic research for studies of hESC differentiation and
other functions in vivo, when fLuc is controlled by a
specific promoter [15-17]. However, it is not clinically
translatable as a high dose of D-luciferin substrate must
be administered and because the light output produced
has limited penetration through tissues of a large animal.
In addition, fLuc bioluminescence imaging is primarily
a 2D in vivo assay (although tomographic systems are
under development) and reveals little spatial informa-
tion. As expected, SPECT imaging of hESCs labeled with
the HSV1-tk reporter (here as the GFP fusion protein) is
less sensitive, i.e., the signal-to-noise ratio is significantly
lower. However, there are several ways in which we can
improve the sensitivity of this radiopharmaceutical-based
technique. First, we could switch to iodine-124 and use
PET, as PET is at least an order of magnitude more sensi-
tive than SPECT. From a biological perspective, we could
use a more efficient version of the HSV1-tk reporter gene,
such as the HSV1-sr39tk, which uses acycloguanosine
substrates [26]. That reporter represents an improvement
over the wild-type version used herein because of the use
of substrates that interact less with the mammalian TK
than do analogs of FIAU. Other strategies to improve the
sensitivity of the radiopharmaceutical-based technique
would involve the use of alternative genes, i.e., other than
HSV1-tk altogether [26-28]. Such reporter genes could be
designed to provide a signal amplification step to further
increase the sensitivity [26-28].

In terms of extension of this work, we will test the
engraftment of lineage-specific progeny derived from
hESCs. So far, the differentiated progeny from hESCs
have been detected only by using a fLuc optical biolu-
minescence imaging system similar to that described
here [15-17], although both optical bioluminescence and
HSV1-tk-based nuclear imaging have been reported with
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mouse ESC derivatives [29, 30]. In the near future, a
radiopharmaceutical-based technique for hESCs is more
likely to be used in clinical translation [27, 28]. This re-
port provides a foundation for further improvements of in
vivo detection of transplanted hESCs, and for other forms
of cell therapy, by using various imaging techniques, in-
cluding those that are clinically translatable.

Materials and Methods

Lentiviral vectors containing imaging reporter genes

We have made several lentiviral vectors expressing the HSV1-
tk gene as a reporter. The most studied and useful among these
is cEF.tk-GFP, which is based on the EF.GFP lentiviral vector
backbone with the EF1a housekeeping gene promoter [1]. The im-
proved version, cEF.GFP (vs. EF.GFP), contains the central purine
track (PPT, 200 bp) element, which was added to increase vector-
integration efficiency. The chimeric gene encoding the TK-GFP
fusion protein was from the pPCMV.TK-GFP plasmid [9]. Briefly,
the 337-amino-acid TK enzyme is fused to the N-terminus of the
GFP reporter (238 amino acids), encoded by a single transgene [9].

As we observed that several versions of fusion proteins between
fLuc and GFP severely diminished GFP fluorescence, we decided
to make a bi-cistronic vector coupling fLuc expression and GFP by
an internal ribosomal entry site (IRES) sequence. The fLuc coding
sequence (1.7 kb for 551 amino acids in a Bsml to Xbal DNA frag-
ment) was excised from pGL3-basic plasmid (Promega, Madison,
WI) and inserted into the lentiviral vector cEF.GFP3, which is
derived from cEF.GFP and contains an IRES element (600 bp) up-
stream from the GFP sequence. The resulting lentiviral vector cEF.
Luc-IRES.GFP (also called L3GFP) expresses both fLuc and GFP
from the same transcript, although GFP intensity is weaker than
that obtained by cEF.GFP or cEF.GFP3.

Production of lentiviral vectors

All recombinant lentiviruses were produced by transient trans-
fection of 293T cells, using the CMVARS.91 and pMD.G helper
plasmids [1, 2, 31]. After overnight incubation, the culture medium
was replaced with Dulbecco’s modified Eagle’s medium (DMEM)
containing 1% fetal bovine serum (FBS). The medium containing
secreted viral particles was collected daily and filtered through a
0.45-pm filter (Corning Life Sciences, www.corning.com). Higher
titers of virus were obtained using Amicon Ultra-15 centrifugal
filter devices (Millipore, Billerica, MA) as described earlier [1, 2,
31]. Recombinant lentiviral viruses were confirmed as replication-
incompetent as described earlier [1]. This is based on the lack of
production of HIV-1 p24 viral proteins in stably transduced cells or
their culture supernatants [1, 31], using the HIV-1 p24 ELISA kit
from RETROtek (Buffalo, NY).

Cell culture

Human 293T cells were cultured in DMEM (Invitrogen, www.
invitrogen.com) containing 10% FBS. The NIH-approved hESC
cell lines HI (WAO1) and H9 (WAQ9) were used in this study.
They were obtained from WiCell Research Institute, Inc. (www.
wicell.org) at passage 22 and 23, respectively. Both H1 and H9
hES cells were propagated on top of mitotically inactive primary
mouse embryonic fibroblast (pMEF) feeder cells or human feeder
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cells as described [10]. A human CD34 hematopoietic progenitor
cell line TF1 (ATCC CRL-2003) was cultured as described earlier
[1, 2, 18]. Briefly, TF1 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS and 1 ng/ml GM-CSF (Peprotech,
www.peprotech.com).

Lentiviral transduction

293T and TF1 cells were transduced as described earlier [1,
2, 18]. For transduction of hESCs cultured under a feeder-free
condition, undifferentiated cell clumps were passaged onto Matri-
gel (BD Biosciences, www.bdbiosciences.com) and cultured in
pMEF-conditioned medium (pMEF-CM) for 1-2 days [18, 31]. At
the time of transduction, a mixture of 50 pl of concentrated (30x)
lentiviral supernatant and 4 pug/ml of polybrene in pMEF-CM was
applied to hESCs for 8§ h (MOI = 30-100). Transduced cells were
then cultured with daily replacement of pMEF-CM. At 3 days after
transduction, the cells were replated onto fresh pMEF feeders [10,
31].

Flow cytometric analysis of transgene expression

To analyze regulated transgene expression, target cells were
first transduced and sorted for GFP cells by either FACSvantage or
FACSAria flow cytometry (BD Biosciences, www.bdbiosciences.
com).

HSVI-tk activity in transduced cells

FIAU, ganciclovir (GCV) and penciclovir (PCV) were pur-
chased from Moravek Biochemicals (www.moravek.com). [8-’H]
PCV (22 Ci/mmol, 1 mCi/ml, purchased from Moravek Biochemi-
cals) was also used to monitor specific uptake by the tk-GFP-trans-
duced cells. [8-’H]PCV at a non-cytotoxic concentration of 0.02, 0.1
or 0.5 uM was added into the transduced or parental 293T cells (5
x 10* cells per well). After 1 h of incubation, the medium contain-
ing radioactive probes was replaced by PCV-free fresh medium.
After an additional 2 h of incubation, adherent cells were washed
and harvested, and the cell-associated tritium-labeled probes were
counted by a scintillation counter.

Tumor formation in mice

The pluripotency of hESCs can be estimated by testing their
ability to form teratomas in immuno-deficient mouse models.
The following procedure, based on earlier reports [10], was ap-
proved by the Animal Care and Use Committee at Johns Hopkins
University and has been used since 2002. When 2 x 10° 293T
cells or transduced derivatives were used, they formed a palpable
tumor within 2 weeks of inoculation into SCID mice. For teratoma
formation that typically takes 2-4 months, we found that C.B-
17 SCID-Beige mice (Taconic, www.taconic.com, catalog no.
CBSCBG-MM) are more efficient in supporting teratoma forma-
tion than NOD/SCID and NOD/SCID/p,-microglobulin " mice,
as reported elsewhere [32]. Cells from one 6-well plate (2-5 x 10°
hESCs) per injection were used for teratoma formation. Cells were
washed and resuspended in 250-300 ul of HBSS for intramuscular
injection. Histological analysis of the resulting teratomas was per-
formed by H&E staining of fixed sections to identify cells derived
from each of the three embryonic germ layers [10].

In vitro and in vivo luciferase assays
D-luciferin (potassium salt), purchased from Xenogen Cor-
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poration (www.xenogen.com), was dissolved in sterile PBS to
make a stock solution of 15 mg/ml. The Xenogen IVIS and IVIS
200 systems were used for both in vitro imaging of cells in 96-
well plates and in vivo imaging of live mice. For in vitro imaging,
cells were plated at various densities in 96-well plates. The wells
were aspirated before addition of 100 pl of a 150-pg/ml solution
of D-luciferin. Plates were incubated at 37 °C in 5% CO, for 5
min before imaging. Optical signals reached a plateau at 5-10 min
after addition of D-luciferin substrate and were then recorded as a
sum using a 1-min exposure. Photon counts per minute from each
duplicate well were recorded and plotted as a function of cell num-
ber.

For imaging in vivo, each mouse received 150 mg of D-luciferin
per kg of body weight. Mice were anesthetized using isoflurane
gas (2% in oxygen at 0.6 I/min flow rate) throughout imaging, and
images were collected at indicated times (normally 5 or 20 min)
after D-luciferin injection (monitored up to 40 min after the injec-
tion). Composite images obtained were comprised of black and
white digital photos with an overlay of images reflecting biolumi-
nescent intensity. The density map, measured as photons/second/
cm’/steradian (p/s/cm’/sr), were created using the Xenogen soft-
ware and represented as a color gradient centered at the maximal
spot. (The number is also denoted.) A sum in the ROI was also
automatically selected and calculated by the software.

[PIIFIAU preparation

We used a modification of an earlier-described procedure [9].
Briefly, 1-(2'-deoxy-2'-fluoro-p-D-arabinofuranoside)-uracil (FAU,
300 pg, 1.22 mmol, Moravek Biochemicals, www.moravek.
com) was dissolved in 170 ul of 2 M HNO;. To this solution, 1.5
mCi of ['*I|Nal (MP Biomedicals, Cost Mesa, CA) was added
and the contents heated at 130 °C for 45 min. The reaction was
quenched with 150 ul of HPLC mobile phase (20:79.9:0.1%
MeCN:H,O:triethylamine). The resulting ['**TJFIAU was purified
by reverse-phase HPLC through two passages over a Phenomenex
Luna C18 semiprep column (10 um, 4.6 x 250 mm, Phenomenex,
Torrance, CA), by using the above-mentioned isocratic mobile
phase at a flow rate of 2 ml/min. The product was concentrated un-
der reduced pressure and formulated in 0.9% physiological saline
before sterile filtration through a 0.22-um syringe filter. Formula-
tions were kept at 1 mCi/ml to minimize the injection volume. The
final radiochemical yield was 50%, the radiochemical purity was >
99%, and the specific radioactivity was > 2 000 Ci/mmol.

In vivo SPECT-CT

Mice were injected with 200-250 uCi of ["*I]FIAU through the
tail vein and imaged at various time points thereafter. Mice were
anesthetized through s.c. administration of a combination of ket-
amine (72 mg/kg), xylazine (6 mg/kg) and acepromazine (6 mg/
kg) before imaging. Planar gamma scintigraphy was performed
over 10 min using a dedicated small-animal SPECT/CT device
(Gamma Medica X-SPECT, Northridge, CA). The X-SPECT has
a y-ray detector head with dimensions of 20.5 cm x 15 cm x 9 cm
and a 120 mm % 125 mm field of view (FOV). The high-resolution
parallel hole collimator used in this study has the following speci-
fications: 1.22 mm hole diameter, 0.20 mm septa thickness, 25.4
mm bore-hole length. The detector material or scintillator crystal
is composed of Nal[Tl], which has a pixel size of 2 mm X 2 mm
x 6 mm. Mice were placed in a prone position on the parallel-hole

collimator. The static acquisition protocol of the LumaGEM™
software provided with the X-SPECT was used. High-resolution
scans of each mouse were obtained. SPECT-CT was performed
using the above-mentioned y-ray detector and the CT detector, se-
quentially, without removing the mouse from the gantry.
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